Original papers

HIGH-TEMPERATURE VISCOSITY OF COMMERCIAL GLASSES

PAVEL HRMA

Pacific Northwest National Laboratory, Richland, WA 99352, United States of America

E-mail: pavel.hrma@pnl.gov

Submitted November 11, 2005; accepted December 12, 2005

Keywords: Viscosity, Glass, Viscosity model

Arrhenius models were developed for glass viscosity within the processing temperature range for six types of commercial
glasses: low-expansion-borosilicate glasses, E glasses, fiberglass wool, TV panel glasses, container glasses, and float glass-
es. Both local models (for each of the six glass types) and a global model (for the composition region of commercial glasses,
i.e., the six glass types taken together) are presented. The models are based on viscosity data previously obtained with rotat-
ing spindle viscometers within the temperature range between 900°C and 1550°C; the viscosity varied from 1 Pas to 750 Pas.
First-order models were applied to relate Arrhenius coefficients to the mass fractions of 15 components: SiO,, TiO,, ZrO,,
Al,O;, Fe,0; B,0;, MgO, CaO, SrO, BaO, PbO, ZnO, Li,O, Na,0, and K,O. The R’ is 0.98 for the global model and ranges
from 0.97 to 0.99 for the six local models. The models are recommended for glasses containing 42 to 84 mass% SiO; to esti-
mate viscosities or temperatures at a constant viscosity for melts within both the temperature range from 1100°C to 1550°C

and viscosity range from 5 to 400 Pas.

INTRODUCTION

The melting behavior of glasses depends on their
viscosity-temperature relationships. Glassmelting fur-
nace design and operation are largely determined by the
temperature span within which melt viscosity allows
successful melting, fining, and conditioning of the
glass. Therefore, the knowledge of glass viscosity as a
function of temperature and glass composition is crucial
for efficient glassmaking.

The most commonly used viscosity-temperature
relationship for a wide span of viscosities (over 12
orders of magnitude) is the Vogel-Fulcher-Tammann
(VTF) equation,

F2
-1,

Inn = F+ D
where M is the viscosity, T is the absolute temperature,
and F,, F,, and T, are temperature-independent coeffi-
cients [1]. However, during the melting process, the vis-
cosity of molten glass spans only 3 orders of magnitude
(1 to 10° Pas). For this relatively narrow range, the vis-
cosity-temperature relationship is sufficiently well re-
presented by the Arrhenius equation [2,3],

B
Inn=A4+— 2
n T (2)
The Arrhenius coefficients, 4 and B, are functions

of glass composition. Since all mixture properties,
extensive and non-extensive, are expressible in terms of

their partial specific (per mass) or molar values [4],
Arrhenius coefficients for viscosity can be related to
glass composition as

4= z Aixi (3)
i=1
and
N
B=Y Bx, (4)

where 4; and B; are the i-th component partial specific
Arrhenius coefficients, and N is the total number of
components.

The A4; and B; values are relatively constant within
the range of composition of commercial glasses. There-
fore, equations (3) and (4) can be treated as linear mod-
els and 4; and B; as component coefficients for glass vis-
cosity. We can also introduce the i-th component partial
specific viscosity, i.e., a temperature-dependent coeffi-
cient, defined as

" 5

Based on the partial specific values (component
coefficients), the viscosity of molten glass (within the
glass melting temperature range) can be estimated using
the equation

n= exp[i{/g +%H ©)

i=1
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or

N
11’17'} sz,. lnnl. (7)

i=1

which can also be written as
n=[In" (8)

A convenient feature of the Arrhenius equation is
its linearity, which allows us to express explicitly the
temperature at which viscosity has a desired value.
Rearranging equation (6), we obtain

N
Z Bx,
i=1

Inn - i Ax,

i=1

r= )

To develop mathematical models that represent the
viscosity-temperature-composition relationships for
commercial glasses, several steps need to be taken [5].
Roughly, the composition and temperature regions must
be defined and covered with a matrix of a sufficient
number of points. Glasses of the corresponding compo-
sitions are then made and tested at several temperatures
to generate a database to which equation (6) can be fit-
ted.

Table 1. Composition regions of glasses in mass %.

Table 1 lists composition regions of six types of
commercial glasses evaluated in this study: E-glass (E),
float glass (F), low-expansion-borosilicate glass (LE),
TV panel glass (TV), fiberglass wool (FW), and con-
tainer glass (C). The composition matrices of glasses
that cover these six regions are presented in [6]. Figure
1 displays the maximum mass fractions of glass compo-
nents for the overall composition region of commercial
glasses tested (the minimum fractions of all components
but SiO, were 0). As table 1 shows, the SiO, mass frac-
tion range is 0.42 to 0.84, and the maximum mass frac-

5 T gt

©

©

o R B B I E T P

1]

(72}

(3]

S

0.011F

IO.001--

0.0001 +o A LA R
593928824 dd d4
wgm"’ED-N—'Sogg

Figure 1. Maximum mass fractions of components in the com-
position region of commercial glasses .

E F LE TV FwW C All
Si0, 41.6-71.5 67.5-77.3 63-84 50-83 48.6-78 62.5-81 41.6-84
B,0O; 0-9 10-15 3-9 0-15
AlO; 12-16 0.1-2 2-7 1.3-3.5 0-6 1-3 0-16
MgO 0.5-4.5 3-4 0-1.5 1-5 0-3 0-5
CaO 16-24 7-9 0-2 0-3.5 5-11 7-12 0-24
Na,O 0-2 12-15 4-8 6-9 13-17 11-15 0-17
K,O 0-0.5 0-2 0-3 6-9 0-2 0-2 0-9
Fe,0s 0-0.8 0.1-1.5 0-0.6 0-0.4 0-1.5
TiO, 0-1 0-1 0.1-0.5 0-0.5 0-1
F 0-0.6 0-0.7 0-0.6 0-0.7
SO, 0-0.2 0-0.3 0-0.3
Li,O 0-0.5 0-1 0-1
Cr,0; 0-0.4 0-0.3 0-0.4
BaO 0-2 2-13 0-0.1 0-13
CeO, 0-0.7 0-0.7
7O, 0-3 0-3
PbO 0-3 0-3
ZnO 0-1.5 0-1.5
As,0; 0-0.3 0-0.3
Sb,0; 0.2-0.6 0-0.6
SrO 1-10 0-10
MnO, 0-0.3 0-0.3
Se 0-0.03 0-0.03
Co;0, 0-0.2 0-0.2
FeO 0-0.1 0-0.1 0-0.1

E - E glass, F - float glass, LE - low-expansion-borosilicate glass, TV - TV panel glass, FW-fiberglass wool, C - container glass
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High-temperature viscosity of commercial glasses

tions of major components are CaO 0.24, Na,O 0.17,
Al,0O; 0.16, B,0O; 0.15, BaO 0.13, SrO 0.10, K,0 0.09,
and MgO 0.05.

Out of the total number of 150 different composi-
tions (25 compositions-baseline plus 24 variations-for
each of the six groups), 147 were fabricated at Alfred
University and tested in Pacific Northwest National
Laboratory (PNNL) where viscosity was measured with
rotating spindle viscometers. Hrma et al., Chapter 7 in
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[6], describe the details of measurement and list the
measured viscosity data. Figure 2 maps the viscosity-
temperature data points. Note that LE and E glasses
occupy the high—viscosity—high—temperature corner, F
glasses have relatively small viscosity variations, and
FW glasses cover the largest viscosity-temperature area.
Overall, the temperature of measurements spanned an
interval from 899°C to 1554°C, and the viscosity varied
from 1 Pas to 747 Pas.
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Figure 2. Maps of viscosity-temperature data points for six types of commercial glasses: E glass (E), float glass (F), low-expan-
sion-borosilicate glass (LE), TV panel glass (TV), fiberglass wool (FW), and container glass (C).
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Fluegel et al. [7] augmented these low-viscosity
data by high-viscosity data measured with the beam
bending and parallel plate methods [6] and by published
viscosities of an additional 150 glasses. They used the
resulting large database to obtain component coeffi-
cients for isokoms, i.e., temperatures at constant visco-
sity (7,) using the formula

T, =T,+10°) T, +10* Y T cc, +106%T e (10)
1 1] L]
where Ty, T, T;, and T are composition-independent
coefficients, and ¢; is the i-th component mole fraction.
The composition-independent coefficients are functions
of viscosity and are listed in table 2 for three viscosity
values corresponding to log(n (Pas)) = 1.5, 6.6, and 12.0.
Fluegel et al., Chapter 9 in [6], provide also four
first-order models for log(n (Pas)) = 1.5, 6.6, and 12.0
isokoms for the following five composition regions:
F+C (float glasses plus container glasses), E, TV, LE,
and FW. They report the significant coefficients and the
intercept, corresponding to the equation

ik~

S
T,=T,+Y bx, (11)
i=1
where b; is the significant component coefficient, and S
is the number of significant components. This equation
can be conveniently rearranged into the form

N
T, =2.ax,
i=1

where ;= b, + T, (i=1,...,5), N=S+ 1, and a, = Ty; here
the n-th component, called "others" in table 3, comprises
all other than significant components plus SiO,. Hence,

(12)

(13)

Table 2. Component coefficients for isokoms.

Table 3 lists the a; coefficients for the log(n (Pas)) =
= 1.5 isokom.

In this contribution, the values of 4; and B; coeffi-
cients were obtained by fitting equation (6) to viscosity
versus temperature and composition data for individual
glass types (local models) as well as for all commercial
glasses tested (a global model). Generally, global mo-
dels cover large composition regions whereas local mo-
dels are developed for compositional neighborhoods of
base glasses formulated for various applications and
production technologies.

Table 3. Component coefficients for 1 = 31.6 Pas isokom in °C
(Fluegel et al., Chapter 9 in [6]).

F+C E vV Fw
AL, 2183
B,0; -15 -306
BaO 700
CaO 237 -82 371 260
F -3140
Fe,O; 322
K0 398 300 -427
Li,O -4707 1837 -3463
MgO 698 494 1287
Na,O -533 93 912 -670
PbO 727
SrO 535
TiO, -295 -3483
Others 1811 1837 1865 1848

The F+C column lists coefficients for float glass (F) plus con-
tainer glass (C). Component coefficients for n = 31.6 Pas iso-
kom are not reported for low-expansion (LE) glasses."Others"
are all remaining components including SiO, [see equation

(13)].

n (Pas)  3.16x10' 3.98x10°  1.00x10" n (Pas) 3.16x10°  3.98x10°  1.00x10"
Ty (K) Ty
1816.4 876.7 618.4 ALO:xB,0; -0.625 -0.626
T, ALO:xMgO -0.526 -0.911
ALO; 435 15.48 11.24 ALO:xNa,0 0.761 -0.686
B,O; -13.49 -3.16 -3.10 B,O:xK,0 0.585
BaO 22.26 4.16 B,0,xNa,0 -0.536 0.156 0.573
CaO -18.00 2.77 1.05 B,0;xCa0 -0.225 -0.117
F -14.73 -6.14 9.33 CaOxF 1.017
FeOx -15.33 -6.79 Ca0xK,0 0.334 0.468
K.O -19.21 -11.90 -11.94 CaOxNa,0 0.215 0.207 0.157
Li,O -29.14 -16.81 -21.06 FxK,0 -0.565
MgO -5.99 4.02 -1.54 K.OxMgO 0.788
Na,0 -25.10 -11.27 -7.30 MgOxNa,0 -0.174
PbO 23.22 -8.62 -4.61 Tk
SrO -20.09 -3.01 2.25 ALO;xB,0;xNa,0 -0.0449
ZnO 9.42 -1.67 ALO;xCaOxNa,0 -0.0285
710, 9.51 9.03 ALO:xMgOxNa,O 0.0732
B,0:xCaOxNa,0 -0.0111
Ca0xMgOxNa,0 -0.0211 -0.0282
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RESULTS

Viscosity data for three (LE 16, FW 18, and E 20)

Table 5. Component coefficients for viscosity (in Pas), local
models.

A
out of 150 glasses originally designed were not avail- E F LE TV FW C
able because these glasses were never fabricated. With ;
. . . Si0, -5.65 -6.52 -9.64 -11.36 -17.97 -8.43
two exceptions, Li,O and K,O, only mass fractions of TiO, 3862 -59.51
components with =1 mass% were selected for fitting. 710, 17.19
Although fluorine is a minor component that strongly ALO, -28.47 972 6739 2972 413 -6.78
impacts viscosity, its mass fraction was not included as  ge,Q, 37.04
a variable because including it did not improve the out-  g,0,  10.17 1.15 -11.48
come. To obtain 4, and B, values, equation (6) was fitted MgO -49.06 -48.40 2432 31.82 -16.66
to data. The compositions were not renormalized (to CaO -34.53 -48.11 -57.84 -12.15 -66.91 -16.62
make the sum of mass fractions equal to 1) when minor  SrO -21.97
components were excluded from calculations. Of the BaO -53.64  -15.36
147 glasses for which viscosity data were available, PbO -41.12
three were eliminated as outliers (E 3, F 9, and TV 8).  ZnO -28.75
Several individual data points were also removed as out- Li,0 -98.08
liers. The outliers were selected based on local models as N0 091 751  -44.15 2528  45.54 2140
glasses with unusually high values of A* = [In(m,/mop, 20 7802 -16.67 3183 -3379 8352 -784
where the subscript m stands for measured and c for cal-
culated values (using local models with outliers 10° B; (K)
removed). In the extreme case of E-glasses, the differ- E F LE TV FW C
ence between A’ values for outliers was substantially  gijo, 2762 2325 31.01 3128 4164 2616
higher than A’ values for regular data (A* = 4.5 for out-  Ti0, -69.55 90.75
liers and A? < 0.28 for all other data). For other glass  zro, 39.28
groups, these differences were lower: 3.6 and 0.57 for ALO, 47.71 245 -69.48 -26.18 8.73 3493
LE, 0.77 and 0.31 for FW, 0.50 and 0.39 for FW, 0.45  Fe,0, 60.30
and 0.13 for F; no outliers were identified in C glasses. ~ B:O;  -28.43 -11.78 -2.20
Table 4 lists 4, and B; values of the global model ~MgO  65.01  69.96 49.27 5473 20.68
obtained by fitting equation (6) to all data except out- €20 ~ 34.30  63.10  30.83 5.67 9441 1497
liers. Table 5 summarizes the values of A4, B, and SrO 26.59
In(M;1500c) for individual types of glasses (local models). Eljg 84.06 ;Zig
ZnO 49.55
Li,O 77.22
Na,0O -22.82 -8.16 11.39  -72.05 -91.92 1297
Table 4. Component coefficients for viscosity in Pas, global K0 11293 1844 23.14 004 093 1152
model.
4 B10°K  In(n(Pas)) at 1500°C In(Miisooec (Pas))
Si0, -6.25 24.14 737 E F LE v W C
TiO, -26.72 28.15 -10.84 SiO, 9.93 6.60 7.85 6.28 5.51 6.32
Zr0, -8.41 22.88 4.49 TiO,  -0.61 -833
ALO; 12.68 -4.66 10.06 71O, 4.97
Fe,0; 19.39 -35.05 -0.37 ALO, -156 11.11 2820  14.95 9.06 12.92
B.O, 0.45 -14.74 -7.86 Fe,0. 3.03
MgO -41.91 60.26 -7.93 B.O; -5.86 -5.50 _12.72
gr"‘g fg}g Sg'ﬁﬂ '12'32 MgO -1239  -8.94 347 095 -5.00
BaO _15:99 19:51 _4:99 CaO  -15.18 -12.52  -12.25 -8.95 -13.66 -8.17
PbO 1339 11.89 -6.68 S10 -6.97
Zn0 -39.25 67.15 -1.38 BaO 623 447
Li,O -80.42 50.11 -52.16 PbO -10.47
Na,0 -13.02 -2.12 -14.22 ZnO -0.80
K,O -27.10 30.05 -10.15 Li,O -54.53
R 0.984 Na,0 -1197 -12.11 -37.73  -1536 -6.31 -14.08
Readi 0.983 KO -1433 -627 -18.78  -556 -9.04 -134
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DISCUSSION

Figure 3 compares calculated versus measured va-
lues for viscosity, and table 6 lists the values of R* and
R’ that express the fraction of variability accounted for
by the model (R’,; is adjusted for the number of para-
meters used in fitting the model). As expected, both fi-
gure 3 and table 6 show that the individual fits predict
viscosity values better than the overall fit. The differ-
ence between viscosity predicted by the local models
and the global model is the smallest for float glass
(F) and the largest for low-expansion glass (LE). As fi-
gure 2 shows, float glass has the smallest variability of
data, and low-expansion glass is the most difficult to
melt. Models for all individual glass types have high R
values ranging from 0.97 for TV glasses to 0.99 for float
glasses. The global model represents viscosity data as a
whole with a good R* value of 0.98. However, when the
global model is applied to individual glass types, R* va-
lues vary from 0.92 to 0.98, except for low-expansion
glasses for which the fit is rather poor (R*> = 0.75).

Table 6. R’ values for viscosity models.

E F LE TV FW C All
Riq 0982 0989 0967 0.965 0.967 0.983
R 0.939 0981 0.748 0.923 0.940 0.962 0.984
Rigima 0979 0987 0961 0.955 0.961 0.981
R 0926 0.978 0.700 0.901 0.930 0.957 0.983

As figure 3 and table 6 indicate, local models are
generally more accurate than the global model within
the composition regions of their databases (listed in
table 1). The global model is recommended for compo-
sitions within the overall composition region that are
not covered by any of the local models. However, for
high-viscosity-high-temperature glasses (the LE type),
the global model may perform rather poorly.

The effect of composition change on viscosity can
be expressed as the change in viscosity, An;, caused by
replacing a mass fraction of silica (-Ax) with the same
mass fraction (Ax) of j-th oxide. By equation (7),

An;=nq {exp [Ax (Z; - Zso,)] - 1}

where 1, is the melt viscosity before the fraction of si-
lica was replaced with the same mass of j-th oxide, and
Z; = In[n;(T)] is the partial specific logarithmic viscosi-
ty at temperature 7 (shown in tables 3 and 4 for T =
= 1500°C). By equation (14), the j-th component tends
to increase the melt viscosity when An; > 0 at 1500°C.
Calculations were performed for Z; = In(n;;s00ec (Pas)),
Ax =0.02 (2 mass% replacement) and 1, = 10 Pas. Figu-
res 4 and 5 display the results for several major glass
components. In figure 4, the An; values are based on Z

(14)

values from the global model. Figure 5 compares An;
values based on local models with those from the glo-
bal model. As expected, B,Os;, Na,O, K,O, MgO, and
CaO decrease glass viscosity when replacing SiO,
whereas AL,O; tends to increase viscosity except for the
low-alkali E-glass. Note that in the high—silica—high—
—boria LE glass, AL,O; and Na,O have a significantly
higher impact on viscosity than in any other glass tested.
In glass technology, it is often important to know
how rapidly viscosity changes with changing tempera-
ture and how the rate of change is affected by glass
composition. By equation (2),
olnn B

oT T’

(15)

Since viscosity decreases as temperature increases,
B is always positive, and the higher the B at a given
temperature, the steeper the slope. Consequently, as
molten glass gets cooler, its viscosity increases less with
decreasing temperature when the B value is small; such
a glass is called a "long" glass because it takes a longer
time to reach a high viscosity at a given rate of cooling.
This is illustrated in figure 6, which plots the tempera-
ture increase (starting from 1500°C) associated with a
10-times increase in melt viscosity as a function of B.

The average B value for glasses tested in this study
is B, = 2.38 10* K. With a glass "length" component
effect defined as L; = B; - B,, components with L; > 0
tend to "lengthen" the glass and components with L; <0
tend to "shorten" it. Figure 7 compares the effects of
several components on the melt "length" at glass pro-
cessing temperatures. This picture will change at glass-
forming temperatures because the Arrhenius relation-
ship no longer represents the melt viscosity-temperature
relationship for commercial glasses below 1000°C.

The log(n (Pas)) = 1.5 (n = 31.6 (Pas)) isokoms
were obtained from equation (9) with the coefficient
values listed in table 4. To compare the results of calcu-
lations with experimental data, the temperature, T5,,, at
which 1 = 31.6 Pas, was obtained by fitting equation (2)
to data for each glass. Figure 8 shows the result toge-
ther with a similar plot in which the Fuegel et al. [7]
model is compared with 73 values obtained from
experimental data. The vertical lines in figure 8§ indicate
the maximum temperature of the viscosity measure-
ment, beyond which all values are extrapolated. As figu-
re 9 shows, both models predict similar T, s values for
T < 1400°C. For higher temperatures, the Fluegel et al.
[7] model seems to underpredict the isokoms, provided
that extrapolated data can be trusted. However, high
temperatures are outside the application limits of the
Fluegel et al. model; most extrapolated temperature val-
ues from data obtained at lower temperatures were
excluded from the model database [7].
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Figure 3. Calculated versus measured values for viscosity; solid points represent local models, and hollow points stand for the glo-
bal model applied to individual glass types.
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Figure 5. Effect of replacing 2 mass% SiO, with another oxide on melt viscosity at 1500°C: comparison of individual glass types
with the full set of data.
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Figure 7. Effect of glass components on melt "length".
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Finally, it may be of interest to compare commer-
cial and waste glasses with respect to the effects of glass
components on their viscosity. Table 7 lists the compo-
sition region and the Arrhenius coefficients for the vis-
cosity of these glasses [3]. Viscosity data for the waste
glasses were measured within 950°C and 1250°C, and
viscosity values ranged from 0.4 to 90 Pas at 1150°C.
Figure 10 shows the values of An; (Ax = 0.02, n, =
=10 Pas, and 7= 1150°C) and L;. A comparison of fig-
ures 4 and 10 reveals that the impact of replacing SiO,
with an equal mass of another component is very simi-
lar in commercial and waste glasses. However, the
impacts of glass components on melt "length" are dif-
ferent, indicating that the differences in composition
regions and temperature ranges significantly influence
the secondary properties (such as the temperature deriv-
ative of viscosity) of melts.

Table 7. Composition region and viscosity coefficients for
high-level waste glasses [3].

Mass fraction ranges Viscosity coefficients

nius model was found in good agreement with a nonlin-
ear model developed by Fluegel et al. [7]. The compo-
nent effects were found similar to those previously
established for high-level waste glasses.
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Xoin Xonen A; 10°B; (K)

Sio, 0.42 0.57 111 28.5
B,O; 0.05 0.20 -13.7 10.9
Na;0 0.05 0.20 9.6 12
Li,O 0.01 0.07 45 423
CaO 0.00 0.10 228 215
MgO 0.00 0.08 21.1 25.8
Fe,0; 0.005 0.15 6.4 8.8

ALO; 0.00 0.17 4.1 21.2
710, 0.00 0.13 313 54.6
Others 0.01 0.10 -17.0 23.0

CONCLUSION

For the processing temperature range for common
commercial glasses (1100°C to 1550°C), the Arrhenius
relationship represents the viscosity-temperature rela-
tionship reasonably well; the R* ranges from 0.97 to
0.99 for six local models developed for individual glass
types (E glass, float glass, low-expansion-borosilicate
glass, TV panel glass, fiberglass wool, and container
glass) and 0.98 for the global model covering the whole
composition region of commercial glasses containing
42 to 84 mass% SiO,. The models adequately represent
the viscosity-temperature relationship of glass atn < 10°
Pas, or, more accurately, 5 to 400 Pas. The global Arrhe-

VYSOKOTEPLOTNI VISKOZITA
PRUMYSLOVYCH SKEL

PAVEL HRMA

Pacific Northwest National Laboratory
Richland, WA 99352, United States of America

Zavislost viskozity skelnych tavenin v oblasti tavicich
teplot byla aproximovana linedrnimi modely na bazi Arrhe-
niovy rovnice pro Sest typl prumyslovych skel: borosilikatova
skla s nizkym koeficientem tepelné roztaznosti, E skla, skelna
vata, skla pro televizni obrazovky, obalova skla, a skla float.
Modely reprezentuji zavislost viskozity na teploté a slozeni jak
pro jednotlivé typy skel (lokalni modely) tak pro celkovou
oblast slozeni primyslovych skel (globalni model). Modelové
koeficienty byly optimalizovany s pouzitim viskozitnich dat
zméfenych rotaénim viskozimetrem v rozmezi 900-1550°C,
ve kterém viskozita nabyvala hodnot 1-750 Pas, pro 15 slozek:
Si0,, TiO,, Zr0O,, ALOs, Fe,0;, B,0;, MgO, CaO, SrO, BaO,
PbO, ZnO, Li,0O, Na,O a K,O. R? nabyla hodnoty 0.98 pro
globalni model a 0.97 az 0.99 pro Sest lokalnich modeli. Mode-
ly 1ze doporucit pro primyslova skla s obsahem 42-84 % SiO,
k odhadu viskozit nebo teplot pro danou hodnotu viskozity
skelnych tavenin v rozmezi teplot 1100-1550°C a viskozit
5-400 Pas.
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The MD DFT simulations of three oxynitride systems (Mg—M-Si—-O-N, M = Sc, Y, La, 20 eq.% of N) were carried out. The
results in the form of RDF and a coordination number were compared with the available experimental data and a good agree-
ment was found. The main features of the experimental total RDFs were identified by means of the partial RDF originating
from the simulations. Calculated coordination numbers of anions and cations were compared with the experimental data
measured on both glasses and crystalline phases. It was confirmed that MD DFT can be used for bulk simulations of multi-
component glassy oxynitride systems with quite reasonable results. Some discrepancies in Si-O and Si-N distances were
attributed mainly to higher temperature and limited size of the systems.

INTRODUCTION

Oxynitride glasses occur as grain-boundary phases
in nanostructured silicon nitride ceramics and dramati-
cally influence its mechanical strengths [1, 2]. There-
fore, the investigation of their structure and properties is
lead not only by the theoretical interest but primarily by
the strong technical impact. In early studies related to
the refining of glass melts, small concentrations of
nitrogen in silicate glasses were reported to increase
their softening temperature, viscosity and resistance to
devitrification [2, 3]. However, till now the relationship
between physical properties and the structure of oxyni-
tride glass is not fully understood [4, 5].

Atoms in oxynitride glasses are usually considered
to be cations and anions. The amount of the particular
ion can be alternatively quantified by the equivalent
percentage, which expresses the relative contribution of
the cationic/anionic charge. For example, the concentra-
tion of nitrogen expressed in equivalent percents yields

3[N]

€q.% ofN:m (1

where [N] and [O] are atomic concentrations, 2 and 3
are valences. Similarly, eq.% of O or eq.% of cations
can be expressed as well. It was found that the glass
forming region for oxynitride glasses is quite narrow
and rarely exceeds 25 eq.% of N [2].

If nitrogen is substituted for oxygen the silicate
structure becomes stiffer due to higher valency (-11I) of
nitrogen. In principle, three bonding possibilities should
be considered:

a) =Si-N(-Si=), b) =Si-N-Si= ¢) =Si-N? (2)

The case a) reflects the situation in glassy and crys-
talline systems with no alkali or alkali-earth modifier.
When a modifier is added, the cases b) and c¢) will hap-
pen in the structure. Simultaneously, with formation of b)
and c) type structures the non-bridging oxygens (e.g.
=Si-O") are formed in this case. "N MAS-NMR and neu-
tron diffraction show that in sodium-silicate (20 mol.%
Na,O) glasses with 4 at.% of N [3] the cases a) and b)
predominate. ¥Si MAS-NMR measurements revealed
that a silicon atom binds more than one nitrogen atom
very unwillingly, at least for the measured system (20
eq.% of N, 80 eq.% of O, 20 eq.% of Mg, 20 eq.% of La,
60 eq.% of Si) [4]. It was suggested [6] that, while Mg is
a network modifier in oxide systems and is usually 6-
coordinated, in oxynitride glasses it acts as a network for-
mer (or intermediate), being 4-coordinated. As a rule of
thumb, cationic modifiers (such as column III elements
and lanthanides) with higher cationic field strength
(CFS) increase strength of the silicate structure [4, 7].

In many cases, MD simulations help with interpre-
tation of the experimental data [8, 9]. Recently, experi-
mental investigations on oxynitride glasses were com-
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pleted with atomistic computer simulations [10-12].
However, molecular dynamics simulations with empiri-
cal force fields are seldom able to describe interatomic
polar covalent bonds with an acceptable accuracy. It
seems that the most difficult task is the deriving of inter-
atomic potential functions describing correctly the first
coordination spheres of the network-forming atoms, e.g.
N, B, P, AL, Si. Thus, in comparison with classical sim-
ulations of oxynitride glasses [10-12], more precise and
more promising simulations can be performed with
atomic forces calculated with help of density functional
theory (MD DFT) [13]. Despite such simulations com-
prise only about a hundred particles and only a short
time interval can be studied, typically tens of picosec-
onds, it was shown that even such limited calculations
suffice for establishing of the short range ordering
(SRO) of atoms in amorphous systems [14, 15].
Atomistic simulations enable to calculate various physi-
co-chemical properties of the studied system and they
can be directly compared with the experimental results
e.g. radial distribution functions (RDF), structure factor,
distribution of Q-species, diffusion and viscosity coeffi-
cients, elastic moduli, IR spectrum, etc.

The aim of this study is to perform MD DFT simu-
lations of silicate oxynitride systems containing magne-
sium and the column IIT elements - scandium, yttrium,
and lanthanum. Our work follows the extensive experi-
mental research carried out by Lofaj and co-workers
[4, 5, 16].

COMPUTATIONAL DETAILS

The composition of the simulated systems Mg-M—
—Si—-O-N (M = Sc, Y, La) were as follows: 21.33 eq.%
of Mg, 20.00 eq.% of M, 58.67 eq.% of Si, 80.00 eq.%
of O, 20.00 eq.% of N. It corresponds to 42.1 mol.% of
MgO, 13.2 mol.% of M,0;, 38.2 mol.% of SiO,, and
6.6 mol.% of Si;N,. The systems were simulated in
cubic computational cells with periodic boundaries. The
box volumes were determined by the experimental den-
sities of the corresponding glasses (table 1). The total
number of ions in each computational box was 118
(10N, 60 O, 16 Mg, 10 M, and 22 Si).

The simulation procedure consisted from prepara-
tion of reasonably chemically ordered systems which
were used as input for MD DFT simulation. The classi-

Table 1. Room temperature densities [4] of studied Mg—M-Si—
—O-N (M = Sc, Y, La) oxynitride systems.

cal MD was used for this initiation procedure and only

the yttrium containing system was subjected to above

procedure. The other two systems were prepared for

MD DFT simulation start by replacement of yttrium

atoms by scandium or lanthanum followed by geometry

relaxation performed by MD DFT. Thus the simulation
procedure may be decomposed in the following detailed
steps:

1) The positions of atoms in a simulation cell were ran-
domised at 5000 K during 10000 steps using classical
MD with time step of 0.001 ps.

2) The randomised structure entered the classical MD si-
mulation [17]. The system was cooled down to 300 K
to obtain the structure of "some chemical order".

3) The obtained ion positions were taken as an input for
a MD DFT simulation using Hellmann-Feynman
forces. The time-step of a numerical solution of the
equations of motions was set to 0.001 ps. The system
was relaxed for 7.5 ps at 4000 K and was treated as
an NVT ensemble. The temperature was scaled at
each 0.05 ps.

4) Up to now, only the system with Y was simulated. For
other two studied systems, at this point, the Y ions
were replaced by Sc/La. All ion coordinates were li-
nearly rescaled according to the room temperature
densities of Sc/Y/La oxynitride glasses (table 1).

5) Additional MD DFT runs (5 ps) were performed for
Sc and La systems with a temperature scaling fol-
lowed by NVE relaxations for 3 ps. As an example,
the time evolutions of temperature, total energy, and
potential energy for Sc system are shown in figure 1.

6) The temperature of all systems were numerically
rescaled to 2000 K. Temperature was scaled for 2.5 ps

1 " 1 " 1 " 1 " Il " 1 " 1
nvt i nve

5000
4500
4000
3500 :
3000 - E i
2500 4 § L

b) ;

| e MWMW ’
-760 ; -
-780 - ¢) ? -

-800 : -
-820 :

1 2 3 4 5 6 7 8
time (ps)

a.u.

—

Figure 1. Temperature (K) - (a), total energy (eV) - (b), and
potential energy (eV) - (c) evolutions in Sc-system at 4000 K.
The dotted line separates the constant temperature (NVT) and
the following constant total energy (NVE) modes.

M Density (g/cm’) Simulation box size (A)
Sc 3.096 11.109

Y 3.545 11.196

La 3.972 11.348
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in MD DFT run (NVT) to ensure no temperature drift
would be observed after switching the temperature
scaling off.

7)Finally, 2.5 ps runs were completed under constant
total energy conditions (NVE). During the runs the
radial distribution functions were collected every
0.05 ps. The radial step of 0.057 A was used for RDF
accumulation.

The MD DFT calculations of the bulk oxynitride
systems were performed using the Vienna ab-initio sim-
ulation package VASP [18]. The valence-electron wave-
functions were expanded in plane waves. The Kohn-
Sham equations of density-functional theory (DFT)
were solved using generalized gradient approximation
(GGA) adapted by Perdew, Burke and Ernzerhof (PBE).
All-electron wave functions were used to describe the
electron-ion interaction as derived from ultrasoft
pseudopotentials [19] via projector augmented wave
technique (PAW). The potential energy calculations in
scandium, yttrium and lanthanum systems were per-
formed with plane-wave cut-offs of 250 eV, 213 eV, and
250 eV, respectively. The cut-offs correspond to the
maxima of the minimal values recommended for DFT
molecular dynamics among atoms present in the oxyni-
tride systems. Brillouin-zone sampling was restricted to
the I'-point only.

RESULTS

No remarkable energy drifts of NVE ensembles
were observed both at 4000 K and 2000 K. The total
energy was perfectly conserved and therefore the time-
step of 0.001 ps seems to be quite reasonable even at the
highest used temperature (figure 1). Moreover, the po-
tential energies were also kept constant what may serve
as an indication that the major structural rearrangements
faded out. The interpretation of hereafter presented
results presumes that the short range ordering in the
oxynitride systems is formed very quickly at an extre-
mely high temperature and does not depend on a simu-
lation time scale too much. This assumption is in har-

mony with the results of classical MD simulations [9].
Using of the above assumption enables significant time
shortening of the performed MD DFT simulations. The
reason for performing as short as possible simulations
dwells in enormous computational demands of DFT.
The size of a simulated system represents even more
limiting factor, because the DFT algorithm scales as NV?,
where N is the number of particles.

The snapshot of the simulated Sc-system is pre-
sented in figure 2. Such images may be useful for the
first inspection of the structure, e.g. provide an initial
hint on homogeneity and/or warn of the unusual coordi-
nations. It is seen that the atoms in the Sc-system are
reasonably distributed without a visible separation of
the nitrogen phase. Although not presented here, other
systems (Y- and La-) offer similar pictures.

As the snapshots are not suitable for the quantita-
tive analyses, a comparison of the simulated and the
experimental RDFs is given in figure 3. Experimental
data for scandium and lanthanum oxynitride systems
(20 eq.% of N, 80 eq.% of O, 60 eq.% of Si, 20 eq.% of

i .
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&) :
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Figure 2. Structure of the simulated Sc-system.

Table 2. Positions of the maxima of the first peaks of pair RDFs. Average bond length (A) in some common crystalline nitrides are

denoted with asterisk [23].

N- O-

System - - —

N (0] Mg M Si (0] Mg M Si Mg-Mg M-M Si—Si
Sc 3.06 2.83 2.17 2.11 1.78 2.67 2.00 2.11 1.67 3.28 3.55 3.00
Y 2.85 2.85 2.07 241 1.79 2.69 2.02 2.30 1.68 3.13 3.97 3.02
La 2.89 2.84 2.16 2.50 1.76 2.78 1.99 2.44 1.70 3.29 3.97 3.01
Sc* 2.13 2.22 1.73
Y* 2.43
La* 2.57
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Mg, 20 eq.% of M) were obtained by neutron diffraction
at room temperature [16]. The yttrium system was not
measured. Positions of the maxima of peaks correspon-
ding to the particular X-Y pairs, summarized in table 2,
are depicted in the figure 3 to identify the main contri-
butions. The peaks of RDFs are not clearly separated
what embarrasses the determination of the local struc-
ture of glassy systems. However, the main features can
be identified on both the simulated and experimental
RDFs. The simulated RDFs reveal similar behaviour as
the experimental ones; however, the peaks coming from
simulations are broader due to the higher temperature.
The peaks of the first maxima are systematically shifted
to a longer radius (about 4.3 %) and their right-hand
shoulder is contributed by Mg—O/N (and M—O/N in
case of Sc-system).

— RDF

1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0
—— distance (A)

Figure 3. Total radial distribution functions of the scandium,
yttrium, and lanthanum systems. DFT MD results are sketched
by the solid lines; experimental results [16] by the dashed lines.
The main features of the curves were identified with help of the
simulated pair RDFs as follow: 1 Si-O, 2 Si-N, 3 Mg-O, 4
Mg—N, 5 M-0, 6 M—-N, 7 O-0, 8 N-O and N-N, 9 Si-Si. For
the sake of simplicity, only M—O and M—N peaks are marked in
Sc- and La-systems.

In case of the Sc- and La-systems, one unstable
N-N bond (of length 1.6 A) was observed in several
atomic configurations. However, such arrangement is
highly unstable in a system with a low content of nitro-
gen. In the amorphous SiO,'Si;N, system, there was ob-
served much higher willingness of N towards formation
of N—N bonds [13].

Coordination numbers were obtained by the inte-
gration of the pair RDFs up to their first local minima.
The obtained results, including upper integration
bounds, are presented in table 3. As expected, the partial
coordination M—O increases with the increasing ionic
diameters of column III elements. Scandium, yttrium,
and lanthanum cations are coordinated by 6.6, 7.5, and
8.9 anionic neighbours, respectively. However, the
number of coordinating nitrogen anions is not monoto-
nous. The highest amount of nitrogen is coordinated to
scandium, that is the smallest among the studied modi-
ficators. Then abrupt drop of the number of N around Y
is observed followed by the expected increase in case
La due to the increase of the ion size. The magnesium
coordination sphere remains unchanged in all systems
studied. This contains less than one nitrogen anion with-
in 5.6 total neighbouring anions. The coordination
sphere of a silicon atom remains approximately the
same for all systems. Silicon binds 4.1 anions from
which 0.8 are N. The coordination number of nitrogen
is very close to 4. Most of nitrogen atoms are connect-
ed to two silicon atoms. For M and Mg, nitrogen slight-
ly prefers bonding to magnesium. The coordination
number of oxygen is roughly 3.5. Vast majority of oxy-
gen atoms are non-bridging oxygens.

DISCUSSION

The simulated and the experimental total RDFs
reveal similar features. Peaks of the experimental RDFs
can be identified with help of MD simulation. On the
other hand, some striking discrepancies arise when a
quantitative comparison is required. While the peak
widening of simulated RDFs can be attributed to the

Table 3. Coordination numbers and the first local minimum distances (A) (in parentheses) of X-Y pairs.

System Si-N Si-O M-N M-0 Mg-N Mg-O

Sc 0.7 (2.33) 3.5(2.33) 1.3 (3.16) 5.4 (3.11) 0.8 (3.05) 4.7 (2.83)
Y 0.9 (2.29) 3.2 (2.35) 0.7 (3.30) 6.9 (3.19) 0.8 (3.07) 4.9 (2.85)
La 0.8 (2.32) 3.3(2.32) 0.9 (3.34) 7.8 (3.46) 0.9 (3.00) 4.8 (2.89)
System N-Si N-M N-Mg O-Si O-M O-Mg

Sc 1.5(2.33) 1.3 (3.17) 1.3 (3.06) 1.3 (2.33) 0.9 (3.11) 1.3 (2.83)
Y 2.0 (2.30) 0.6 (3.30) 1.3 (3.08) 0.9 (2.35) 1.1 (3.19) 1.3 (2.85)
La 1.8 (2.33) 0.9 (3.35) 1.4 (3.01) 1.2 (2.32) 1.3 (3.46) 1.3 (2.89)
70 Ceramics — Silikaty 50 (2) 67-72 (2006)



Structure of silicate oxynitride melt doped with scandium, yttrium and lanthanum: a MD DFT simulation

influence of higher temperature, the 0.07-A-drift of the
first peak belonging to Si—O and Si—N pairs can be dis-
cussed such way only partly. Probably, a coincidence of
more effects happens during a calculation. Among
them, size of the system, incompleteness of a wave
function basis set and premises of DFT should play a
certain role. The over-coordinated silicon atoms are
considered to be another important factor influencing
Si—O distance. At this point, additional testing is to be
carried out. We have tested the DFT methodology im-
plemented in the VASP programme on silicate clusters:
H,Si0,, HeSi,0;7, HsSiOsN, H;Si,O6N, and HySi;O¢N
(table 4). We have found our results to be in agreement
with post Hartree-Fock quantum calculations [20, 21].
It seems that the Si—-O and Si—N distances are usually
rather longer in clusters than in a bulk material. We can
speculate the main contribution, which prolongs the
first RDF peak, to be the size of a simulation box. On
the other hand, no difference in the first peak positions
of the large (6000 atoms) and small (117 atoms)
Na,0-28i0, glassy systems modeled with empirical
Buckingham potentials was observed [22].

Average interatomic distances correspond to the
first maxima of the pair RDFs (table 2). Except for M—X
lengths no significant differences among the simulated
systems were found (up to 5 %). Thus, the major
changes are caused by the increasing ionic diameter of
Sc, Y, and La ions. The calculated M—N distances are in
good agreement with the tabulated values of crystalline
nitrides [23].

An additional piece of information to the experi-
mental results offers the analysis of coordination num-
bers (table 3). There are some common features
throughout the systems. In all systems, the coordination
number of silicon slightly exceeds four. Not only SiO,
tetrahedra but also SiOs trigonal bi-pyramids were

Table 4. Si—O and Si-N bond lengths (A) in some oxynitride
clusters. a) Our results obtained by DFT; b) RHF simulation
[21]; ¢) experimental data cited in [20]; d) HF simulations cited
in [20].

Si-NBO Si-BO Si-N
Si(OH), 1.649”
1.6439
(HO),SiOSi(OH), 1.647% 1.6229
1.6500 1.6249
1.657% 1.591
H,SiOSiH3 1.6339
1.634°
(HO),SiNH, 1.6549 1.7119
(HO):SiNHSi(OH),  1.653% 1.7219
1.6607 1.691"
N[Si(OH);]; 1.652v 1.746°
1.6607 1.719v

observed in the simulated oxynitride melt. Such unusu-
al units are believed to act as intermediates of high tem-
perature transport processes in a melt [24, 9]. Number
of over-coordinated silicon atoms decreases with the
increasing ionic radius of M. Similar behaviour was
observed in potassium-, rubidium- and caesium-silicate
glasses modelled by classical MD simulations [25, 9]
and by *Si MAS-NMR [24]. Larger cations are weakly
bound to the silicate network, decrease rigidity and vis-
cosity [5] of the structure. Therefore, high-temperature
diffusive processes proceed more readily and formation
of SiOs defects is suppressed [25].

A silicon atom is mostly bound to three oxygen
atoms and one nitrogen atom. It seems consistent with
the published results [5] where SiO;N units dominate in
the structure of oxynitride glass.

The crystalline Si;N, phases contain only 3-coordi-
nated nitrogen. However, in the oxynitride systems pre-
sented in this study, the coordination number of nitro-
gen is very precisely four, as it is in ionic crystalline
nitrides [23]. It is not surprising if we consider chemi-
cal composition of systems contained a huge amount of
MgO and M,0;. Nitrogen atoms bind approximately 1.8
silicon atoms. The formation of =Si-N—Si= and =Si-N*
units is preferred (see figure 2). It is in agreement with
the present-day concept of the nitrogen role in the sili-
cate structure [2, 7]. Nearly all oxygen atoms are non
bridging oxygens (NBO), bridging oxygens (BO) form
only lesser part of the structure. The equivalent binary
metasilicate system (MgO-SiO,, i.e. 40 eq.% of Mg,
60 eq.% of Si, 100 eq.% of O) contains 2/3 of NBO and
1/3 BO.

Differences in coordination numbers throughout the
systems do not seem to be conclusive enough. Larger M
cations prefer oxygen in their coordination spheres, i.e.
N/O ratio decreases. On the other hand, N/O ratio in the
Mg coordination sphere is invariant with respect to a
column III cation diameter. In most cases, the coordina-
tion number of Mg in crystalline magnesium oxides and
silicates is 6. On the other hand, it equals 4 in magne-
sium nitrides. Therefore, the calculated average value
5.6 proves to be a superposition of these two values.
The coordination number of Mg approaching 6 is in
contradiction with ref. [6] which claims Mg atoms play
rather a network forming than a network modifying
role. Our simulations witness Mg to be a network modi-
fier in oxynitride systems. Coordination number of Sc
in crystalline materials [23] ranges from 5 to 8; the most
frequent coordination number is 6. Y ranges from 6 to 7;
mostly 7. La ranges roughly from 6 to 9, mostly 8. The
calculated values slightly exceed tabulated data. It is
quite common and can be explained by disordering in
the oxynitride structure.
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CONCLUSION

The DFT MD simulations of three oxynitride sys-
tems (Mg-M-Si—-O-N, M = Sc, Y, La, 20 eq.% of N)
were carried out. The results in the form of RDF and a
coordination number were compared with the available
experimental data and the good agreement was found.
The main features of the experimental total RDFs were
identified by means of the partial RDF originating from
the simulations. Coordination numbers of anions and
cations were calculated and compared with the available
data measured on both glasses and crystalline phases.
This work confirmed that DFT MD can be used for bulk
simulations of multi-component glassy oxynitride sys-
tems with quite reasonable results. Some discrepancies
in Si—O and Si-N distances were attributed mainly to
higher temperature and limited size of the simulated
systems.
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STRUKTURA KREMICITYCH OXYNITRIDOVYCH
TAVENIN DOPOVANYCH SKANDIEM, YTRIEM
A LANTANEM: MD DFT SIMULACE

JAN MACHACEK, ONDREJ GEDEON,
MAREK LISKA*, SONA CHARVATOVA

Ustav skla a keramiky, Vysokd $kola chemicko-technologickd,
Technické 5, CZ-16628 Praha, Ceskd Republika
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spolocné pracovisko Ustavu anorganickej chémie SAV,
Trencianskej univerzity Alexandra Dubceka v Trencine
a RONA a.s., Studentska 2, Trencin, SK-911 50,
Slovenska Republika

Byla provedena MD DFT simulace tfech oxynitridovych
systémt (Mg-M—-Si-O-N, M = Sc, Y, La, 20 eq.% N). Vysled-
ky ve formé RDF a koordinacnich ¢isel byly srovnany s dos-
tupnymi experimentalnimi daty a byla zjisténa dobra shoda.
Hlavni piky experimentalnich RDF byly identifikovany pomoci
parcidlnich RDF ziskanych ze simulaci. Vypocitand koordi-
nacni ¢isla aniontl a kationd byla srovnana s experimentalnimi
daty nameéfenymi u skel i krystalickych fazi. Bylo potvrzeno, ze
metoda MD DFT muze byt pouzita pro modelovani vice-
slozkovych skelnych oxynitridovych systémd, a to s rozumny-
mi vysledky. Zjisténé nesrovnalosti v délkach vazeb Si-O a
Si—N byly ptipsany hlavné vyssi teploté a omezené velikosti
simulovanych systémd.
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The flow-through leaching experiments have been conducted at two buffered pH values (8.5 and 10.0) of borate leaching solu-
tions and at two temperatures (70°C and 90°C) on the EUTAL glass fibers, used as an insulation in nuclear power plants.
Time dependencies of the total amount of leached elements Si, Al and Ca in corrosive solution have been determined. From
the leaching rates in stationary conditions the values of activation energies, Ea, have been calculated. Lower Ea values were
Sfound for leaching at higher pH value. Higher Ea values were found for atoms so called network-forming oxides (Si, Al). Sur-
face of corroded fibers was analyzed by scanning electron microscopy with energy dispersive X-ray analysis (SEM/EDX).
Formation of relatively smooth continuous surface layer of corrosion products was detected at higher pH value.

INTRODUCTION

In case of an accident the emergency system of a
nuclear power plant is used in order to preserve pressure
of a coolant in the primary cooling circuit and to dispose
heat from the active zone of nuclear reactor. The system
consists of the tanks filled with the boric acid solution
and the pumps transporting solution to the primary cool-
ing area. Moreover the low-pressure pumps are activat-
ed when the tanks are not able to bring the cooling water
into the system. After pumping out, water is pumped in
again from the heat exchanger placed at the bottom of
the hermetic boxes. Loss of coolant accident - LOCA
(damage of the primary cooling area) causes rapid in-
crease of pressure in the hermetic boxes. Therefore the
spraying system is activated. Required decrease of pres-
sure is achieved by spraying the area of the hermetic
boxes and by condensation of steam and air mixture [1].

The glass fibers play a significant role regarding
the security system of the nuclear plants. Glass fibers
are mainly used as thermal and electrical insulation and
in case of accident fibers get in immediate contact with
cooling solution. It is well known that water solution in
contact with a glass causes changes resulting in the
structure transformation of glass surface, dissolution of
a glass itself and formation of new glass surface layer
[2]. Intensity of this phenomenon depends on well
known factors. To the most important belong composi-
tion of the corrosive solution, its pH and temperature,
and exposure time. In the case of LOCA, the glass fibers
used as insulation are exposed to very aggressive envi-
ronment for a relatively long time. Corrosion products

can plug filtering devices of the cooling system and
consequently prevent pumping of a coolant from the
hermetic boxes. This causes insufficient even function-
less circulation of the cooling solution during accident.
To assure safety of the cooling system is important to
describe behavior of the glass fibers in the environment
meeting aggressive conditions, and to predict composi-
tion and behavior of created corrosion products due to
the long-term contact of insulation with the corrosive
medium.

EXPERIMENTAL

The flow-through leaching tests have been con-
ducted on the EUTAL glass fibers with the composition
shown in table 1.

Table 1. Composition (wt.%) of the EUTAL glass fibers (main
components).

SiO, B,0; ALO; CaO MgO

54 53 14.3 22.9 1.5

To remove the lubrication, the glass fibers had been
exposed to the temperature of 300°C in the furnace for
one hour. Diameters of burned glass fibers were deter-
mined by the optical microscopy using the image analy-
sis (LUCIA). The mean value of the fiber diameter was
counted from the lognormal distribution of a thousand
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fiber diameters. The specific surface of fibers was then
calculated:

S 2

e Q)

m pr

The flow-through leaching tests had been carried
out in a period of 10 days with the flow rate of 15 cm’/h
at temperatures of 70°C and 90°C. As a leaching medi-
um two borate solutions of different composition with
buffering effect were used. The composition of buffe-
ring solutions is given in the table 2. First leaching solu-
tion marked as B meets composition of the cooling solu-
tion used in the nuclear power plant. The pH value of
8.5 at the temperature of 22°C was achieved by addition
of KOH. The pH of second leaching solution marked as
CP meeting value of 10.0 was assured by addition of
KOH together with 6-(cyklohexylamino)-1-propanesul-
fone acid (CAPS). This highly alkaline solution was
chosen in order to simulate more aggressive conditions
for dissolution of the EUTAL glass fibers known for
their high chemical durability in alkaline environment.

Table 2. Composition of the leaching media (g/1).

Abbreviation B CP

H;BO, 9.36 9.36
KOH 2.99 7.00
NH; 0.89 7.58
N,HSO, 0.93 0.93
CAPS - 2.00
pH at 22°C 8.5 10.0

Table 3. Experimental conditions of flow-through tests.

Weight of fibers in reactor 1.00 g
Volume of reactor 5.00 cm’
Density of fibers 2.644 g/cm’
Mean value of fiber diameter 11.2x10° m
Specific surface 0.133 m%/g
Flow rate of leaching solution 15 cm’h

For each temperature and leaching medium four
parallel experiments were performed. The concentra-
tions of leached Si, Al, and Ca were determined by the
atomic absorption spectrometry (it was impossible to
determine the amount of leached boron in the solution
due to significantly lower concentration comparing with
boron presented in the initial solution). The corrosion
layer created on the surface of elementary fiber and its
composition were analyzed by the scanning electron
microscopy with energy dispersive X-ray analysis.

RESULTS AND DISCUSSION

The weight loss of glass fibers leached in the cor-
rosive medium B at the temperature of 70°C for 10 days
meets the value (5.2 £0.2) % and (6.8 £ 0.2) % in case
of using the medium CP, whereas the weight loss of
glass fibers exposed to medium B at the temperature of
90°C meets the value (15.0 = 0.1)% and for medium CP
the value (16.7 + 0.1)%.

The total amount of leached elements and its nor-
malized amounts determine the following equations
[3,4]:

F

0'=c 5 At+Q"™ )

N, = SEAL L s 3)
1 x 1

i

where Q; is the total amount of leached elements by unit
glass surface area in time ¢, S is the glass surface area in
contact with the leaching solution, ¢; is concentration of
particular leached element in time ¢, F is the flow rate,
and x; represents the weight fraction of i-th element in
the glass. Comparison of NL; values tells us about me-
chanism involved in dissolution of a given glass. In case
of congruent dissolution the NL; values are in mutual
compliance unlike for incongruent dissolution. The time
dependence of total amount, Q;, and normalized
amount, NL;, of Si, Al, and Ca are plotted in figures 1
and 2.

Normalized amount of Ca at both temperatures and
for both leaching solutions was higher as normalized
amount of Si and Al. This fact is related to the position
of Ca in the silicate network. Calcium modifies the sili-
cate network and leaching of its ions is higher in con-
frontation with Al, which participate on formation of the
silicate network.

Values of the initial and stationary leaching rates
may be evaluated from experimental time dependencies
of O, by graphical or numerical methods. The graphical
method is not reliable for determination of the initial
leaching rates, therefore the following empirical equa-
tion is commonly used [2, 5]:

Q=P (1-¢")+Pt (4)

Due to low thickness and quick formation of the
calcium depleted surface diffusion layer in alkaline con-
ditions, the obtained Q) dependences are almost per-
fectly linear (figures 1, 2) in the time scale studied. The
simple linear regression model with non-zero intercept
has to be used instead of the equation (5) in this case.
The stationary leaching rate is then simply given by the
slope of the regression line.
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Figure 1. Time dependence of the amounts and normalized amounts of leached elements at temperatures 70°C a 90°C for leaching

solution B. Lines represent the linear regression model.
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Figure 2. Time dependence of the amounts and normalized amounts of leached elements at temperatures 70°C a 90°C for leaching
solution CP. Lines represent the linear regression model.
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In alkaline environment when almost non-alkaline
E-glass fiber had been leached, very thin diffusion layer
is developed very fast. Alkaline solution in a contact
with glass fiber surface causes fast breaking of Si—-O—Si
bonds followed by dissolution of silicate network as the
rate controlling step of the corrosive process. The alka-
li metals, participating on the corrosive process as a dif-
fusion component, are mostly not presented in the struc-
ture of the EUTAL glass. The obtained time depen-
dences are practically linear after one hour of leaching.
Therefore only the leaching rates in stationary condi-
tions were evaluated. The values of the leaching rates in
stationary conditions are summarized in table 4.

Table 4. Values of dissolution rates in stationary conditions and
their standard deviations.

From the stationary leaching rates obtained for two
distinct temperatures, the formal mean activation ener-
gy, E,, was calculated from the Arrhenius equation:

v, =Aexp(—E,/RT) (5)

Mean values of activation energies, E,, and their
standard deviations are shown in table 5. Standard de-
viations of £, were calculated from four parallel experi-
ments for each temperature. It can be concluded, that
lower E, values were found for leaching at higher pH
value. On the other hand, higher E, values were found
for atoms of network-forming oxides (Si, Al).

Table 5. Values of mean activation energies and their standard
deviations.

medium/ v.. (Si) v.. (Al) v.. (Ca)
temperature  (mg/m’ day) (mg/m* day) (mg/m* day)
B 70 47.5+0.7 52.8+1.6 102.1 £2.7
B 90 185.2+4.4 1549+ 1.0 262.9 £ 6.1
CP 70 73.5+2.1 80.9+1.9 175.4+ 6.3
CP 90 176.9 £ 3.7 162.0 £3.6 231.4+10.5

medium E, (Si) E, (Al) E, (Ca)
(kJ/mol) (kJ/mol) (kJ/mol)

B 723+ 1.8 55.8+£0.8 49.0+£1.8

CP 455+24 360+ 1.4 144+138

54700 15.0kV 12.3mm x4.00k SE(M)

10.0um

Figure 3. SEM micrographs of corroded fibers.

The presented figures (figure 3) obtained from
SEM analysis indicate formation of the corrosive prod-
ucts on the surface of glass fibers. SEM/EDX analysis
confirmed formation of alumino-silicate precipitated
layer on the surface of corroded fiber. Observed layer
on a glass fiber leached in the solution B is not as com-
pact as in case of CP leaching solution.

CONCLUSION

Performed flow-through leaching tests on the
EUTAL glass fibers used as insulation in the nuclear
plants confirmed the fact that the E-glass fibers show
high chemical durability in alkaline solutions. Dissolu-
tion of the glass fibers used in our experiments is incon-
gruent. The dissolution rate of Al and Si is almost the
same. In the corrosive environment was observed back-
precipitation of Si, Al and Ca elements participating on
formation of a new layer on the fiber surface.
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Viscosity, density, thermal expansion, glass transition temperature, refractive index, molar refraction, and chemical durabil-
ity of 15M,0.10Ca0.xZrO..(75-x)SiO, (M = Na for NCZ glasses, and M = K for KCZ glasses; x = 1, 3, 5, and 7) glasses were
measured. The effect of SiO,/ZrO, equimolar substitution on measured physical and chemical properties was discussed.
Increasing content of ZrO, significantly improves the chemical durability against water in both studied glass series. The
Zr0,/Si0; substitution strengthens the silicate network and therefore increases the values of glass transition temperature, and
viscosity and decreases the value of the thermal expansion coefficient. Molar refractivity depends linearly on the ZrO, con-
tent. The slope of the regression line is the same for both studied glass series, whereas the higher intercept for potassium
glasses reflects the greater polarizability of the potassium cation with respect to the Na* cation. In comparison with the NCZ
glasses both the viscosity and the viscous flow activation energy of KCZ glasses are higher and their dependence on the ZrO,

content is steeper.

INTRODUCTION

Silicate glasses containing zirconia play a signifi-
cant role both in the igneous petrology [1] and glass
technology [2]. Due to the non-toxicity and extremely
high chemical durability in alkaline conditions these
glasses are used for the production of alkali-resistant
fibers for Portland cement composites [3]. Both the
thermal expansion coefficient and the glass transition
temperature are positively correlated with the ZrO, con-
tent in silicate glass [4-6]. In addition to the chemical
durability the high density, and high value of refractive
index and dispersion predetermined these glasses for
production of ecologically friendly barium- and lead-
free crystal glass [7,8]. In addition to ZrO,, other oxides
of heavy elements as ZnO and TiO, are used to substi-
tute harmful lead- and barium-oxide. On the other side,
zirconia increases the viscosity of the glass melt and the
melting of the glass batch containing zirconium-con-
taining raw materials (typically zircon) needs increased
temperature and longer time. Thus, the corrosion of the
refractory materials is more pronounced [2,9].

EXAFS studies of Zr coordination in selected sili-
cate glasses have shown that variations in the local
environment of Zr are relatively small [10]. In silicate
glasses with lower ZrO, concentrations (1-4 wt.%)
Farges and Calas [11] found Zr to be mainly 6 coordi-

nated. The abundance of 6 coordinated Zr should in-
crease with melt depolymerization as a result of the
increasing network modifier content. With respect to the
main coordination number, zirconia can be classified as
network-modifying oxide according to the Zachari-
asens' rules. However its structural position strengthens
the silicate network via forming the covalent Zr-O-Si
bridges. Thus its influence on concentration dependence
of various physical and chemical properties resembles
the network-forming oxides. Therefore the literature
information about the network- forming/modifying
character of ZrO, is relatively contradictory. For exam-
ple, Ringwood [12] stated that ZrO, is a network-former
producing tetrahedral ZrO, groups. Furthermore,
Linthout [13] inferred that ZrO, is a network modifier
rather a network former based on crystal-chemical rea-
soning.

The possible structural model of 6-coordinated zir-
conium in silicate glasses suggested by Farges [10] on
the basis of the EXAFS study consists in ZrOs octahe-
dron with four bridging and two non-bridging oxygen
atoms (schematically [Zr0,0,,]*). Thus, ZrO, not only
takes part in the formation of the silicate network, but in
addition it heals the broken Si—O-Si bridges according
to the reaction:

2=Si-O" + Zr0, — =Si-0-Si= + [Z210,0,,]* (1)
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This situation formally resembles the Al,O; net-
work-forming structural activity where the non-bridg-
ing oxygen atoms of partially depolymerized silicate
network are consumed by converting the AL,O; to tetra-
hedral anions [AlO,,] [2].

During the development of zirconia containing sil-
icate glasses with targeted properties the multi-compo-
nent, i.e. more than three-component, zirconia contain-
ing silicate systems are commonly studied [14-17].
However, the study of simpler model systems is needed
to envisage the structure-property relationships with
respect to the structural position of ZrO, in the silicate
glass and melt. Moreover, the thermodynamic models
based on the regular solution theory can be simply con-
structed for simple oxide systems to verify the structur-
al assumptions proposed on the basis of experimentally
determined composition-property relationships [18].
The literature data concerning the composition - proper-
ty relationships for more than three component zirconia
containing silicate systems are relatively scarce [19,20].
Therefore the effect of the equimolar ZrO,/SiO, substi-
tution in sodium-calcium and potassium-calcium trisili-
cate glasses 15M,0.10Ca0.xZr0,.(75-x)Si0, (M=Na,
K,x=1,3,5, and 7) is in the scope of the present work.

EXPERIMENTAL

The glass batches were prepared by mixing of pow-
dered Na,CO; (AFT, p.a.), K,CO; (Fluka, p.a.), CaCO;
(AFT, p.a.), ZrSiO, (Aldrich, p.a.) and SiO, (AFT, min.
96,5 %). Sodium sulphate (AFT, p.a.) and potassium
sulphate (Lachema, p.a.) were used as fining agents.

Glasses were melted in Pt-10%Rh crucible in
supercanthal furnace at temperature of 1600°C for two-
three hours in ambient atmosphere. The homogeneity
was ensured by repeated hand mixing of the melt. The
glass melt was then poured onto a stainless steel plate.
The samples were tempered in a muffle furnace for one
hour at 650°C, after which the furnace was switched off
and samples allowed remain there until completely cool.

Theoretical composition and abbreviation of glass
samples is summarized in table 1.

Thermal expansion coefficient of glass, o, toge-
ther with the glass transition temperature, 7, were
obtained by thermodilatometry (Netzsch, TMA 402)
during cooling from sufficiently high temperature by
the cooling rate of 5°C/min. The linear thermal expan-
sion coefficient g was obtained from the slope of the
cooling curve in temperature interval 400-450°C. The
experimental data for the NCZ0 glass were obtained
in our previous work in the temperature interval
350-450°C.

The densities of glasses at laboratory temperature
were measured by Archimedes method by dual weight-
ing in air and in distilled water.

Refractive index was measured on polished pris-
matic glass samples by Abbe's refractometer at 20°C.

Chemical durability against distilled water, CD,
was determined on grained sample according to the ISO
norm [21] at 98°C. The values are given in cm’ of 0.01
mol/dm® hydrochloric acid needed for neutralisation of
alkalis leached from 1 g of glass grains.

The low-temperature viscosities between 10° and
10" dPa.s were measured by thermo-mechanical ana-

Table 1. The composition and abbreviation of studied glasses (mol. %).

Glass Na,O CaO 710, SiO, Glass K,0 CaO 710, SiO,
NCZ0 15 10 0 75

NCZ1 15 10 1 74 KCzZ1 15 10 1 74
NCZ3 15 10 3 72 KCZ3 15 10 3 72
NCZ5 15 10 5 70 KCZ5 15 10 5 70
NCZ7 15 10 7 68 KCz7 15 10 7 68

Table 2. Measured physical and chemical properties of studied glasses. Average standard error of measurement of density
+0.0001 g/cm’, thermal expansion coefficient =1 107/K" and refractive index +0.0001.

Glass M, (g/mol) P (g/em?’) 107 ¢, (K) T, (K) np R, (cm’/mol) CD (cm?)
*NCZ0 59.97 2.4753 95 819 1.5140 7.29 -
NCZ1 60.69 2.5061 96 830 1.5193 7.35 0.690 + 0.028
NCZ3 62.13 2.5716 94 850 1.5319 7.49 0.292 + 0.001
NCZ5 63.57 2.6425 85 867 1.5463 7.62 0.225+£0.015
NCZ7 65.02 2.7025 - - 1.5598 7.78 0.167 £ 0.015
KCZ1 65.52 2.4885 103 883 1.5191 7.99 1.325 £ 0.009
KCZ3 66.96 2.5725 104 895 1.5352 8.11 1.192 £ 0.008
KCZ5 68.41 2.6313 - - 1.5471 8.25 0.675 £ 0.008
KCZ7 69.85 2.6597 - - 1.5524 8.40 0.275 £ 0.001
*values from previous unpublished work of Chrom¢ikova.
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lyzer (Netzsch TMA 402). The viscosity value, 71, was
calculated from the measured deformation rate de/d¢
and the known value of axial load G on orthorhombic
(approx. 5 x 5 X 20 mm) sample with cross-section S:

G
= 38 (de/dr) 2)
RESULTS AND DISCUSSION

The measured values of density, thermal expansion
coefficient, glass transition temperature, refractivity
index, and chemical durability against water (CD, ex-
pressed in cm’ of 102 molar HCI [21]) are summarized
in table 2 together with the mean molar (formula)
weight of glass, M,, and molar refractivity calculated by:

20\?
L) ®
(néo) +2 P

In the case of potassium glasses KCZ5 and KCZ7
as well as in the case of the sodium NCZ7 glass the
glass transition region was partially above the experi-
mentally accessible temperature range of thermodilato-
metric measurement. Thus, the values of 7,, and ¢, were
not measured for these glasses. As was expected, the
chemical durability steeply increases (i.e. CD decreas-
es) with increasing ZrO, content in both kinds of stu-
died glasses. On the other hand, the chemical durability
is significantly lower for the potassium glasses, namely
for low ZrO, content, in comparison with the corre-
sponding sodium ones. Also the density, glass transition
temperature, refractive index and molar refractivity val-
ues are positively correlated with ZrO, content in both
studied compositional series. The steep increase of 7,
with increasing ZrO, content in silicate glasses was also
reported by Takahashi [5], and Fisher [6]. With the
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Figure 1. The dependence of molar refractivity on mole frac-
tion of ZrO,.

exception of NCZ0 glass, the thermal expansion coeffi-
cient of sodium glasses decreases with the increasing
Z10, content. Probably the same is true for the potassi-
um glasses, but the insufficient number of experimental
data prevents the statistical confirmation of this idea.
Similar tendency was confirmed by the work of
Kheifets [4]. The thermal expansion coefficients of
potassium glasses are about 10% higher in comparison
with the sodium ones.

Figure 1 illustrates the dependence of molar refrac-
tivity of NCZ and KCZ glasses on ZrO, content. It can
be seen, that the almost perfect linear (correlation coef-
ficient 0.9991 for NCZ glasses, and 0.9981 for KCZ
glasses) correlation is obtained in both cases. The
regression line

Rounez = [(7.286 £ 0.007) + (0.0688 £ 0.0017) X (ZrO,)]
cm®/mol (%)

describes the NCZ experimental data with standard
deviation of approximation of 0.010 cm*/mol. In the
case of KCZ glasses the regression equation

Ruxez = [(7.915 £ 0.068) + (0.0676 £ 0.0030) x (ZrO,)]
cm’/mol (5)

fits the data with standard deviation of 0.013 cm*/mol.
The ZrO, content in the equations (4,5) is given in mole
%. The slope of the regression line corresponds to the
increment of molar refractivity caused by substitution
of 1 mole % of SiO, by ZrO,. It is worth noting that in
the limits of standard deviation the slope is the same for
both glass series.

The temperature dependence of viscosity was
described by the Arrhenius-like equation:

log(m/dPas) =4 + B/T 6)

where A, and B are constants routinely determined by
regression analysis, and 7 is thermodynamic tempera-

12.0
11.5 -
1.0
F)
8 10.5
S
£10.0
8
= 957 m NCZ1
I 9.0 ® NCZz3
A NCZ5
8.5 v NCz7
8.0
96 99 102 105 108 111 114 1.7
— 10YT(K")

Figure 2. Arrhenius plot of viscosity - temperature dependence
for NCZ glasses.
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ture. The temperature independent viscous flow activa-
tion energy, E,, was calculated by:

E,= @ In 1/d (/T), = In(10)RB = 2.303RB  (7)

where R is the molar gas constant.

Experimental values of viscosity are plotted in
log(n/dPa.s) versus 10*K/T coordinate system in figure
2 for NCZ glasses, and in figure 3 for KCZ glasses.
It can be concluded that all depicted dependences are
linear with the isothermal viscosity value steeply
increasing with increasing ZrO, content, and with the
slope moderately increasing with increasing ZrO, con-
tent. Table 3 summarizes the values of 4, and B coeffi-
cients (equation (6)), and the values of activation ener-
gy calculated according the equation (7). It can be seen
that both 4, and B values are increasing with increasing
ZrO, content in both glass series.

Figure 4 demonstrates the linear dependence of vis-
cous flow activation energy on ZrO, mole fraction. For
NCZ glasses this can be described with the regression
equation:

E,(NCZ) =[(469 £ 4) + (14.1 £ 0.9) X (ZrO,)] kJ/mol
(3
with correlation coefficient of 0.9957 and standard

deviation of approximation of 0.43 kJ/mol. For KCZ
glasses the regression equation

E, (KCZ) = [(529 £ 12) + (38.3 £ 4.1) x (ZrO,)] kJ/mol
)

was obtained with the correlation coefficient of 0.9943
and standard deviation of approximation of 1.23 kJ/mol.
It can be concluded that for KCZ glasses the activation
energy is higher and its dependence on ZrO, mole frac-
tion is steeper.

CONCLUSION

Increasing content of ZrO, significantly improves
the chemical durability against water in both studied
glass series. The ZrO,/Si0, substitution strengthens the
silicate network and therefore increases the values of
glass transition temperature, and viscosity. The thermal
expansion coefficient decreases with the increasing
Zr0, content. Molar refractivity depends linearly on the
Zr0O, content expressed in mole %. The slope of the
regression line is the same for both studied glass series,
whereas the higher intercept for potassium glasses
reflects the greater polarizability of the potassium
cation with respect to the Na' cation. In comparison
with the NCZ glasses both the viscosity and the viscous
flow activation energy of KCZ glasses are higher and
their dependence on the ZrO, content is steeper.

Table 3. Coefficients of the viscosity equation (equation (6)) and viscous flow activation energies (equation (7)) together with stan-

dard deviations and standard deviation of log 1 approximation s,.

Glass A B E, (kJ/mol) Sapr[l0g(1 dPas))]
NCZ1 -17.97 £0.76 25526 + 700 489 + 13 0.087
NCZ3 -18.26 £0.29 26658 + 279 5105 0.032
NCZ5 -18.99 £0.23 28131 £ 232 539+ 4 0.020
NCz7 -19.78 £ 0.51 29839 + 512 571+ 10 0.031
KCZ1 -20.26 = 0.41 29769 + 401 570 £ 8 0.034
KCZ3 -22.68 £ 0.57 33018 £ 577 632 £ 11 0.028
KCZ5 -26.50 £ 0.57 37940 + 588 726 £ 11 0.023
11.5 750
11.0 - 200 -
® 105 - =
Ky S 650 -
% 10.0 S m KCZ
D ©
o w
9.5
I I 550 -
9.0
500
8.5 1
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— 10YT (K" —>  X(ZrOy) (%)

Figure 3. Arrhenius plot of viscosity - temperature dependence
for KCZ glasses.

Figure 4. Dependence of viscous flow activation energy on
mole fraction of ZrO,.
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VLASTNOSTI V\{BRANYCﬂ ZIRKONICITANO-
KREMICITANOVYCH SKIEL

RADOVAN KARELL, JOZEF KRAXNER*,
MARIA CHROMCIKOVA*

Fakulta priemyselnych technologii
Trencianskej univerzity A. Dubceka,

Ivana Krasku 491/30, Puchov, 020 01, Slovenska republika
*Vitrum Laugaricio - Centrum kompetencie skla
Ustavu anorganickej chémie SAV,
Trencianskej univerzity A. Dubceka a RONA, a.s.,
Studentskd 2, Trencin, 911 50, Slovenskd Republika

Pre skla so zlozenim 15M,0.10Ca0.xZr0,.(75-x)Si0O,
(M =Napre NCZ skla aM =K pre KCZ skla; x=1,3,5,a7)
sa zmerali teplotné zavislosti viskozity a hustoty, teplotné roz-
taznost’, teplota skleného prechodu, index lomu, a chemicka
odolnost’ vo¢i vode. V praci sa v suvislosti so zmenami Struk-
tary kremicitanovej siete diskutuje efekt ekvimolarnej substitu-
cie Si0,/ZrO, na merané fyzikalne vlastnosti. Potvrdilo sa, Ze
zvysujuci obsah ZrO, vyrazne zvySuje chemicku odolnost’ vo¢i
vode v oboch skumanych sériach zlozeni skiel. Substitiicia
Si0,/Zr0O, speviiuje kremicitanovu siet’ a zvySuje preto teplotu
skleného prechodu a viskozitu, pricom sucasne znizuje koefi-
cient teplotnej roztaznosti. Dalej sa zisitlo, e molarna refrak-
cia je linearnou funkciou obsahu ZrO, vyjadreného v molovych
%. Emranica tejto zavislosti je rovnaka v oboch skiimanych
sériach zlozeni skiel, pricom vyssi usek pozorovany pre drasel-
né skla dobre koresponduje s vyssou polarizovatelnostou dra-
selného kationu v provnani so sodnym kationom. V porovnani
s NCZ sklami maju KCZ skla vysSie hodnoty viskozity a akti-
vacnej energie viskozneho toku, priom linearna zavislost akti-
vacnej energie viskdzneho toku od obsahu ZrO, je pre KCZ
skla strmsia.
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Reference electrode powder is an important part, which affect performance of zirconia oxygen sensors. The new reference
electrode powders with variations in terms of Cr,Os—Fe,O; composition and chromium-oxide ratio have been produced by
chemical coprecipitation method. The microstructural characterization of the reference electrode powders were conducted
using scanning electron microscopy (SEM). Performance of the reference electrode powders was tested in oxygen activity
measurements at molten steel under industrial steelmaking practice. The powders produced by the oxide coprecipitation work
very well in terms of the EMF reproducibility and of the response time for the low oxygen content measurements. The chem-
ically produced Cr,Os—Fe,O; powder mixtures very well attach to the Cr particles. This fact gives good electromotive force
(EMF) reproducibility with accurate Al response. Elevated Fe,O; content of the oxide powder reduces the EMF overshoot and
improves the measurement accuracy. More positive EMF measurements, lower Al predictions than the chemical analysis and
reduced probe accuracy at higher Al contents are obtained with decreasing the oxide content of the reference powder.

INTRODUCTION

The control of oxygen content in molten steel is
one of the critical importance in steelmaking from stand
point of proper deoxidation, steel cleanliness, good
recovery of alloying additives and final product quality.
In order to control the oxygen content in the steel, the
knowledge of the oxygen concentrations or activities at
various stages in the process is required. This can be
directly achieved by using an oxygen sensor [1-3]. The
oxygen sensor is an indispensable tool for process con-
trol in steelmaking, such as the estimation of carbon
content at blow end of basic oxygen furnaces, or
improvement in aluminum control in the secondary
refinement [4,5]. The oxygen sensors are today regular-
ly used in the areas of converter steelmaking, ladle
treatment and casting of the steel [6].

The oxygen sensor is a simple oxygen concentra-
tion cell, which is mainly composed of a solid elec-
trolyte and a reference electrode. Magnesia-partially
stabilized zirconia (Mg-PSZ) having ionic conductivity
at higher temperatures is widely used as the solid elec-
trolyte in the form of a closed end tube [7-9]. The oxy-
gen reference electrode in the cell is powder mixture of
metal and its oxide. The sole purpose of the reference
material is to ensure that the activity on one side of the

Authors are now with “Eregli Iron and Steel Works Co., Kdz.
Eregli, Zonguldak, Turkey”.

solid electrolyte remains constant. For this purpose, a
metal-metal oxide system is used which, at a known
temperature, gives a fixed oxygen activity. A powder
mixture of Cr—Cr,0; is the best known reference mate-
rial for the oxygen sensors due to its oxygen activity
very close to the that of the molten steel [10,11].

In industrial applications, the accuracy and the
reproducibility of the oxygen measurements and suc-
cess rates are satisfactory, in general [12]. However, the
oxygen sensor is still capable of further improvements
from the viewpoints of the solid electrolyte and the ref-
erence electrode. The response time of the sensor in
oxygen content less than 10 ppm, as observed after
deoxidation processes, needs to be improved. Since the
EMF of the sensor takes a longer time to stabilize in
such a low range, immersion process of the sensor into
molten steel takes longer time until the oxygen cell
reaches its equilibrium state. Mochizuki and co-workers
[13] reported that the zirconia tube with a thinner tip
end thickness and less amount of Cr—Cr,O; powder
reduces the response time of the cell. Worrell and co-
workers [14] developed an extended-life oxygen sensor
for the iron and the steel melts using isostatic fabrica-
tion technique. On the other hand, Dimitrov and co-
workers [15] studied new oxygen reference materials,
which exhibit lower oxygen partial pressures than that
of Cr—Cr,0; to reduce gradient of the oxygen potential
for semi-killed or fully killed steels.
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The aim of the present investigation is to under-
stand the influence of new reference electrode powders
on the performance of the commercial sensors in terms
of EMF reproducibility, the response time and the accu-
racy in soluble Al predictions. The study is concerned
with chemically produced powders and their character-
istics including variations in the oxide composition and
the metal/metal oxide ratio.

EXPERIMENTAL

The reference electrode powders given in table 1
were produced by chemically oxide coprecipitation me-
thod [16]. The powders varied in terms of Cr,0;—Fe,0;
composition, and chromium-oxide ratio. In order to pre-
pare the oxide part of the powders, raw materials used
were reagent grade Cr(NO;);.9H,0 and Fe(NOs);.9H,0.
The nitrate salts were dissolved in distilled water indi-
vidually, then mixed corresponding to the compositions
and stirred simultaneously. The mixture was hydrolyzed
by pouring aqueous ammonia, while pH value was
maintained at 7. The precipitates were washed several
times and then the required amount of hydroxide/water
sediment was mixed as slurry with coarse Cr particles
around 100 pm in size. The mixture obtained was dried
at 100°C for 24 h and finally calcined at 700°C for 2 h.

The chemically produced powders around 30 mg
were injected into the commercial Mg-PSZ tubes and
back-filled with fine alumina powder. The oxygen cells
were then mounted into modules and sand-filled by a
domestic supplier. Figure 1 shows structure of the test
probes. The main elements of the cell (figure la) are a
Mg-PSZ solid electrolyte (A), a chemically produced
reference electrode powder (B) and a Mo lead wire (C),
as shown on SEM micrograph (figure 1b). The oxygen
sensors were finally dipped into the molten steel,
together with the commercial probes containing stan-
dard powders (CP) and samples for chemical analysis
(Lab). The industrial trials were repeatedly conducted in
low oxygen content on a degasser of secondary metal-
lurgy under industrial steelmaking practice. Each oxy-
gen sensor was applied for one quick EMF reading only.
The performance of the reference powders was summa-
rized in terms of mean difference (X), standard devia-
tion (S) and response time, according to number of the
test probes (N).

Table 1. The reference powders produced by oxide coprecipi-
tation method.

Reference powder Composition Chromium/oxide
(Wt.%) ratio (%)
RP15a 85 Cr,04/15 Fe,04 90/10
RP15b 85 Cr,0,/15 Fe,0; 95/5
RP25a 75 Cr,04/25 Fe,0; 90/10
RP25b 75 Cr,04/25 Fe,0; 95/5

The oxygen sensor structure and the powder mor-
phology after the calcination and the immersion to the
molten steel were examined using JEOL JSM 5400
SEM.

RESULTS AND DISCUSSION

Examination of the coprecipitated powders by SEM
revealed that the powder particles were very fine and
homogeneous in size. Figure 2 shows typical SEM
image of the reference powder. The fine oxide powders
adhere very well on the coarse Cr particles (figure 2a).
In a higher magnification (figure 2b), it is clear that the
particle size are generally less than 2 um in size. Thus,
the coprecipitation method produces very fine spherical
particles of Cr,0;—Fe,O; having large surface area for
ionic bonding between chromium and oxide mixture.
Due to smaller particles and hence, higher surface area
for reaction, production of the oxides by the coprecipi-

» lead wire (C)

solid electrolyte (A)

p reference powder (B)

Figure 1. Structure of the test sensors: (a) schematic; (b) cross-
section.
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tation method might give higher EMF reproducibility
and faster response times during the oxygen activity
measurements in the molten steel.

The immersion tests were conducted using the oxy-
gen sensors with the chemically produced powders hav-
ing two different compositions for the investigation of
the influence on the sensor performance. The sensor
parameters such as temperature (7), EMF and oxygen

Table 2. The oxygen sensor parameters measured in the per-
formance tests.

Trial Powder T (°C) EMF (mV) a, (ppm)

RP15a 1566 -120 5.02

1 RP25a 1562 -122 4.75
CP 1570 -126 4.82

RP15a 1591 -109 6.95

2 RP25a 1591 -111 6.77
CP 1592 -109 7.00

RP15a 1580 -159 3.25

3 RP25a 1580 -157 3.34
CP 1582 -156 3.40

Figure 2. SEM micrographs of RP15a powder: (a) low magni-
fication; (b) high magnification.

concentration of the steel bath (a,) were measured dur-
ing the immersion tests and several results obtained are
given in table 2. In general, the oxygen concentration of
the steel bath was lower than 10 ppm, which could
introduce errors in the measurements due to the polari-
zation effects [17].

In addition, the probe performance was tested in
term of Al content predictions. In the production of
Al-killed steel indicating low oxygen content, close
control of the aluminum content in the molten steel is
required to obtain the desired grain size of the final
product [18]. The results are shown in figure 3. The
coprecipitated powder RP15a brings reproducible va-
lues, while the mean difference and the standard devia-
tion in predicted Al contents were 0.0018 and 0.0041,
respectively (figure 3a). Reproducible results were
obtained also with probes containing the RP25a powder
(figure 3b) and CP powders (figure 3c), which were
tested as a reference.

The chemically produced powders have good per-
formance against aluminum content obtained by the
chemical analysis. However, examination of the EMF
traces indicates that RP25a composition tends to give a
slightly flatter trace. According to the trial results, it has
been found that increasing Fe,O; content in the refer-
ence oxide system reduces EMF overshoot and
improves the trace quality. The RP25a powder exhibi-
ted a small overshoot of about 2 mV, while the over-
shoot was around 6 mV for RP15a powder.

The response time traces for RP15a, RP25a and CP
powders are shown in figure 4. The chemically pro-
duced powders gave the response times very close to
each other and to the commercial ones. The repro-
ducibility in the response times is very consistent for all
chemically produced powders. The thermal equilibrium
time was below 5 seconds. These results ensure that the
new reference powders are feasible with the stable EMF
readings for the industrial applications.

From the literature, it is believed that 10% oxide
content in the reference electrode powder gives a close
relationship to the chemical analysis results [15]. In this
study, the oxygen probes were tested with the chemical
production powders having different Cr/oxide ratio such
as 90/10 (RP15b) and 95/5 (RP25b) proportions, in
weight. Figure 5 shows the results of the Al predictions.
The results indicated that the EMF measurements
became more positive and the Al predictions were lower
than those from the chemical analysis with lower oxide
content in the reference powder mixture. However, the
EMF reproducibility increased, presumably due to more
repeatable oxide content within each individual probe.
On the other hand, the Al-mV scale became more com-
pressed giving reduced probe accuracy at higher Al con-
tents, when decreasing the oxide content of the refer-
ence powder.
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Figure 5. Influence of the chromium-oxide ratio of the reference powders on the sensor performance: (a) RP15b; (b) RP25b.
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Influence of reference electrode powder characteristics on performance of zirconia oxygen sensors

The coprecipitated powders were examined using
SEM after the immersion tests. Figure 6 shows typical
SEM micrograph of the probe cross-section for RP25a
powder. It is obvious that the oxide powder was partial-
ly sintered. Most of the particles in the reference pow-
der remains separated, which is very important advan-
tage for the chemically produced powders in the indus-
trial applications. As observed in the industrial trials,
tight contact between the solid electrolyte and the refer-
ence powder during measurements of the oxygen con-
centration ensures a stable reference potential, rapid
electrochemical equilibrium and short response times
[14].

CONCLUSION

Influence of the chemically coprecipitated refer-
ence powders on the performance of the oxygen sensors
in the oxygen activity measurements has been investi-
gated. The reference electrode powders produced by the
oxide coprecipitation perform very well in terms of the
EMF reproducibility and the response time for the low
oxygen content measurements in the molten steel under
industrial scale. The chemically produced Cr,0s—Fe,O;
powders very well adhere to the Cr particles. This fact
gives good EMF reproducibility with a good Al rela-
tionship. An increase in Fe,0; content of the oxide pow-
der reduces the EMF overshoot and improves the trace
quality. More positive EMF measurements, lower Al
predictions than the chemical analysis and reduced
probe accuracy at higher Al contents are obtained with
decreasing the oxide content of the reference powder. In
spite of the bath temperature in the molten steel, over
1600°C, the chemical production powders are partially
sintered, which should lead to a much more attention on
the method of the reference powder production used in
this study.

after immersion to the molten steel.
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VLIV CHARAKTERISTIK PRASKU REFERENCN{
ELEKTRODY NA FUNKCNOST ZIRKONICITYCH
KYSLIKOVYCH SOND
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Prasek referen¢ni elektrody je dulezitou ¢asti, kterd ovliv-
fiuje funkénost zirkonicitych kyslikovych sond. Nové referen-
¢ni prasky s riznym obsahem smési Cr,O;—Fe,O; a pomérem
kov-oxid byly pfipraveny chemickou cestou spolusrazenim.
Mikrostrukturni analyza praska byla provedena skenovaci elek-
tronovou mikroskopii. Funkénost praskt byla testovana méte-
nim aktivity kysliku v roztavenych ocelich v ocelaiské praxi.
Prasky pripravené srdzenim oxidi maji velmi dobrou EMF
reprodukovatelnost a ¢as odezvy pii méfeni nizkych koncen-
traci kysliku. Smésné prasky Cr,0:—Fe,O; velmi dobfe pfilnou
k Cr ¢asticim, coz dava dobrou reprodukovatelnost odezvy a
spravnost stanoveného obsahu Al. ZvySeny obsah Fe,O;
redukuje EMF ptekmitnuti a zvySuje presnost méteni. Nizsi
obsah oxidu v referenénim prasku pfinasi niz§i stanovené
obsahy hliniku v oceli ve srovnani s chemickou analyzou a
snizuje spravnost méteni pii vyssich obsazich Al.
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The development of low cost glass-ceramic based on various contents of Egyptian blast furnace slag and granite rock has
been investigated. The effect of granite / slag replacements on the crystallization characteristics of the glasses and the resul-
ting microstructure, are traced by differential thermal analysis (DTA), x-ray diffraction analysis (XRD) and scanning electron
microscopy (SEM). Varieties of melilite phase of gehlenite type, wollastonite solid solution and anorthitic plagioclase pha-
ses were mostly formed depending on the granite/slag ratios in the glasses. The types of the crystallized phases formed are
discussed in relation to the compositional variation of the glasses and thermal treatment applied. SEM micrographs showed
that granite/slag replacement promoted a uniform volume crystallization of fine-grained interlocked microstructure, which is
achieved by increasing the granite content in the glasses. The addition of LiF as nucleation catalyst enhanced the crystal-
lization characteristics of the glasses. The increase of granite at the expense of slag in the glasses led to improve both the
thermal expansion characteristics and the chemical durability of the materials investigated.

INTRODUCTION

In general, glass-ceramics may be defined as poly-
crystalline solids produced by controlled crystallization
of glasses [1]. Slag-based glass-ceramic materials are
different in resulting properties than those prepared
from elemental technical grade oxide powders. The pri-
mary difference is that slag-based glass-ceramic materi-
als are multicomponent systems to start with, whereas
glass-ceramics developed from elemental powders are
made multicomponent by choice for the purpose of tai-
loring resulting properties.

Slag is an industrial solid waste generated in the
process of iron ore reduction in blast furnace which rep-
resent one of the many types of wastes resulting from
the industrial metallurgical processes. The major
amount of slag produced in Egypt at a rate of 300 000
tons/year is being used as a raw material for the cement
industry and in road pavement. The rest is directly dis-
charged in landfills, which consequently can cause
environmental problems. So reducing the environmen-
tal impact of slag, scrap and dust resulting from iron and
steel product will give its product further important ben-
efit and other significant potential for cost savings prof-
it if reintroduced into the industrial process through
well planned programs [2]. Knowledge of the atomic
scale structure of slags is essentially required in order to
discuss various properties of slags [3-4].

Granite is widely distributed in Egypt and occurs in
large deposits at Aswan, in the Eastern desert, the Sinai
and to a smaller extent in the Western desert. In the

Aswan region the granite deposits consists of both the
monumental red and monumental black varieties. The
term granite applies to any holocrystalline quartz-bea-
ring plutonic rock, in which quartz makes up 10 to 50 %
of the felsic components, the alkali feldspar/total feld-
spar ratio is between 65 to 90 %, and the modal concen-
tration of mafic minerals is less than 10 % (hornblende,
biotite). Grain size of the minerals components general-
ly range from 1 millimeter to many centimeters [5].

Due to the high cost of some of the chemical ingre-
dients e.g. Li,0, B,0;, Al,O; etc., and the high melting
temperatures or special melting conditions, glass-cera-
mics are relatively expensive materials. The motivation
for developing glass-ceramics from metallurgical slags
together with granite rock as a raw material instead of
using technical grade powders stems from the fact that
cheaper production costs would allow higher profits in
practical applications such as wall claddings and floor
tiles [6].

Glass-ceramic materials have a number of out-
standing characteristics in comparison with the tradi-
tional ceramics and glasses, which determine their
application in advanced technology as well as in elec-
tronics and medicine [7].

The aim of the present work is to develop some
types of glasses and glass-ceramics based on blast fur-
nace slag - granite rock mixtures and to study their crys-
tallization behaviour, microstructure, and phase relation
as well as the thermal expansion and chemical durabili-
ty of the materials.
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EXPERIMENTAL

Local granulated blast furnace slag of the Egyptian
Iron and Steel Company and Aswan granite, at Upper
Egypt were the main starting materials used in this study.
The chemical compositions of slag and granite were
chemically analyzed [8]. After drying and pulverizing
steps, the slag had the following chemical composition
(in wt.%): 34.15 % Si0,, 46.13 % CaO, 11.33 % ALO;,
2.28 % MgO, 1.10 % MnO,, 1.65 % Fe,0s, 0.84 % FeO,
0.88 % Na,0, 0.11 % K,0, 0.09 % P,0Os, 1.47 % S.

Aswan granite rock had the following chemical com-
position (in wt.%): 69.91 % SiO,, 1.91 CaO, 14.66 %
ALO;, 1.40 % MgO, 1.6 % FeO, 0.6 % Fe,0;, 3.06 %
Na,O, 6.08 % K,0, 0.78 % TiO,. The amount of
Fe*/Fe** was determined by calorimetric analysis [9].
LiF was added in amount of 3 g over 100 g glass oxide
constitutions of the batch compositions as a nucleating
agent. Details of the batch compositions of the prepared
glasses are given in table 1.

The weighed batches were thoroughly mixed and
were melted in Pt-2%Rh crucible in an electric heating
furnace, with SiC heating elements, at 1400-1450°C for
3 hours duration with occasional stirring to ensure
homogeneity. The homogeneous bubble-free melts were
cast into rectangular rods (0.5 X 0.5 cm cross section
and 1.5 cm length), and as buttons, which were then
well annealed at 600°C in a muffle furnace to minimize
the strain of the glasses.

The thermal behaviour of the finely powdered
(45-75 pm) glass samples was examined using a
SETARAM Labsys TMTG-DSC16. The powdered glass
was heated in Pt-holder against another Pt-holder con-
taining Al,O; as a reference material. A uniform heating
rate of 10°C/min was adopted. Data were recorded
using a computer-driven data acquisition system. The
results obtained were used as a guide for determining

Table 1. Composition of the glasses (wt.%).

the required heat-treatment temperatures applied to
induce crystallization of the glasses.

The progress of crystallization in the glasses was
followed by using double stage heat-treatment regimes.
The glasses were first heated according to the DTA
results at the endothermic peak temperature for 5 h,
which was followed by another thermal treatment at the
exothermic peak temperature for 10 h.

Crystal phases were identified by the x-ray diffrac-
tion (XRD) analysis using a Philips type diffractometer
(P.W. 1730) with Ni-filtered Cu-Kao radiation. The crys-
tallization characteristics and internal microstructures
of the resultant materials were examined by using scan-
ning electron microscopy (SEM), where representative
electron micrographs were obtained using Jeol, JXA-
840 A Electron Probe Microanalyzer.

The thermal expansion characteristics of the inves-
tigated glasses and glass-ceramics were carried out on
(0.5 x 0.5 cm cross section and 1.5 cm length) rods
using a Linseis L76/1250 automatic recording multipli-
er dilatometer with a heating rate of 5°C/min. The coef-
ficients of thermal expansion (o-values) of the investi-
gated glasses were measured from room temperature up
to 300°C while the glass-ceramics were measured up to
600°C. The linear thermal expansion coefficient (o)
was automatically calculated using the general equation:

o = (AL/L) x (1/AT) (1)

where (AL) is the increase in length, (A7) is the temper-
ature interval over which the sample is heated and (L) is
the original length of the specimen.

The chemical durability of the glass-ceramics in
acidic medium was determined. The samples were cru-
shed in an agate mortar and then sieved using BS sieves
to obtain the fraction with granulation range 0.32 mm
0.63 mm. The grains were washed several times with
ether, dried at 110°C for 2 hrs and then transferred to
weighing bottles and cooled in a desiccator.

G 6 G G

oxides slag  granite slag  granite slag  granite slag  granite
80 20 60 40 50 50 40 60

SiO, 41.3 48.45 52.04 55.61
CaO 37.28 28.44 24.02 19.60
AlLO; 11.99 12.66 12.99 13.33
Fe,0; 1.44 1.23 1.13 1.02
FeO 1.00 1.15 1.22 1.30
MgO 2.1 1.93 1.84 1.75
MnO, 0.86 0.65 0.54 0.43
Na,O 1.32 1.75 1.98 2.19
K,O 1.31 2.50 3.10 3.69
P,O:s 0.07 0.05 0.04 0.03
S 1.17 0.88 0.71 0.58
TiO, 0.16 0.31 0.39 0.47
granite/slag ratio 0.25 0.67 1.0 1.5

&9
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Development of low cost glass-ceramic based on blast furnace slag and granite rock

One gram of the sample grains was accurately
weighed in a G,-sintered glass crucible and then placed
in a 400 ml polyethylene beaker. The sample was sub-
jected to the static action of 200 ml of 0.1N HCI for 1,
3 and 7 hrs at 95°C using a contact thermometer water
bath. The polyethylene beaker with its content was cov-
ered by a polyethylene cover to reduce evaporation. The
volume of the leaching solution was made large enough
relative to the weight of the sample grains in order to
avoid formation of saturated solutions, which might
prevent further leaching of grains. The reproducibility
of the results for representative duplicate samples was
better than 5 %. The percentage weight loss was taken
as a measure of the relative magnitude of the leaching
rate.

RESULTS

The DTA data of the glasses (figure 1) showed
endothermic peaks in the 730-750°C temperature range.
These endothermic peaks are to be attributed to the
nucleation processes, at which the atoms begin to
arrange themselves in preliminary structural elements
subsequent to crystallization. Two exothermic peaks are
detected in each glass, indicating crystallization reac-
tion in the glasses. However, the heat-treatment was
carried out using the higher exothermic peak tempera-
ture to attain the most stable phases in the crystalline
glasses (G,-G,).

The progress of crystallization in the glasses, the
type and proportions of the crystalline phases formed
were markedly dependent on the variation of the grani-
te/slag ratios in the glass and the effect of thermal treat-
ment as well as the role of the nucleating agent added.

The DTA data (figure 1) revealed that the endother-
mic dips as well as the onset of crystallization were
shifted to higher temperature values with increasing the
granite contents in the glass at the expense of the slag.

SEM micrographs of fracture surfaces of selected
crystalline samples C, and C, demonstrate the effect of
increasing granite content at the expense of slag on the
microstructure formed. Granite promoted volume crys-
tallization of the glass to form holocrystalline mass
without deformation by thermal treatment. For example
SEM micrograph of C, (with 20 % granite) clearly
showed that numerous aggregates of crystals were
formed (figure 2). However, at 60 % granite, C,, fine
interlocked growths was formed giving rise to network-
like microstructure (figure 3).

The phases developed in glass-ceramics (C,-C,)
over the investigated 980-1030°C temperature range as
indicated by the X-ray diffraction analysis (figure 4)
were melilite phase of gehlenite type, anorthitic plagio-
clase phase and wollastonite solid solution.

At low granite / slag ratio (0.25) i.e., G, heated at
730°C/5 h - 980°C/10 h led to the formation of melilite
of gehlenite-Ca,Al,SiO, type (lines 5.07, 3.72, 3.47,
2.86, 2.40..., PDF No. 20-199) [10] as well as wollas-
tonite ss phase (pattern I). The XRD analysis clearly
indicated the diffraction lines of the solid solution
formed i.e. (7.62, 3. 80, 3.49, 3.28, 3.01, 2.95...) were
identical, with a slight shift, to those of wollastonite-
CaSiO; (PDF No. 29-372) [10].

The addition of LiF in glass G, resulted in
enhanced crystallization of melilite of gehlenite type
and wollastonite ss phases as indicated from the
increase of the intensity of the d-spacing lines charac-
teristics of these phases as indicted in the x-ray diffrac-
tion pattern of the glass-ceramic C, (figure 4, pattern II).

1030
1020

j

T T T T
700 800 900 1000

— T(°C)

exo ——
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«—— endo

Figure 1. DTA data of the studied glasses.
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On increasing the granite/slag ratios (up to 0.67, 1.0  metric 7, and softening 7 temperatures of the glasses
and 1.5) i.e., G,, G; and G, respectively, the XRD analy-  were increased. Lithium fluoride has a great influence
sis (figure 4, patterns I1I-V) revealed that the thermal on increasing the expansion coefficients of the studied
treatment of these glasses at 735°C/5 h - 995°C/10 h, glasses and decreasing their dilatometric T, and softe-
740°C/5 h - 1020°C/10 h, and 750°C/5 h - 1030°C/10 h,  ning T, temperatures (table 2).
respectively, led to the formation of plagioclase phase The expansion coefficient values of the glass-
of anorthite-CaAl,Si,O5 type (lines 3.71, 3.28, 3.21, ceramics are decreased by additions of granite at the
3.12, 2.51,1.82..., PDF No. 12-301)[10] (major) and expense of slag (C,-C,, figure 6). The addition of LiF as
wollastonite ss phase. The addition of LiF to glass G4, nucleating agent led to increase of the expansion coeffi-
as nucleating agent, led to the formation of the same cient of glass-ceramics, table 2.

phases with the increase of the intensity of their charac- Adding the granite at the expense of slag led to im-
teristics d-spacing lines as indicated from XRD analysis  prove chemical durability of the glass-ceramics (C,-C,)
(figure 4, pattern VI). i.e., increasing the granite content in the glasses led to a

The thermal expansion data of the glasses and their ~ remarkable decrease in the leachability of the corres-
respective crystalline solids as a function of the grani- ponding glass-ceramics. Applying the long-term action
te/slag ratios are shown in figures 5 and 6. of acid, figure (7) indicated that the glass-ceramic with

Figure 5 and table 2 revealed that the thermal granite/slag ratios > unity, i.e. 1.5, C, was the most
expansion coefficients of the glasses as well as their 7,  durable sample, while that with the lowest granite/ slag
and T, values are greatly dependent upon the base glass  ratio i.e. 0.25, C, was the least durable one. Table 2
composition. With successive increase of granite con- revealed that the chemical durability glass-ceramics C,
tents at the expense of slag in the glasses, the expansion  and C, was decreased by addition of the LiF.
coefficients decreased (figure 5). While, both the dilato-

N, N A
OGN

Bk
{“""_M

WO16

Figure 2. SEM micrograph of fracture surface of C, crystal- Figure 3. SEM micrograph of fracture surface of C, crystallized
lized at 730°C/5h - 980°C/10h showing volume crystallization  at 750°C/5h - 1030°C/10h showing volume crystallization of
of coarse interlocked structure. fine interlocked structure.

Table 2. Thermal expansion coefficients and chemical durability data of the LiF-containing glasses and glass-ceramics.

expansion coefficients weight loss (%)

sample no. ox 10" (°C") T,(°C) T,(°C) in 0.IN HCI at 95°C

25-300 25-400  25-500  25-600 25-700 lh 3h 7h
G, 87 90 93 94 - 659 710 - - -
G,+LiF 97 98 103 - - 548 580 - - -
C 85 89 92 93 94 - - 1.72 2.34 4.97
C,+LiF 93 94 94 95 96 - - 5.46 6.74 9.56
G, 75 76 77 78 - 690 727 - - -
G, +LiF 76 80 86 - - 559 613 - - -
C, 42 45 46 47 48 - - 0.15 0.24 1.39
C,+LiF 67 69 74 80 85 - - 3.69 4.6 5.89
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Figure 4. XRD analysis of crystallized glasses.
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Figure 5. The thermal expansion coefficients of the glasses as
a function of the amount of granite added.
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Figure 6. The thermal expansion coefficients of the glass-
ceramics as a function of the amount of granite added.
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Figure 7. Measured percentage weight loss of glass- ceramic as
a function of the amount of granite added.
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DISCUSSION

The blast furnace slag is highly susceptible to
devitrification to the extent that no monolithic glassy
phase could be obtained even through the granulation
process. Any composition for a glass-ceramic requires
only the ability to form a glass and control its crystal-
lization into the favourable fine-grained microstructure
[11]. Therefore, in order to obtain a stable glass from
slag, it is necessary to decrease the diffusion rate
throughout the slag-based glass by increasing its viscos-
ity. This may reduce either the rate of nucleation or
crystallization; or at least minimize the temperature
zones of their overlapping. The addition of granite to
slag is satisfying these requirements [5].

The DTA data revealed that the addition of granite
in the present glasses at the expense of slag had signifi-
cant effects on the temperatures at which the nucleation
and crystallization start. It increases the temperature of
both endothermic and exothermic peaks, i.e. more ener-
gy is needed to induce crystallization in glasses with
higher content of granite. This can be attributed to the
role played by AI’" and Si*' ions, which increased as the
granite content in the glass was increased. Accordingly,
in glasses with high alkaline earth silicate, the AI’* ions
being in four-fold coordination form (AlQO,) tetrahedra,
which enter the glass network and take part in the for-
mation of a strong aluminium-silicon-oxygen frame-
work [12]. The formation of such closely packed tetra-
hedral structural groups led to shift both the endo-and
exothermic peaks towards high temperatures.

The DTA data revealed also that the sharp crystal-
lization peaks observed at constant heating rate is
indicative of the domination of bulk crystallization
mechanism. These results are in consistent with the
assumption developed by Ozawa [13] who reports that
for a constant heating rate, a broad crystallization peak
indicates surface crystallization while a sharp peak sig-
nifies a bulk crystallization.

The addition of LiF as nucleating agent led to
increase the crystallization tendency of the glasses. This
can be attributed to the fact that the fluorine ion, with a
radius of 1.36 A, is very close in size to the oxygen ion
(radius 1.40 A) so that a fluorine ion could replace an
oxygen ion in the glass network [11]. Since the fluorine
ion is monovalent, the overall replacement within the
glass must be of two fluorine ions for each oxygen ion
in order to ensure electrical neutrality. A general effect
of the fluorine would be the replacement of the strong
=Si—0-Si= linkages by pair of weaker =Si—F linkages
with the result that the glass network structure would be
weakened. This led to decrease the viscosity of the glass
melts and may result in the subsequent ease of migra-
tion and diffusion of different ions and ionic complexes
present, therefore an increase in the rate of nucleation
and crystallization could be expected.

In the light of microstructural observations, SEM
revealed that the combination of crystallization at a high
temperature and the progressive increase in the granite
contents resulting into a finer grain size and more uni-
form bulk crystallization. It is clear that the microstruc-
tures were changed from numerous aggregates of crys-
tals to fine growths of network microstructure. Strnad
[14] revealed that the nucleating agents used for Slagsi-
tall glass-ceramic include the sulphides of the heavy
metals (FeS, MnS) in optimal concentrations of 0.2 to
0.4 wt.%. Agarwal et al., [15] studied the crystallization
behaviour of cupola slag glass-ceramic and revealed
that the heterogeneous nucleation sites for the obtained
wollastonite solid solution crystals were Fe-Mn sul-
phides, which crystallize from dispersed immiscible
droplets existing when the glass is quenched. It seemed
therefore, that Fe-Mn sulphides present in glass 4 are
effective as nucleating agents to induce fine grained
bulk crystallization, figure 3.

Effect of granite/slag replacements
on the crystalline phases formed

The X-ray diffraction analysis revealed that the
base glass G, (with granite/slag ratio up to 0.25) crys-
tallized into melilite phase of gehlenite type and wol-
lastonite ss phase. The d-spacing reflections of the wol-
lastonite solid solution formed are similar to those of
wollastonite phase. No other phases could be detected.
This will lead to an important conclusion that all other
elements present in the melt can find place in the wol-
lastonite or melilite of gehlenite type structure [15].

The displacement of the major characteristic d-
spacing reflections of the formed wollastonite solid
solution phase towards higher 26 values may support
the suggestion that wollastonite could acquire consider-
able amounts of Fe’, Mn*, Mg*, K'... etc replacing
Ca’ and Ti* replacing Si* in its structure [15, 16].

Salama [17] found that wollastonite forms extensive
series of solid solutions with MnSiO; extending to about
75 wt. % MnSiO; and concluded also that varieties of
Ca, Mn-silicate solid solutions including Mn-wollas-
tonite (Cao s, Mng,s) Si0;, bustamite [CaMn(SiO;),] and
B-Mn-Silicate (Mny,s, Cao,5)SiO; were mostly formed
depending on the MnO/CaO ratios in the glasses.
Mn-pyroxene ss forming varieties of the probable for-
mula (Ca, s, Mn,5)MgSi,04 and Ca(Mny s, Mg 5)Si,0; in
glass containing Ca**, Mg** and Mn*" ions.

Salama and Salman [18] concluded also that in the
presence of mixing of three divalent oxides (i.e. Ca*,
Mg* and Mn*"), metasilicates of these divalent cations
were assumed to be formed i.e. CaSiO;, MgSiO; and
MnSiO;, which go into solid solution to form a pyro-
xene solid solution series.
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Schairer and Bown [19] showed that there is a solid
solution between wollastonite and diopside in the
Ca0-MgO-Si0, system with a maximum 22 % of the
later at eutectic.

Salman et al. [20] investigated the crystallization
behaviour of Li,0-CaO-MgO-SiO, glasses. They
pointed out that in Ca-containing glasses, four varieties
of Ca, Mg-Silicate phases were identified depending on
the CaO/MgO ratio, namely clinopyroxene ss, diopside,
wollastonite ss and pure Ca-silicate-wollastonite. They
showed that the Ca-Mg-silicate phase formed is a solid
solution between diopside and wollastonite. The diop-
side component in this solid solution amounts to
49.6 %. However, Salman et al., [21] found that wollas-
tonite - diopside solid solution phase containing up to
66 % of diopside could be formed. This Mg-rich wol-
lastonite solid solution which disintegrates ultimately
by increasing time or at high temperature of heat-treat-
ment to wollastonite and diopside.

Bowen et al [22] showed that, wollastonite forms
an extended series of solid solutions in the system
CaSiO;—FeSiO;, wollastonite ss being obtained with up
to 76 wt.% FeSiO; at high temperatures.

Therefore, the theoretical calculation of the glass
compositions (G;-G,) into normative mineral molecules
[23] indicated that the wollastonite solid solution devel-
oped in crystalline glass G, may had the following prob-
able formula:

(KO,IJ Ca, s, Mgo.zzy Mny g4, F&* 06, Fe}o.os)z (Si].989 Ti0.02)206

Agarwal et al., [15] revealed that the nature of shift
in the X-ray peak of wollastonite phase indicates the
substitution of a smaller ion for calcium causing the
shrinking of lattice.

Gehlenite phase is related to a group of minerals
known as melilite. The chemical formula of the melilite
group is a solid solution of Al-end member gehleni-
te—Ca,Al,Si0; and Mg-end member akermani-
te—CaMgSi,0; [24]. There is no solid solution in gehle-
nite—wollastonite system [25]. Goldsmith [26] stated
that 15 % Na,Si;O, enters into solid solution with
gehlenite—Ca,Al,Si0; (with Na,O content of 3.85 %).
Theoretically, [23] it is assumed therefore that the
Melilite phase of gehlenite type formed in the glass-
ceramic of G, has probably the following formula:

(NaO.Sls Ca(),()‘))z AlelO7

Attempts to synthesize K—melilite have been un-
successful due to the lack of suitable accommodation in
melilite structure for the large K™ ion [27].

Increasing granite/slag replacements in the glasses
G,-G,, anorthitic plagioclase (instead of melilite phase
of gehlenite type) together with wollastonite ss phases
were developed. The SiO, and Al,O; contents in these
glasses increased while the amount of CaO decreased.

So the formation of plagioclase of anorthite-CaAl,Si,0;
type is more favourable than the melilite phase of
gehlenite—Ca,ALLSi0, type. Anorthite, a triclinic feld-
spar, has an anionic structure in which Ca* ions balance
the charge on the (ALSi,Os),-tetrahedral units. Anor-
thite-containing glass-ceramics has been regarded as a
potential material in low temperature co-fired ceramic
(LTCC). Anorthite crystals have a tendency to coalesce
into a huge domain. [27].

On increasing the granite/slag ratio up to 0.67 i.e.,
G, anorthitic plagioclase and wollastonite ss were
formed. The resulting wollastonite solid solution phase
may exhibit the following formula:

(Cal.é(); Mgo.zo, Mny 02, Fe* .06, Fe%o.oo)z (Si1.9s, Tio.oz)z Os

However, the presence of Na,O or K,O (in small
amounts) may lead to the displacement of some Ca*
ions from the anorthite molecules-CaAl,Si,O¢ to form
albite-NaAlSi;Oz or KAISi;05 molecules instead, which
go into solid solution with the remaining CaAl,Si,Oy
molecules [16] during crystallization of the glass G,
giving rise to plagioclase crystals of varying composi-
tions in the series CaAl,Si,OsNaAlSi;Os—KA1Si;O4.
Therefore, the anorthitic plagioclase formed may has
the following formula:

(NaO.l 1, Ko, Cao.m)AleizOs

On increasing the granite/slag ratio up to 1.0 i.e., G,
resulting into increasing appreciable amount of Na,O
and K,O in the original composition of G;. This increas-
es the probability of formation of KAISi;Os, NaAlISi;Oy
in solid solution with anorthite-CaAl,Si,05, which has
the probable formula:

(Nay.s, K29, Cagas)ALS1,05

The structure of wollastonite solid solution formed
in glass-ceramic G; may be had the following formula:

(Cal.62s Mgo.zz, Mny 2, Fe* 05, Feho.oo)z (Sil.%, Tio.o4)2 Os

The increase of granite/slag ratio up to 1.5 i.e., Gy,
the resulting anorthitic plagioclase may exhibit the fol-
lowing formula:

(Nay 30, Ko33, Cags7)AlLS1,05

However, structure of wollastonite ss formed in
glass-ceramic G, may represent the probable formula:

(Ca, 65, Mgo24, Mg g2, Fe*1, Fe™.05)2 (Siyos, Tio6)2 Os

Thermal expansion

The thermal expansion of the glass is due to anhar-
monicity of the atomic vibrations. The amplitudes of the
thermal vibrations are small when there are many strong
bonds present in the network. As a result, the thermal
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expansion coefficient decreases as the rigidity of the
glass network increases. The change in the thermal
expansion coefficient of the glass, which is caused by
different additives, is often directly proportional to the
amounts of the additives [29].

The addition of granite at the expense of slag led to
decrease of the expansion coefficients of the glasses.
This can be explained on the basis that the addition of
granite increases the rigidity of the glasses due to the
increase in the amount of silica, their structure thus
being more cross-linked [1]. It was found also that the
amount of AI’* ions (found in granite) was increased and
forming (AlO,) tetrahedra, which enter the glass net-
work and take part in the formation of a strong alumini-
um-silicon-oxygen framework. Thus the amplitudes of
the thermal vibrations are small and the expansion coef-
ficients (o) of the glasses are decreased. Consequently,
higher T, and T, temperatures could be expected on
adding granite at the expense of slag.

However, the addition of lithium fluoride led to
increase the expansion coefficient values of the glasses.
Lithium fluoride may act as network breaker in the
glassy anionic structure. This effect is reflected in
decreasing the viscosity of the melt (or glass) and con-
sequently led to increase the thermal expansion coeffi-
cient of the glass.

The thermal expansion property of the crystalline
solids is quite different than that of the parent glasses.
The thermal expansion coefficient (o) of the glass-
ceramics is a function of the thermal expansion coeffi-
cients and elastic properties of all crystalline phases
present including residual glass and the resulting
microstructure. The contribution of the residual glassy
phase, whose composition is altered from that of the
parent glass, must be taken into account [11 and 14].

An extremely wide range of thermal expansion
coefficients is covered by the different crystal types and
the development of these phases in appropriate propor-
tions forming the basis of the production of glass ceram-
ics with controlled thermal expansion coefficients [11].

The crystallization of glasses (G,-Gs) generally
produces crystal phases such as melilite of gehlenite
type, wollastonite ss and anorthitic plagioclase phases
with varying expansion coefficients depending on the
granite/slag ratios. The contribution of a particular crys-
tal phase to the thermal expansion of a glass ceramic
may be also modified if the crystal enters into solid
solution with another phase. Gehlenite has high positive
expansion of 123 x 107 °C"' (20-1000°C) [30]. Wollas-
tonite has a-value of 94 x 107 °C"' (100-200°C) [11, 14].
Anorthite has o-values of 51 x 107 °C"' (25-600°C) [31]
and 64 x 107 °C"' (20-1000°C) [32].

The glass-ceramics C,-C, showed that as the
amount of granite increased, the coefficients of thermal
expansion of the resulting glass-ceramics decreased

(figure 6). Glass-ceramic C, has the highest o-values
due to the presence of high expanding melilite of gehle-
nite type together with wollastonite ss phases. However
increasing the granite/slag ratios (C,-C,) resulting into
the formation of the relatively low expanding anorthitic
plagioclase at the expense of the high expanding meli-
lite phase of gehlenite type. Samples C, and C, + LiF
showed the lowest expansion coefficient values.

Chemical durability

The powdered test technique was used to assess the
chemical durability of the glass and glass-ceramics. The
powdered test is sought to yield a true representation of
the leaching data of the materials [33]. It provides reli-
able information about the glasses and glass-ceramics
as composite materials and not about the surface, as any
effect due to differences in phase composition of the
surface relative to the bulk is minimized. The relation-
ship between temperature and time of test has been
investigated [33], that one year at room temperature was
approximately equivalent to 3 weeks at 50°C, 2 days at
75°C, or 7 hours at 95°C.

Glass-ceramics are multiphase systems with each
phase having individual corrosion characteristics and
possible unique reactions at the phase boundaries. The
multiphase microstructure can be subdivided into two
categories: 1) the crystalline phase, and 2) the amor-
phous phases (or the residual glass phase) [34]. How-
ever, the overall durability performance of a glass-cera-
mic cannot be solely determined by separate phase
investigations. It is essential to take the phase bound-
aries into consideration as well. In this study the indica-
tor of the extent of corrosion is weight loss measure-
ments after corrosion.

In the present work, the addition of granite at the
expense of slag improved the chemical durability of the
glass-ceramics C;-C,.

The major factors influencing the overall durability
of glass and glass-ceramics appear to be: 1) composition
of the crystalline phases as compared with the residual
glass, 2) structure and density of the crystalline phase,
3) volume fraction of crystalline phase, and 4) grain size
of crystalline phase [34].

The chemical durability data revealed also that
sample C, exhibited the best durable sample. This can
be explained on the basis that the sample C, has a fine
grain microstructure with small amount of residual
glassy matrix as indicated from the SEM micrograph
(figure 3). The dense non-porous microstructure of the
glass-ceramics makes it possible to count on better
chemical stability as compared with porous ceramics,
which have a more extensive surface and greater pene-
trability to liquids and vapours [11].
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Alkali metal ions are much more stable in the crys-
talline phase than in the residual glass phase. Conse-
quently, alkali metal ions are more rapidly removed
from the glass phase during the action of leaching solu-
tion on glass-ceramic materials [11, 14, 35]. In order
that glass-ceramic materials have good chemical resist-
ance, it is thus necessary that the residual glass phase
does not contain high concentrations of the oxides of the
alkali metals in particular.

However, the solubility of both the formed crystals
and the residual glass phase in leaching solution has an
almost equally important influence on the stability of
glass-ceramics [35-36].

The leaching mechanism may involve the replace-
ment of cations like Na* and K* with hydrogen-bearing
ion from the solution leading to the formation of a
leached layer, i.e. alkali depleted layer. Therefore, in
acid media, the initial stage of the reactions is the diffu-
sion of alkali ions through the glass-ceramic network
and across the leached layer into the solution. The dif-
fusion rate of alkali ions gradually slow down as the
leached layer becomes thicker [35].

Kay and Doremus [37] stated that the volume of the
crystals remains essentially constant with temperature
as reflected in its low coefficient of thermal expansion.
They suggested that the tendency of the lattice to main-
tain a constant volume reduces the rate of hydration
reaction. This is in agreement with the results reported
in the present work that the glass-ceramic C, showed a
lower a-values and lower leaching rate than that of the
other investigated glass-ceramic materials (C,-C).
These also can explain why the anorthitic plagioclase-
containing glass-ceramics C, + LiF is more durable than
the melilite phase of gehlenite type-containing glass-
ceramic C, + LiF.

CONCLUSION

The glass-ceramic route can be successfully
applied to the blast furnace slag provided from the Iron
and Steel Company and Aswan granite with the goal of
converting them into useful products.

The DTA data revealed that the sharp crystalliza-
tion peaks observed is indicative of the domination of
bulk crystallization mechanism. Lithium fluoride en-
hanced the crystallization of the glasses. Melilite phase
of gehlenite type or anorthitic plagioclase together with
wollastonite ss phases were mainly detected by XRD
analysis depending on the granite/slag ratios. The mor-
phology of the crystallized samples showed uniform
volume crystallization of fine-grained network micro-
structures, which is achieved by increasing the gra-
nite/slag ratios in the glasses.

The increase of granite at the expense of slag in the
glasses led to improve both the thermal expansion char-
acteristics and the chemical durability of the materials
investigated.
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VYVOJ LEVNEHO SKLOKERAMICKEHO MATERIALU
NA BAZI VYSOKOPECNI STRUSKY A ZULY

SAAD MOGHAZY SALMAN, HUSSEIN DARWISH

Glass Research Dept., National Research Centre,
El-Behoos St., Dokki, Cairo, Egypt

Byl zkouman vyvoj levného sklo-keramického materialu
s riznym obsahem egyptské vysokopecni strusky a zuly. Vliv
nahrady zula/struska na krystaliza¢ni charakteristiky skel vy-
slednou mikrostrukturu byl sledovan pomoci diferenéni ter-
mické analyzy (DTA), rentgenové difrakéni analyzy (XRD) a
skenovaci elektronové mikroskopie (SEM). Proménlivost typt
fazi melilitu a gehlenitu, tuhého roztoku wollastonitu a anorti-
tickych plagioklasovych fazi byla vétsinou zptisobena zavislosti
na pomérech zula/struska u jednotlivych skel. Typy vzniklych
krystalizovanych fazi jsou diskutovany ve vztahu k promén-
livosti slozeni skel a pouzitému zptisobu tepelného zpracovani.
Mikrosnimky SEM ukazuji, ze nahrada zula/struska podporuje
krystalizaci jednotného objemu jemnozrnné propletené mikro-
struktury, které se dosdhne zvySovanim obsahu zuly ve sklech.
Pridavek LiF jako katalyzatoru nukleace zlepSuje charakteris-
tiky krystalizace skel. ZvySeni obsahu zuly na ukor strusky ve
sklech vedlo ke zlepSeni jak tepelnych expanznich charakteris-
tik, tak chemické odolnosti zkoumanych materialt.
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Fly ash is waste material formed in coal-using thermal-power plants, and is frequently used as addition to cement and mor-
tars/concrete. Its physical and chemical properties depend exclusively on the quality of coal used and on technological con-
ditions of burning. This study has examined the effect of fly ash from the Plomin 2 Thermal Power Plant, Croatian Power
Supply (HEP), Plomin, Croatia, on early stages of cement hydration in aqueous suspensions (w/s = 4, t = 20°C). According
to the ASTM C618 Standards, fly ash used, belongs to the F class fly ash, i.e. to low CaO content fly ash. Fly ash was added
as a replacement for cement in amounts of 0, 5, 11, 15, 20, and 30 wt.%. Conductometrical measurements in suspensions have
indicated that the replacement postpones the start of precipitation of Ca(OH),, prolongs the duration of that precipitation,
and reduces the overall cement hydration rate. XRD and DTA-TG/DTG measurements indicate that the share of Ca(OH); in
the solid part of the suspension decreases when the fly ash addition increases, while the results of the DTA-TG/DTG analysis
corrected to the cement weight confirm the role of fly ash as nucleation site where hydration products settle, while its poz-

zolanic activity has not been observed in this period of hydration up to 72 hours.

INTRODUCTION

Various types of additions that improve cement
properties have been used in the cement industry for a
long time. The most frequently used materials are blast
furnace slag, silica fume, fly ash or natural pozzolans
such as burned clay, metakaolinite [1]. Fly ash is waste
materials from the thermal power plant; it is separated
from the flue gas of the power station burning pulver-
ized coal [2]. Factors such as the origin of the coal and
the burning condition, strongly affect their chemical and
mineralogical composition. According to ASTM C618,
two classes of the fly ash are specified Class F and C.
Class F fly ash is produced by burning anthracite or
bituminous coal and it is know like fly ash with low
content CaO. Class C is produced by burning sub-bitu-
minous or lignite coal and Class C is known like fly ash
with high content CaO [3,4]. Fly ash is added to Port-
land cement or directly to mortars or concretes [5]. The
use of fly ash as a replacement addition to cement in
production is useful for a number of purposes: reduction
of CO, emission, reduction of power needed for cement
production, reduction in the quantity of waste material
and protection of natural raw materials. There are
numerous studies on using the fly ash as addition to
mortars/concrete and it is widely accepted that they
affect fluidity, reduce the hydration heat, and block the
alkali-silicate reactions [6]. The effect of fly ash on the
hydration rate and on final properties of hardened
cement composites depends on the chemical composi-

tion, specific surface and chemical reactivity (the con-
tent of the amorphous phase) of fly ash in cement sys-
tems [7,8].

This study has examined the physical and chemical
properties of fly ash and its effect on hydration of
cement containing a replacement part of fly ash in aque-
ous suspension systems.

EXPERIMENTAL

The materials used in the experimental work were
fly ash from the thermal power plant Plomin-2 (HEP-
Plomin, Croatia) and the industrial Portland cement
type CEM ITIA-S 42.5N (Dalmacija cement, Croatia).
Table 1 shows the chemical composition of fly ash and
cement used, and the properties of class F fly ash
according to the ASTM C618 Standards.

Aqueous suspensions have been prepared with the
replacement part of fly ash in the amounts of 0, 5, 11,
15, 20, 30 wt.% (samples designated PFO, PF5, PF11,
PF15, PF20, and PF30, respectively) with the water/
/solid ratio (w/s = 4) at the hydration temperature of
20°C. The cement - fly ash mixture was homogenized in
mills with ceramic spheres, the homogenization process
lasting for 30 minutes. After adding the homogenized
mixture to the thermostated water, the system was left to
mix on the magnetic mixer for 5 minutes, after which a
conductometrical cell was immersed to trace the
changes in conductivity (Schott LF 413-3T).
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The Schott CG-853 conductometer was connected
to a computer via an RS232 output, and data on con-
ductivity were collected every 5 seconds. The conduc-
tivity of the suspensions was monitored continuously up
to approx 48 hours, i.e. as long as there were noticeable
changes in conductivity.

In order to determine the concentration of Ca*" ions
present in the aqueous phase of the suspension and the
quantity of Ca(OH), formed in the solid part of the sus-
pension, hydration was interrupted at precisely defined
time intervals, at 0.08, 0.25, 0.75, 1, 3, 7, 12, 13,16, 17,
24,48, and 72 h. Separation solid and liquid phase was
made by system vacuum filtration, solid part of the sus-
pension is immediately mixed with acetone in order to
stop the hydration and remove free water, after remov-
ing free water samples are dried in vacuum at room tem-
perature and placed in decisator. In liquid phase con-
centration Ca** ions is determined by using complexo-
metric methods with EDTA.

The content of the chemically bound water in the
system was determined by reducing the overall loss
from 105 to 1000°C by the loss of bound water and CO,
due to decomposition of Ca(OH), and CaCOs. The con-
tent of the chemically bound water and Ca(OH), was
corrected to 100% cement weight. The fineness of fly
ash was expressed as the weight proportion in % of the
fly ash retained when sieved on a 0.045 mm mesh sieve,
according to Standards EN 450:1994. Differential ther-
mal analysis (DTA) and thermogravimetric analysis
(TG) were conducted on a Perkin Elmer simultaneous
DTA/TG analyzer, the Pyris Diamond model, in the
temperature range from the room temperature until
1000°C with a linear heating rate of 20°C/min in the
nitrogen atmosphere. XRD powder pattern was recor-
ded on a Philips X'Pert Pro, the PW 3040/60 model with
an X-Ray tube PW 3373/00 Cu LFF DK119707 at a
current of 40 mA and voltage of 40 kV, and goniometer

PW 3050/60. Recording was made in the range 4° <20
< 64°. The FTIR spectrum was made in KBr pastile on
the Perkin Elmer spectrophotometer, the Spectrum One
model, in the wave numbers range from 4000-400 cm™.

RESULTS AND DISCUSSION
Properties of fly ash

Fly ash consists mainly of SiO,, ALLO;, Fe,O; and
CaO components, with the (SiO, + AL,O; + Fe,0;) con-
tent of more than 70 wt.%, and with the CaO content of
2.81 wt.%. The data obtained by chemical analysis
place the fly ash in the F class, i.e. the low CaO content
fly ash. The weight loss (in air atmosphere and in range
30-1000°C) value of 1.60 wt.% reflects the weight of
unburned carbon, sulfide, hydrate, carbonate and oxide
that is present in the fly ash. Thermal analyses of the
samples indicate the continuous weight loss in the range
from 30-1000°C. According to the literature data in the
temperature range between 500-750°C, in the inert
atmosphere, degradation of carbonate can take place,
just one process influence on the weight loss. In the
same temperature range but in the oxidizing atmosphere
unburned carbon can oxidize into carbon dioxide at the
same time with the degradation carbonate, both process
influences on the weight loss [9]. Figure 1 presents the
DTA-TG/DTG measurements of fly ash in the two dif-
ferent atmospheres (air and nitrogen) with the heating
rate 5°C/minutes. The quantity of unburned carbon in
the fly ash has been determined. Combination heating in
the limited temperature range from 438-714°C, both in
oxidizing and inert atmospheres, makes it possible to
resolve the unburned carbon and carbonate in the fly ash
samples. From the difference of weight loss in the oxi-
dizing and nitrogen atmosphere is calculated quantity of
carbon which is presence in the fly ash (0.6 wt.%).
Table 1 presents the results obtained.

Table 1. Major elements found in fly ash and the composition required by ASTM C618 for class F Fly ash, and composition of the

CEM IIA-S 42.5N cement used.

Materials Cement (wt.%) Fly ash (wt.%) Required by Standards ASTM C618
SiO, 21.55 59.46 (Si0,+A1,05+Fe,05)=Min.70%
AlLO; 5.96 19.91

Fe,0; 2.61 9.93

CaO 59.95 2.81 -

MgO 2.84 0.84 5.0 max

SO, 2.83 0.18 5.0 max

Na,O 0.22 0.40 -

K,O 0.77 1.27 -

C - 0.60 -

Loss of ignition (1000°C) 2.8 1.6 6.0 max.

Moisture Content 0.2 0.1 3.0 max.

Specific gravity (kg/m’) 2.501 1.839 -

Specific surface (Blain) (m*/kg) 409.1 312.9 -

Normal Consistency (%) 28
Initial settings 2h 26min
Final settings 3h 15min
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Figure 1. TG/DTA of fly ash sample with 5°C/min heating rate.

Fly ash is generally found in small spherical partic-
les that differ significantly in size and shape (figure 2).
The specific gravity of fly ash used is about 1.839 kg/m’
and the specific surface area is about 312.9 m*/kg. The
results of the grain size distribution analysis (obtained
by sieving) show that the fraction retained on a
0.045 mm sieve is 28.2 % and the fraction passed
through a 0.045 mm sieve is 71.8 %, which meets the
criteria for application in production of cement/concrete
required by the EN 450:1994 norm.

Figure 3 shows the XRD powder patterns of the fly
ash un-fractioned (a), retained on a 0.045 mm sieve (b),
and a fraction passed through a 0.045 mm sieve (c).

Qualitative analyses of the different fractions of fly
ash samples were made by comparing experimental dif-
fraction data with the diffraction data for known com-

temperature (°C)

pounds stored in the JCPDS database [10]. Diffraction
powder patterns for all fractions are same, without any
difference. Two diffraction maximums at 20 = 44.9° and
38.3° arise from the samples holder, not from sample fly
ash. Other diffraction maximums which arise from the
fly ash are analyses, results is the three main crystal
phases were found: mullite (PDF # 15-0776), quartz
(PDF # 12-0708) and hematite (PDF # 24-0072). The
diffuse band are present in the region 15° < 20 < 30°
and it show on presence the amorphous (glass) phase.
FT-IR spectrums of fly ash samples are shown in figu-
re 4, detecting the presence of alumosilicate with a little
amount of adsorbed water.

a)

T
=
=<

[9)
w
9]
(s}
[9X=<
T
0I=Z

900 1 b)

0 4
c)
100 -
0 .
10 20 30 40 50 60
— 20

Figure 3. XRD diagram of different fractions of fly ash sam-
ple; a) un-fractioned sample, b) retained on a 0.045 mm sieve
and c) fraction passed through a 0.045 mm-sieve; M - mullite,
Q - quartz, H - hematite, S- sample holder.
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Figure 4. FT-IR spectrum of fly ash sample.

The main and very broad absorption zone appears
centered at 1088 cm™ attributed to asymmetric stretch-
ing of O—Si—O and O—AI-O bonds, the bands at 567 and
556 cm’ are attributed to the bending Al-O-Si and
Si—O-Si bonds, the bands at 461 cm™ attribute on ben-
ding O-Si—O bonds. Assigned strong and very strong
absorption bands at 1160, 1088 and 794 cm™ attribute on
the presence quartz, shoulder 612 cm' and strong
absorption bands at 567 cm™ attribute on the mullite
phase but the one absorption bands characteristic for
mullite phase at 1138 cm™ is hided with very broad band

16

centered at 1088 cm™. Absorption bands at 1088, 612,
556, 475 cm™ attribute on the presence hematite phase
in the sample. Broad absorption band in the area
500-650 cm™ indicate on the silicate and alumosilicate
glasses phase [11-14].

Conductivity in suspensions

Measurements of conductivity in cement suspen-
sions, pastes, and mortars are very suitable for monitor-
ing the progress of hydration. A change in conductivity
in cement suspensions relative to hydration duration has
been divided into three hydration phases according to
Maximilen: a) mixing, b) dormant and c) acceleration
period [15].

When non-hydrated cement particles get in contact
with water, various simultaneous hydration processes
take place on clinker materials contained in cement, and
various alkali oxides and sulfates contained in cement
dissolve completely, which results in the increase of
cations and anions present in the aqueous suspension,
such as Ca*, K*, Na‘, SO,>, OH". The first conducto-
metric maximum is determined by the number and
mobility of ions present [16]. C—S—H and the ettringite
phase, as hydration products on the surface of non-

—— flyash

— electrical conductivity (mS/cm)

14.0 e PFO
—o— PF5
—— PF11
—o— PF15
—— PF20
13.3

—v— PF30

10 20

—

T
30

time (h)

Figure 5. Change in electrical conductivity in aqueous suspension (w/s = 4) for sample PFO, PF5, PF11, PF15, PF20 and PF30 rel-

ative to hydration duration.
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hydrated cement grain, are known to be poorly conduc-
tive phases that upon formation lead to a drop in con-
ductivity (phase b), but as the CH nucleation process is
rather slow, the concentration of Ca** and OH ions
increases in the solution which in turn increases con-
ductivity until supersaturation which reaches its maxi-
mum there. The curves of changes in conductivity in the
fly ash - cement aqueous suspension systems, shown in
figure 5, indicate a conductivity maximum in the inter-
val between 3.3 and 4.6 hours of hydration. Addition of
fly ash to the system postpones the maximum of con-
ductivity, which decreases with the increase of the addi-
tion (table 2). The change of the slope of the conductiv-
ity change line relative to hydration duration in phase b
reflects the effect of the addition on the cement hydra-
tion rate: the lower the line slope, the lower the hydra-
tion rate [17]. The results indicate that the addition of
fly ash slows down cement hydration. However, when
the solubility product constants are reached, Kpt
[Ca(OH),], portlandite suddenly precipitates which is
manifested by a sudden drop in the conductivity of the
system [15,16]. The precipitation of Ca(OH), takes 26
to 54 minutes, followed by a slower drop in conductiv-
ity, which suggests further progress of hydration in the
system. This is probably due to breaking of the mem-
brane of hydration products formed around the non-
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Figure 6. Change in Ca’* ion concentration (expressed as CaO)
in the cement suspension solution relative to hydration dura-
tion.

Table 2. Results obtained with the conductometric measures.

hydrated cement grain (due to the action of the osmotic
pressure) and to transformation of ettringite into mono-
sulfate with constant separation of portlandite and con-
tinuous drop in conductivity until approx. 24 hours of
hydration, after which conductivity becomes balanced
and hydration processes are strictly limited to diffusion
processes of hydration [18,19]. In systems with addition
of 20 or 30 wt.% of fly ash, a mild increase of conduc-
tivity in the system is encountered again after 24 hours
of mixing.

Figure 6 shows that the change in concentration of
Ca* ions in the aqueous suspension phase, expressed as
the change in CaO concentration in the systems, follows
the change in conductivity in the suspensions (figure 5).

The maximum concentration of Ca* ions present in
the liquid phase is achieved after 3 hours of hydration,
followed by a continuous drop in concentration which
becomes slower after 24 hours of hydration, and con-
centration continues to decrease until 72 hours of hydra-
tion. In systems with increased addition of fly ash (15,
20, and 30 wt.%), there occurs an increase in the con-
centration of Ca*" ions in the period of hydration after
24 hours, which confirms the results obtained by con-
ductometric measurements, indicating that hydration
continues and more active in the systems with addition
fly ash.

XRD analysis of the solid residue

The mineralogical composition of the solid hydra-
tion residue has been analyzed by means of the XRD
method, as shown in figure 7. Diffraction patterns of a
sample without fly ash (PF0) and of a sample containing
fly ash (PF30) confirm the presence of the same phases
after 24 hours of hydration. The major crystalline phases
present in the system are: tri-calcium silicate (C;S) (PDF
# 49-0442), di-calcium silicate (C,S) (PDF # 33-0302),
tri-calcium aluminate (C;A) (PDF # 33-0251), calcium
hydroxide (Ca(OH),) (PDF # 04-0733), calcium car-
bonate (CaCO;) (PDF # 05-0586), ettringite (PDF
# 72-0646), and brownmillerite (C,AF) (PDF # 30-0226).
If the share of fly ash is higher than 11 wt.%, the dif-
fraction patterns show diffraction maximums that can
be attributed to quartz (PDF # 70-2517) and mulite
(PDF # 15-0776) and which are due to the fly ash addi-

Sample Initial conductivity =~ Maximum conductivity ~ Duration of max. conductivity =~ Duration of precipitation Ca(OH),
(mS/cm) (mS/cm) (h) (min)
PFO 11.15 13,76 3.33 29
PF5 11.09 13.56 3.17 26
PF11 11.66 13.51 3.92 40
PF15 10.62 13.18 4.00 33
PF20 10.44 13.07 4.58 54
PF30 10.06 12.84 4.58 54
102 Ceramics — Silikaty 50 (2) 98-105 (2006)



The effect of fly ash on cement hydration in aqueous suspensions

tion: this is best shown in the PF30 sample as in figure
7. The presence of the amorphous C—S—H gel has been
observed in all the system, indicated by the presence of
a wide diffusion diffraction maximum in the angular
range of 20-42° 26. The crystal form of gypsum has not
been found in the system as it has probably been con-
sumed in formation of ettringite in the early hydration
phase.

The comparison of integrated intensities belonging
to the Ca(OH), phase in the angular range where there
is no overlapping with other phases, i.e. in the angular
ranges from 17-19° 20 and 46-48° 20, (figure 8) indi-
cates that the content of Ca(OH), formed by hydration
decreases with the increase of the fly ash addition in the
mineral mixture.

Diffraction patterns of polycrystalline samples
indicate that the largest share of the crystal Ca(OH),
phase is observed in samples without fly ash (PF0) for
all hydration durations observed (until 72 hours).

DTA-TG/DTG analysis was used to quantify the
Ca(OH), formed in the solid part of the suspension
blocked by hydration. Hydration in aqueous suspen-
sions was interrupted at precisely defined hydration
times (5 minutes - 72h).

The Ca(OH), decomposition takes place in the tem-
perature interval from 400-550°C (figure 9). The values
obtained for the Ca(OH), content in samples with the

Ca(OH),
Ettringite
Mullite
Quartz
CsS

@ C,S

x C,A

v C,AF

x CaCO;

* % 4+ O %

——
+

*

=

hed

— counts

4

£

|

| |
" q |
\

FEEARLLT G

4 10 16 22 28 34 40 46 52 58 064

— 2009

*

waw#

Figure 7. XRD patterns of PFO and PF30 samples after 24
hours of hydration.

addition of fly ash have been corrected to 100 % cement
weight. Figure 10 presents the results for the change in
Ca(OH), content in samples examined during hydration
from 5 minutes to 72 hours, corrected to 100 % cement
weight.

The results obtained indicate that in the cement sus-
pension systems Ca(OH), precipitates much sooner than
assumed based on conductometric measurements.
DTA-TG/DTG measurements have indicated the pre-
sence of Ca(OH), even in systems 5 minutes old. The
DTA signal and the weight loss in the temperature inter-
val from 330-460°C indicate an endothermic change
that may be attributed to the Ca(OH), decomposition,
but which cannot be confirmed by XRD because of a
very high share of amorphous and crystal phase in the
system and a very small share and low degree of order
in the crystal Ca(OH), phase in that hydration period. A
sudden increase in the Ca(OH), content occurs in the
period between 3 and 7 hours of hydration. In the peri-
od between 7 and 13 hours of hydration, the Ca(OH),
content is observed to be almost constant [20], followed
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Figure 8. XRD of PF0O and PF30 samples after 12, 24, and 48
hours of hydration: a) 26 from 17.4° to 18.8°; b) 26 from 46.8°
to 48.1°.
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by a further increase in the Ca(OH), content in the solid
suspension residue. If the content of fly ash in the sys-
tems is compared to Ca(OH), formed, it can be seen that
after 48 hours of duration the Ca(OH), content is lowest
in systems without fly ash addition. The Ca(OH), con-
tent in systems with addition of more than 5 wt.% of fly
ash is higher than that in the cement without fly ash
addition (the PFO sample) already after 24 hours of
hydration.

The values obtained for the content of chemically
bounded water in the solid suspension residue have
been calculated to 100 % cement weight and shown in
figure 11. There is a continuous increase of chemically
bounded water in all systems in the whole measuring
range. The increase of bound water is observed in the

period after 24 hours in the systems containing the fly
ash addition in comparison with the system without the
fly ash addition. This indicates the increase in hydration
products. As the share of chemically bound water
increases and there is a simultaneous increase of the
Ca(OH), content in systems containing the fly ash addi-
tion, it may be assumed that fly ash increases the
cement hydration degree. This indicates that the addi-
tion of fly ash plays a very important role as nucleation
site where hydration products precipitate, which accel-
erates the hydration reaction. As no drop in the Ca(OH),
content has been observed in samples containing the fly
ash addition, the pozzolanic reaction may be assumed to
take place later in comparison with the cement hydra-
tion reaction.
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Figure 9. DTA-TG/DTG thermal decomposition of hydration products in the PF0-24h and PF30-24 h samples.
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Figure 10. Change in the content during 72-hours' hydration
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Figure 11. The content the chemically bound water in the PFO,
PFS5, PF11, PF15, PF20 and PF30 samples.
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CONCLUSION

The fly ash from TE Plomin-2 belongs to the low
CaO content fly ash group by its physical and chemical
properties and according to the ASTM C618 Standards,
which places it in the F class and makes it applicable as
addition to cement/concrete according to the EN
450:1994 Standards. The results of examination of
aqueous suspensions (w/s = 4) of the cement-fly ash
system indicate that the replacement part of fly ash from
5 to 30 wt.% slows down the hydration rate, increases
the cement hydration degree, postpones the beginning
of Ca(OH)2 precipitation by as much as 78 minutes, and
increases the time of sudden precipitation by 28 minutes
in comparison with the cement without the fly ash addi-
tion. For all hydration times, the Ca(OH), content (with-
out correction to 100 % cement weight) is highest in
samples without the addition of fly ash, which leads to
the conclusion that the addition of fly ash reduces the
content of free chemically reactive Ca(OH),. The results
of the DTA-TG/DTG analysis confirm XRD measure-
ments. However, after correction to 100 % cement
weight, the results obtained indicate that the hydration
degree is higher in the systems containing the fly ash
addition than in the pure cement, which can be seen
from the content of Ca(OH), and the chemically bound
water. Continuous increase in the content of chemically
bound water and Ca(OH), indicates that the pozzolanic
reaction is postponed in the cement-fly ash aqueous sus-
pension systems until 72 hours of hydration in compar-
ison with cement hydration reactions.
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VLIV POPILKU NA HYDRATACI CEMENTU
VE VODNYCH SUSPENZICH

DRAZAN JOZIC, JELICA ZELIC

Faculty of Chemical Technology,
Teslina 10/V; 21000 Split, Croatia

Popilek je odpadni material vznikajici pti spalovani uhli v
tepelnych elektrarnach a je hojné pouzivan jako piisada do
cementu, malty ¢i betonu. Jeho fyzikalni a chemické vlastnosti
zaviseji vyhradné na kvalité¢ pouzitého uhli a na technologic-
kych podminkach spalovani. Tato studie zkoumala popilku z te-
pelné elektrarny Plomin 2, Chorvatské energetické zavody
(HEP), Plomin, Chorvatsko v pocatecnich fazich hydratace
cementu ve vodnych suspenzich (w/s = 4, t = 20°C). Podle
normy ASTM C618 odpovida pouzity popilek tfidé F, tj.
popilkim s nizkym obsahem CaO. Popilek byl pfidavan jako
nahrada cementu v mnozstvich 0, 5, 11, 15, 20 a 30 hmotn. %.
Konduktometrickda méteni suspenzi ukazala, ze nahrada odsu-
nuje pocatek srazeni Ca(OH),, prodluzuje trvani tohoto srazeni
a snizuje celkovou rychlost hydratace cementu. XRD a DTA-
TG/DTG méfeni ukazuji, ze podil Ca(OH), v pevné casti sus-
penze se zvysujicim se piidavkem popilku klesa, zatimco
vysledky DTA-TG/DTG analyz korigované na hmotnost
cementu potvrzuji funkei popilku jako nuklea¢nich zarodkt v
misté usazovani produkti hydratace, zatimco jeho pucolanova
aktivita v této fazi hydratace (do 72 hodin) nebyla pozorovana.
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MARTIN DOVAL, MARTIN PALOU, VLADIMIR KOVAR

Faculty of Chemical and Food Technology, Slovak University of Technology,
Radlinského 9, 812 37 Bratislava, Slovak Republic

E-mail: martin.doval@stuba.sk

Submitted January 30, 2006; accepted February 17, 2006

Keywords: Sol-gel method, Hydration, Gehlenite hydrate, Ettringite

Sol-gel method has been used to synthesize the nano particles of C,AS and C,S. These cement phases prepared by solid-state
reaction at high temperatures are hydraulically latent or less active. After heating at 600°C, they were calcined at 900°C and
1100°C to obtain crystals of C,S and C.AS respectively. Binder compounds in the framework of C,AS-C,S—C,A4;5-CS-C sys-
tem were prepared using C,AS and C,S synthesized via sol-gel process. Samples showed better hydraulic activity when com-
paring it with the system, where pure minerals were used. The hydration of this system leads to coexistence of two crystallo-
hydrates of gehlenite hydrate and ettringite, which were originated by primary and secondary reactions. Gehlenite hydrate

as well as ettringite were stable.

INTRODUCTION

Synthesis and preparation of cement phases are
essentially realized by conventional methods that assure
the formation of these binder materials by solid state
reaction at high temperatures. The processing includes
mixture and homogenization of finely ground natural
raw materials or chemical reagents, following by ther-
mal treatment at adequate temperature. This technical
operation leads to the formation of crystal phases (min-
erals), that after grinding can react with water to form
material with binding properties. Some of these mine-
rals have not good hydraulic properties and some ones
are hydraulically latent, even though their important
presence in cement. Research in cement chemistry real-
ized in the last years mapped over the possibility to syn-
thesize highly pure cement phases using starting mate-
rials different from the usual ones and treatments at
lower temperatures, using alternative synthesis methods
[1-4]. These non traditional methods include: pyrolisis
of solutions of some salts, precipitation from solutions,
sol-gel processing and hydrothermal steam processing.
From the non-conventional methods, namely those that
realize the mixing and homogenizing of the raw materi-
als at a molecular scale by wetting process, can produce
very reactive samples of binding compounds able to
react with water at low temperatures. These alternative
methods for the synthesis of binding compounds present
some advantages: low synthesis temperatures compara-
tively with those of the traditional methods; the
advanced homogeneity of the starting material, often at
molecular level; products with fine grained powders and

a strict control of the grain size distribution can be
obtained; very pure and homogeneous compounds and
very reactive compounds can be obtained [2-7].

Cements based on C,S and C,AS are generally clas-
sified as Low-Energy-Cements due to the temperatures
at which they are producible [9-11]. Unfortunately, C,S
is hydraulically less active [9] and C,AS latent phase
[11]. Some progress has been realized to improve the
hydraulicity of C,S by stabilizing with minor oxides the
high temperature B-C,S polymorph [12,13]. Indeed, the
transformation at lower temperature (about 550°C) of
B-C.S to the y-C,S is accompanied by a volume increase
responsible for the well-known phenomenon of dusting.
Furthermore, y-C,S has not hydraulic properties [14].
Also, the effect of grain size upon the stabilization of
B -C,S has been investigated and it was found that
micro-particles of B-C,S having no overcome the criti-
cal size are stabilized without doping or rapid cooling
[14]. Next to C,S, C,AS is one of the clinker minerals of
Low-Energy Cements (LEC). It formation occurs as an
intermediary product formed at 800°C during the burn-
ing of Portland cement [15], but gehlenite is hydrauli-
cally latent and could not contribute to the properties of
binder materials. Nevertheless, gehlenitehydrate C,ASH;
has been obtained by hydrating gehlenite glass prepared
by melting a mixture of CaO, Al,O; and SiO, in molar
ratio of 2:1:1 at 1630°C, following by rapid quenching
in water [16]. Also, gehlenite hydrate is found as hydra-
tion product of cement containing blast furnace slag
[17-19]. Currently gehlenite is as melted glass phase in
slag. The obtention of gehlenitehydrate by this proce-
dure is high energy consumption way.
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Recently, authors [20] have explored the hydraulic
properties of C,AS—C,S—C,A;S—CS—C system in hydro-
thermal conditions. The computational method has
established quaternary and ternary phase associations,
which hydration could give two crystallohydrates:
gehlenite hydrate and ettringite (figure 1). Under hydro-
thermal steam conditions, ettringite formed at early
hydration period is not stable and converts to monosul-
fate, while gehlenite hydrate formed by primary and
secondary reactions remains stable.

With regard to the energy cost and technical condi-
tions to prepare the gehlenite glass and the non-equilib-
rium condition of hydration in autoclave [16, 20], the
present work was undertaken to find an alternative
method (sol-gel process) allowing to synthesize gehlen-
ite and B-C,S without dopant, both with high hydraulic
reactivity.

Sol-gel process, as an alternative to the convention-
al method [21] has been already used by Roy and Oye-
fesobi, and that for the first time, to synthesize C,S from
aqueous silica sol and a Ca (NO;), solution as precur-
sors, the mole ratios Ca/Si were 2:1. The obtained gels
were, after washing dried and then heated at 700°C.
B-C,S with fibrous shape and a very high specific sur-
face area (of about 12.9 m*/g BET) was identified. The
compressive strength developed by this compound was
about 62 MPa, as compared to 40 MPa for commercial
B-C,S measured in the same conditions. Thereafter, sol-
gel process has offered an alternative route to prepare
highly active dicalcium silicate.

C,S and C,AS are ones of the main phases of
Low-Energy Cements based on belite and calcium-
sulfoaluminate cements in the framework of
C,AS—C,S—C4A;5—CS—C system [20]. Unfortunately,
the rate of hydration of these cements are inhibited by
the worse reactivity of minerals gehlenite and dicalcium
silicate prepared by conventional method and the lack
of calcium silicate hydrate in the matrice of cement
paste at beginning of hydration enables the formation of
ettringite that is not always stable.

In the present investigation, hydraulic properties
of C,AS—C,S-C,A;S-CS-C system are explored, using
nano particles of C,AS and C,S synthesized by sol-gel

Table 1. Studied samples.

method. Other phases C,A;S, CS and C have been
obtained by conventional procedure. The hydration
reaction, as previously investigated has to lead to the
formation of two crystallohydrates: gehlenitehydrate
and ettringite [20].

EXPERIMENTAL

Homogenized mixture of reagent grade CaCOs;,
Al(OH); and CaSO,.2H,0 was burnt twice for two
hours at 1250°C in platinum crucible to synthesize
C4A;S. The obtained mineral was milled to specified
fineness (to pass a 40 m sieve). Purity of this mineral
was controlled by STOE Powder Diffraction System
using CoK,, radiation, operating at 40 kV and 30 mA.
Data were collected over 26 between 10 to 60°. Assign-
ment of lines was made by comparison with JCPDS
files.

C,AS gel was prepared using commercial boehmite
powder (Condea Pural SB, ~ 5 nm, Condea, Germany),
silica sol (Tosil, 30 wt.% of silica, particles ~ 20 nm,
TONASO Nestenice, Czech Republic) and solution of
Ca(NO;),.4H,0 (¢ = 1.234 mol/). Water boehmite sus-
pension was peptized by mixing with HNO; (pH = 2.5)
at 55°C. Then the calculated amount of the silica sol and
solution of Ca(NO;),.4H,0 were slowly added into the
boehmite suspension. The same procedure was used to
prepare nano-crystalline C,S from stechiometrically
mixture of silica sol and solution of Ca(NO:),.4H,0.
The sol was poured onto a glass plate and was gelled.
Afterwards, gels were dried at 100°C and then gradual-
ly heated at from 500°C to 1250°C. Calcium hydroxide
(CH) was used instead calcium oxide (C) and anhydrite
(CS) was substituted by gypsum (CSH,).

Then, series of samples were prepared by mixing
and homogenizing minerals and xerogels in the propor-
tion as elucidated in Tablel. The hydration of samples at
defined water/cement ratio was performed by using
conduction calorimeter at 25°C [22]. Mineralogical
composition of samples was derived from gehlenite
hydrate/ettringite ratio as described in figure 1.

Samples 1 2 3 4 5 6
C.S (%) 0 10.15 20.31 28.06 12.56 0
C,AS (%) 100 63.83 27.67 0 0 0
C.ASS (%) 0 17.98 35.97 49.72 38.82 29.98
CS (%) 0 8.02 16.04 22.20 39.82 53.48
C (%) 0 0 0 0 9.13 16.53
Gehlenite hydrate: ettringite 100:0 80:20 60:40 44.7:55.3 20:80 0:100
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Figure 1. C,AS(1)-C,A;S(2)-CS(3)-C,S(4)-C(5) system and
phase associations (I, II), singular points (S1, S2) and gehlenite
point (P1) [20].

RESULTS AND DISCUSSION

Formation and hydraulic activity of C,S

Figure 2 presents the degree of crystallization of
xerogel of C,S with temperature. As it can be seen, dif-
fraction peaks of C,S become narrower with increasing
temperatures. In addition, main diffraction intensity for
C,S appears at 600°C between 20 37-38°, confirming
that the nucleation and crystallization of this phase
starts at lower temperatures. With increasing heating
temperature, the crystallization of this phase is well
emphasized and the board peak appeared in sample
heated at 600°C is divided into 2 peaks measured at
d=228 A and d = 2.74 A. Assignment of lines of dif-
fraction peaks compared with JCPDS files demonstrates
the presence of B-C,S as an unique and pure phase. As
xerogel C,S was not doped, it can be proposed that sol-
gel technique will be a suitable method to synthesize
C,S without stabilizer. Also, the reaction processes and
transformations that occur during the heating of C,S
were evidenced by the DTA curve.

The hydration activities of xerogels of C,S calcined
at 600°C and 900°C were investigated at 25°C, 40°C,
50°C and 70°C. The results are presented by figures 3
and 4. Gel C,S annealed at 600°C is hydraulically active
as demonstrated by calorimetric curves showing two
peaks separated by induction period (figure 3). The in-
tensity of hydration reaction increases with increasing

1250°C

1100°C

900°C

600°C

I L L L L D e L e e |
26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
— 20(°)

Figure 2. XRD diffraction patterns of C,S xerogels calcined at

different temperatures.

temperature at which measurements were performed.
While C,S prepared by conventional method has lower
hydraulic activities [23], nano particle of C,S as xerogel
with high specific surface exhibits high hydration rate.
The rate of hydration heat with temperature of xe-
rogel calcined at 900°C is reported in figure 4. The calo-
rimetric curves present one peak. The absence of second
peak demonstrates that hydration is considerably
reduced. When the samples are crystallized, the specif-
ic surface decreases and C,S becomes less and less
active. In addition, hydration reaction rate of C,S cal-
cined at 900°C increases with increasing temperatures.
The nano particles of C,S hydrated show a microstruc-
ture with C—S—H after one day, and then the crystals are
well developed after 7 days of curing (figures 5 and 6).

Formation and hydraulic activity of C,AS

Figure 7 shows the crystallization progress of C,AS
xerogel. Diffraction peaks characterizing the presence
of B-C,S appear in samples heated at 600°C. Gradually
with heating temperatures, this peak disappears and the
diffraction peak at 20 = 36.56° characterizing gehlenite
appears according to JCPDS. These findings confirm
that B-C,S reacts with alumina (reaction (1)) to form
C,AS crystal as demonstrated by diffraction peaks for
gehlenite.

C,S +A=C,AS (1)
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Figure 3. Calorimetric curves of nano-crystalline C,S calcined
at 600°C; w/c =0.5.
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Figure 4. Calorimetric curves of nano-crystalline C,S calcined
at 900°C; w/c = 0.5.

The positions of the peaks are the same but the peak
intensities differ due to the crystallinity of the dicalcium
silicate and gehlenite.

Calorimetric measurements on samples of C,AS
prepared at 600°C and 1100°C are depicted in figures 8
and 9. The profile of the hydration peak of samples
C,AS and C,S calcined at 600°C is shaper than that of
samples calcined at 1100°C and 900°C. The influence
of temperatures is evidently demonstrated; the higher is
the temperature, the higher is the magnitude of hydra-
tion reaction. The results indicate that the maximum
time of heat evolution at hydration of C,AS varies from
1 to 2 h and at C,S from 2 to 6 h.

SEM micrographs of C,AS (figures 10 and 11) cal-
cined at 600°C show plate crystal of gehlenite hydrate.

: ‘\ o, Sy o b
Figure 5. SEM micrograph of nano-crystalline phase of C,S
calcined at 600°C after 1-day hydration. Layer of C—S—H with
honeycomb structure is observed.

¢ amibn . ‘ N 7T 2 =
Figure 6. SEM micrograph of nano-crystalline phase of C,S
calcined at 600°C after 7-day hydration. Crystal structure is

developed.

Formation of crystallohydrates
in C,AS—C,S—C,A;S—CS—C-H system

The course of heat evolution during hydration of
samples obtaining by homogenizing minerals is descri-
bed by means of calorimetric curves (figures 12a-f).
The measurements were performed at room tempera-
ture. It is evident, that the mineralogical composition, as
calculated from "gehlenite hydrate/ettringite" ratio,
influences the course of hydration. The hydration reac-
tion of samples with higher content of C,S and C,AS
prepared via sol-gel process occurs in two phases sepa-
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rated by induction period. With increasing expected
ettringite, reaction occurs in one phase. The formation
of ettringite in the presence of Ca(OH), is achieved
within two hours.

Figure 13 presents X-ray diffraction analyses of
samples hydrated for 7 days. The XRD patterns show
that the main hydration product in samples 1, 2 and 3 is
gehlenite hydrate which is formed by primary and sec-

1250°C
1100°C

900°C

600°C

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54
— 20 (°)

Figure 7. XRD diffraction patterns of C,AS xerogels calcined
at different temperatures.
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Figure 8. Calorimetric curves of nano-crystalline C,AS cal-
cined at 600°C; w/c = 0.5.

ondary reaction (reaction (4)). The primary hydration
product of C,S are C—S—H gel and Ca(OH),. Later on
the crystallization of gels leads to the formation of
tobermorite or other calcium silicate hydrates.

C.S+2H=C-SH+CH )

The formation of gehlenite hydrate can be also rep-
resented by two reactions. Firstly, gehlenite hydrate can
be formed by hydration reaction of C,AS xerogel
according to (reaction (3))

C,AS + 8H = C,ASH; 3)

or as secondary reaction between calcium silicate hy-
drogel, calcium hydroxide and gibbsite.

C-S-H + CH + AH, + 3H = C,ASH; )

Sample 4 is a specific sample without nano parti-
cles of gehlenite. Nevertheless, one can observe on
XRD patterns that ettringite coexists with gehlenite
hydrate. In this sample gehlenite hydrate was formed
through secondary reactions between CSH, CH (cal-
cium hydroxide) and AH; (gibbsite) (reaction (4)). Con-
sequential chemical equation in sample 4 which corre-
sponding to singular point S1 (figure 1) can be written:

C4A3§ + 2C§ + ZCZS +48H = C6A§3H32 + ZCZASHg (5)

In samples 5 and 6 ettringite is the dominant phase.
The identification of gehlenite hydrate by XRD was
hindered due to very intense peaks of ettringite. Ettrin-
gite is there formed according to the following the reac-
tion:

C4A3S + 8C§ +6C + 96H = C6A§3H3z (6)

0.06
0.05

0.04

o
o
S

o
o
=

— flow of hydration heat (W/g)
o
o
w

o
o
S

—» time (h)

Figure 9. Calorimetric curves of nano-crystalline C,AS cal-
cined at 1100°C; w/c = 0.5
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Figure 14 presents SEM micrographs of samples
after 7 days of hydration. The hydration was kept in sus-
pension, allowing thus to accelerate process of reaction.
Large tabular crystals of gehlenite are observed in sam-
ples 1, 2, 3. Here, gehlenite hydrate is dominating phase
(figure 7). At singular point, two distinct hydrated prod-
ucts can be observed: tabular shape supplemented by
large and elongated crystal hydrates. These last ones are
attributed to ettringite. The similar microstructure can
be observed in micrographs of samples 5 and 6. In all
these samples, ettringite is stable and gehlenite hydrate
is formed at lower temperature. The formation of gehle-
nite hydrate by primary or secondary reaction is due to
the high hydraulic activity of C,S and C,AS synthesized
by sol-gel method.

Figure 10. SEM micrograph of C,AS calcined at 600°C after
1-day hydration.

Figure 11. SEM micrograph of C,AS calcined at 600°C after
7-day hydration.
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Figure 12. Calorimetric curves.
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Sample 3

R ) &

Sample 5

Figure 13. SEM micrographs.

Sample 6

CONCLUSION

This work has explored an alternative method (sol-
gel processing) to synthesize pure and highly active
cement phases, which prepared by traditional route have
low or latent hydraulicity. The xerogels of C,S and
C,AS have shown good hydraulicity. For the first time,
sol-gel process has been applied to obtain gehlenite
hydrate from gehlenite hydration. Binding materials in
the framework of C,AS—C,S—C,A;S—CS—C system, that
can be considered as belonging to the class of Sulfoalu-
minate Belite Cements (SAB) with nano particles of
C,AS and C,S prepared by sol-gel method, showed bet-
ter hydraulic activity comparatively to the system which
consist of pure minerals. The forecasted hydration prod-
ucts ettringite and gehlenite hydrate were identified.
The hydration leading to coexistence of two crystallo-
hydrates of gehlenite hydrate and ettringite has been
achieved by primary and secondary reactions.
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HYDRATACIA A MIKROSTRUKTURA SPOJiV
OBSAHUJUCICH C,AS A C,S SYNTETIZOVANYCH
SOL-GEL METODOU

MARTIN DOVAL, MARTIN PALOU, VLADIMIR KOVAR

Fakulta chemickej a potravinarskej technologie,
Slovenska technicka univerzita,
Radlinského 9, 812 37 Bratislava, Slovenska Republika.

S6l-gél metdda bola pouzita na syntézu nanocastic C,AS
a C,S. Tieto cementové fazy pripravené reakciou v tuhej faze
pri vysokych teplotdch st hydraulicky latentné alebo menej
aktivne. Po kalcinacii pri 600°C boli jednotlivé vzorky C,S a
C,AS tepelne spracované pri 900°C resp. 1100°C. V mode-
lovom systéme C,AS—C,S—C,A;S-CS-C boli pouzité fazy C,S
a C,AS pripravené so6l-gél metédou. Vysledky u tychto vzoriek
ukazali lepSie hydraulické vlastnosti ako to bolo u systému kde
boli pouzité ¢isté mineraly. Hydratacia tohto systému vedie ku
koexistencii dvoch rovnovaznych krystalohydratov gehlenit-
hydratu a ettringitu, ktoré vznikli primarnou aj sekundarnou
reakciou. Obidva krysStalohydraty gehlenithydrat a ettringit boli
stabilné.
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In this work, the ability to reduce the harmful influence of wood extractives using the pozzolanic mineral additive, carbonat-
ed opoca, was investigated. The influence of various wood species extracts on the setting time and the hardening of two types
of Portland cement, CEM I 42.5 R and CEM II/A-L 32.5, was searched. It has been found that cement hydration, setting and
hardening depend upon wood extract concentration and do not depend on wood species and preparation method. The influ-
ence of extractive additives on binding material (pure cement and cement with opoca additive) was estimated according to
the setting time of binding material paste, active portion of the reaction products of cement hydration changes, cement stone
strength and X-ray diffraction of hardened cement stone. The investigation data show that wood extractives decrease the
hydration of cement and pozzolanic additives effectively minify this influence. The expediency of employing mineral additives
(opoca) with a large specific surface was confirmed and that opoca surface was found to influence the binding rate of CaO.
The opoca specific surface influences its pozzolanic activity and adsorption ability. At the initial stages of cement hardening
the strongest influence of the particle fineness of opoca additive was observed on its adsorption properties. At later stages of
hardening the influence of opoca additive particle fineness on its pozzolanic properties (binding of separating Ca(OH),)

increased.

INTRODUCTION

Building products, such as cement-bonded particle-
board (CBP), wood wool cement board (WWCB),
cement bonded fibreboard, etc., made from mineral-
binding materials and wood aggregates are widely
applied in many developed countries. Chittenden [1]
divides mineral-bonded wood composites into two dis-
tinct groups: (1) composites in which wood is incorpo-
rated as an aggregate in the mineral matrix (as fibres,
sawdust, shavings or particles) and (2) composites in
which the cement (or other mineral binder) acts purely
as a binder, such as wood wool cement board or flake
board. Mineral-bonded wood or other lignocellulosic
composites are moulded or compressed blocks and pan-
els containing approximately 30-70 % by weight of
wood in various forms and 70-30 % of mineral binder
[2]. Specially prepared wood aggregates with particular
dimensions and varying in treatment are used for their
production. Fibreboard is manufactured using wood
strips 300-500 mm in length and 0.1-0.8 mm wide.
Wood-Fibre Cement Blocks contain about 80 % of
wood fibre, which has been specially treated to make
them immune to rot or insect damage. The treatment
also prevents sugars and tannins in the wood from react-
ing with the cement, which would interfere with proper

curing. The wood particles (thickness 0.3-5 mm, length
25-30 mm, width 1.6-4.8 mm) used in the manufacture
of the block may be partially or fully comprised of post-
industrial softwood, which is then mineralized with
cement. In CBP, specially graded raw wood shavings
and chips (length 3-30 mm) also are used; they are neu-
tralized and mineralized, then bonded together with
Portland cement.

Preparing concrete mixtures with fine sawdust
requires big amounts of water. This water dissolves the
extractive materials that retard the hardening of Port-
land cement. Besides, using sawdust, the input of
cement increases in comparison with analogous materi-
als in whose production specifically prepared wood fil-
ling material is used.

In comparison with specifically prepared wood
aggregates, wood sawdust is practically not used.

Wood is chemically heterogeneous and its compo-
nents can be divided into two groups: structural compo-
nents of high molecular weight - natural polymer sub-
stances (cellulose, hemicelluloses and lignin), which are
the major cell wall components; and non-structural
components of low molecular weight (extractives and
inorganic components). The content of polymer sub-
stances: cellulose 40-42 %, lignin 26-28 %, hemicellu-
loses 29-34 % and extractives 5-10 %.
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Cellulose is insoluble in water, organic solvents
and alkaline solution. It does not mediate under the
influence of these materials.

Lignin is the most complex polymer among natu-
rally occurring high molecular weight materials. It does
not disintegrate under the influence of various organic
solvents, alkaline solutions and water.

Hemicelluloses differ from cellulose by containing
various sugar units with much shorter chains. It is a
group of different polymers made up of 5 and 6 carbon
sugars. They are soluble in alkali and some hardwood
polyoses are even soluble in water. Disintegration of
hemicelluloses to the constituents in the alkaline solu-
tion increases the amount of extractives. Hemicellulo-
ses are more reactive than cellulose.

The extractives are non-polymeric (except pectins
and condensed tannins) and may be separated from the
insoluble cell wall materials by solving them in water or
organic solvents.

The presence of extractives results in corrosion of
metals in contact with wood, inhibition of setting of
concrete, glue, and finishes, etc. [3].

Cement is an alkaline inorganic composite contain-
ing a surface hydroxyl group [4]. Wood, in general,
inhibits the setting of cement with hardwood fibres,
being the most inhibitory. It has been determined that
heartwood is also highly inhibitory in the curing of
cement [5]. Wood extractives were found to adversely
affect the exothermic hydration characteristics of Port-
land cement, which in turn affects the wood cement
compatibility [6].

The main inhibitor of cement hydration are wood
fibre soluble sugars and part of hemicellulose, which
under certain conditions can be resolved in these sugars
[7, 8, 9]. It has also been found that along with sugars,
starches and tannins can inhibit cement setting. Other
extractives that cause problems in cement wood com-
patibility are resins and fatty acids, terpenes and ter-
penoids, simple sugars and salts [5]. Sugars in concen-
tration as low as 0.03-0.15 wt. % in cement retard the
setting time and affect the strength of the cement [10].

The main saccharides of different wood species are
glucose and gallactose, arabinose and xylose with man-
nose. The composition of alkali extracts is similar to
that of water extracts [11]. The extraction temperature
does not influence the extract qualitative composition.
Other soluble materials have an insignificant influence
on the hydration of cement.

The concentration of soluble wood materials in an
extract depends on extraction time and temperature
[10, 11]. A longer extraction time and a higher temper-
ature (up to 100°C) afford a higher concentration of sol-
uble materials.

The alkali medium of cement paste stimulates
extract exudation [10, 11]. Pozzolanic material added to

the cement stimulates combination of free Ca(OH), and
active silica giving water-insoluble silicate hydrates,
thus the amount of free Ca(OH), and, herewith, the pH
of the system decrease [12].

Set-retardation may be primarily due to retarding of
the hydration of tricalcium silicate through the adsorp-
tion of organic admixtures onto calcium hydroxide.
Adsorption onto the initial hydration products of trical-
cium aluminate can also retard the further hydration
[13]. The inhibition of cement hydration occurs when
the calcium silicate hydrate nucleation sites on the ori-
ginally positively charged surfaces are poisoned by
sugar-acid anions [8, 14].

Our investigations [8, 15, 16] have resulted in the
hypothesis that wood sugars are surface-activating
hydrophilic material. Added to the cement mix together
with hardening water, under the influence of adsorption
ability and cohesion of molecules, sugars form a thin
adsorption layer on the surface of cement grains. Small
parts of cement cannot aggregate, and grains of cement
become out of the reach of water. Thus, migration of
hydration products becomes the impossible and hydra-
tion of cement slows down.

Mineral additives added to a mixture of concrete
and wood fibre improve its quality [17, 18]. The influ-
ence of these materials isn't sufficiently investigated
and their application is low.

The present work aimed to study the effect of the
wood extractives on the setting properties of cement and
the influence of the opoca on the process.

EXPERIMENTAL

The materials used in this investigation were Port-
land Cement CEM 1 42.5R, Portland Cement CEM II/A-
L 32.5 and ground opoca. Pozzolana contains approxi-
mately 38 % of calcium carbonate, therefore it is called
carbonated opoca. The calcite is evenly distributed in
opal in the form of dispersal parties and rests of
microorganisms. Quartz is in the form of very fine par-
ticles. The chemical and mineralogical composition and
the specific surface area (Blaine) of the starting materi-
als are shown in table 1.

Wood extracts were made from fresh sawdust of
various wood species (fir, alder, asp, hornbeam and
birch). The sawdust was poured over with water (water
extracts) and with cement suspension (alkali extracts).
For the estimation of the amount of soluble products of
cement hydration, in parallel with the above-mentioned
mixes in the same conditions cement suspension with-
out sawdust was prepared. Tightly closed flasks with the
mixture were kept for 24 hours at a temperature of 80°C
and mixed up from time to time. Later the extracts were
separated by vacuum filtration.
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Table 1. Chemical and mineralogical composition and specific surface area (Blaine) of starting materials.

Specifications CEM1425R CEM II/A-L 32.5 Carbonate opoca
1. Chemical composition (wt.%)

Si0, 20.37 18.63 55.83
AlO; 5.04 5.41 2.31

Fe,0; 2.82 2.90 1.07

CaO 63.90 62.42 21.06
MgO 1.99 3.20 0.49

R,O 1.44 0.89 0.52

SO, 2.73 2.86 0.58

LOI 1.71 3.68 18.18

2. Mineralogical composition (wt.%)

CsS 58.87 52.75 Opal ~ 46
C.S 14.62 13.73 Calcite ~ 38
C,A 8.60 9.41 Quartz ~ 7
C,AF 8.56 8.68 Chalcedony ~ 3
Ce - 6.00 Glauconite ~ 0.7
CSH, 4.50 4.50 Muscovite ~ 0.6
3. Specific surface (m*/kg) 420 350 1100

To evaluating the amount of extracted materials in
extracts, they were evaporated in a water bath and the
residues were dried at a temperature of 80 + 5°C. The
amount of soluble products of cement hydration formed
in alkali extracts was subtracted. The calculated differ-
ence between the obtained data on the sawdust cement
water system and cement water system extraction
showed the amount of wood extractive. 25 wt.% of
cement were used to maintain the alkali medium in the
system.

The cement pastes and cement-opoca pastes were
prepared using the standard water and wood extracts.
The monitoring of consistency and setting time were
directly carried out using a Vicat apparatus.

The fresh pastes were moulded in 2 cm steel cubes.
One part of them were kept in a 90 % relative humidity
(R.H.) at 20°C for 24 h, and the others were steamed in
a 100 % R.H. at 80°C for 8 h. Then all specimens were
remoulded and kept under tap water up to 28 days at
20°C, then broken.

After the determination of the compressive
strength, the hydration of pastes was stopped using a 1:1
mixture of methanol acetone and then the pastes were
dried at a temperature of 100°C. Three samples of
cement cubes were measured for each test, and the mean
value was considered. The mechanism of hydration was
also studied by the classical techniques, namely, chem-
ically combined water measurements, XRD (X-ray dif-
fraction) and DTA (differential thermal analysis).

The kinetics of hydration was followed by deter-
mining the active portion of reaction products of cement
hydration by the ignition loss at 1000°C of the dried
paste on an ignited weight basis minus the amount of
ignition loss of the anhydrous binding material (in the
first case pure cement and in the second case cement
with opoca additive).

XRD analysis was performed using a DRON-3 dif-
fractometer. The investigation was carried out in the 26
range 10-60° with Ni-filtered, Cu K, radiation.

The DTA analysis was performed using a Du Pont
990 thermal analyzer at a heating rate 10°C/min up to
1000°C with finely powdered alumina as a reference
material.

The specific surface area of different fractions of
opoca was determined by Blain's method.

The opoca activity was determined according to its
capacity to bind Ca(OH), from lime solution. It was
expressed as the amount of CaO mg in 1 g of the mate-
rial.

The concentration of glucose was determined by
the method of iodometric adsorption. This method is
based on the ability of iodine in an alkali medium to
oxidize the aldehydic group of the glucose molecule to
the carboxylic group.

RCHO + I, + 3NaOH — RCOONa + 2Nal + 2H,0.

RESULTS AND DISCUSSION

At the first stage of the experiment, fresh sawdust
extracts of various wood species were investigated. The
sawdust was treated in two different conditions: (1) neu-
tral (water), (2) base (cement suspension). The test
results are given in table 2. It was estimated, that alkali
solution dissolved 5-10 times as much of wood extrac-
tive material as did water. The results of the investiga-
tion correspond to the reference data [10,11] and cor-
roborate the great influence of hemicellulose. Under the
influence of Ca(OH), hemicellulose disintegrates into
soluble sugars. The findings confirmed that the lowest
content of soluble materials in fir. Deciduous trees con-
tained much more soluble materials.
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Table 2. Data on extracts of various wood species when extrac-
tion was carried out for 24 hours at a temperature of 80°C.

Amount of extracted materials from wood (wt.%)

WOO,d'S 10 g of sawdust 10 g of sawdust,
species and 10 ml of water 2.5 g of cement
and 10 ml of water
The fir 1.202 5.087
The alder 0.904 6.576
The asp 1.326 7.433
The hornbeam 1.215 8.407
The birch 1.313 10.586

The investigation has confirmed that water-soluble
wood sugars slow down the hardening and hydration of
cement, and this harmful influence can be decreased
using pozzolanic mineral additives (e.g., opoca). The
mechanism of retardation of cement hydration with sug-
ars has been only partly clarified.

The effects of wood extracts on the setting time of
binding material were elucidated by investigating mixes
of water extracts of wood species with cement CEM 1
42.5R and binding material, which were prepared from
equal parts of this cement and ground opoca (table 3).
Different amounts of water-soluble materials in various
species of wood had a different influence on the setting
time of cement paste (table 3). Increasing the amount of
the additive increased the extent of retardation. Using a

rapid-hardening cement, a low small concentration of
water-soluble materials of various wood species result-
ed in the same hydration as in the control samples. Low
concentrations resulted in similar amounts of new for-
mations in various mixtures, thus, it was impossible to
observe them in X-ray phase analysis.

To reveal the influence of soluble wood materials on
the hardening of cement, more coarse-grained cement
CEM II/A-L 32.5 with a lower hardening rate and a bin-
ding material made from equal portions of this cement
and ground opoca were mixed with wood alkali extracts
whose concentrations were respectively 1.604 % and
1.943 %. Then they were kept in the isothermal condi-
tions for 4 h, steamed at a temperature of 80°C, hard-
ened in natural conditions up to 28 days and immedi-
ately treated. The data were compared with the data on
control samples prepared with water. The results are
presented in table 4. The influence of soluble wood
materials was the same on both kinds of cement, CEM 1|
42.5R and CEM II/A-L 32.5, when they harden as a
pure binding material and with an opoca additive.

The active portion of the reaction products of
cement hydration determines the degree of cement
hydration. Extract additives in both classes of cement
(without opoca) decrease the active portion of the reac-
tion products of cement hydration in cement stone with
respect to control samples. Hardening of cement in nat-
ural conditions only slightly decreased the active por-

Table 3. Influence of wood extractive additives on the setting time of cement CEM I 42.5R and binding material (50 wt.% of

cement CEM I 42.5R + 50 wt.% of opoca) pastes.

Extract Concentration Amount of additive Setting time, Amount of additive Setting time,

of extract (%) by weight hour-minute by weight hour-minute

of cement (%) Initial set  Final set  of binding material (%) Initial set Final set

The water - - 5-50 7-35 - 2-20 3-15
The birch 0.155 0.047 5-50 6-45 0.059 2-10 2-50
The alder 0.255 0.077 6-30 10-20 0.097 2-50 3-20
The fir 0.338 0.1025 8-05 9-25 0.129 2-20 3-40
The hornbeam 0.341 0.103 7-35 9-30 0.130 2-35 3-55
The asp 0.392 0.119 8-05 11-10 0.149 2-30 3-40
Concentrate 0.738 0.223 9-20 12-40 0.281 3-05 4-15

Table 4. Influence of wood extractive additives on the setting time, compressive strength and active portion of reaction products
of cement hydration of steamed and later for 28 days cured cement CEM II/A-L 32.5 and binding material (50 wt.% of cement

CEM II/A-L 32.5 + 50 wt.% of opoca) pastes.

Amount of additive
by weight

Concentration
of extract (%)

Extract

Setting time,
hour-minute

Compressive strength, (MPa) /Amount
of active portion of the reaction products (%)

of binding material (%)

Initial set

Final set After steaming After 28 days

Binding material - cement CEM II/A-L 32.5. The water/cement ratio of all samples - 0.235

Water - - 3-45 4-45 60.08/10.15 78.58/11.68
Extract 1 1.604 0.377 5-30 6-20 49.75/9.92 52.92/11.27
Extract 2 1.943 0.457 13-20 16-40 17.42/6.69 43.17/9.78
Binding material - 50 wt.% of cement CEM II/A-L 32.5 + 50 wt.% of opoca. The water/cement ratio of all samples - 0.37

Water - - 1-55 2-35 30.88/6.67 34.60/10.21
Extract 1 1.604 0.593 2-35 3-05 29.46/6.61 33.67/9.95
Extract 2 1.943 0.719 3-10 3-50 31.34/6.76 35.10/10.50
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tion of reaction products. The general, in the initial
period of hardening (up to 3 days) it was more distinct.
Steaming of reduced activity cement CEM II/A-L 32.5
with the addition of more concentrated wood extract
afforded a more significant decrease of the active por-
tion of reaction products in cement stone in comparison
with control stone. After 28 days of hardening in natu-
ral conditions this difference decreased.

When the binding material of cement with opoca
additive was steamed, there was a similar amount of the
active portion of reaction products of cement hydration
in the composition of cement stone with soluble wood
materials in all cases with respect to control samples
(table 4).

When cement without opoca additive was steamed,
water-soluble wood materials retarded the hydration of
cement. Increasing the concentration of these materials
considerably decreased the compressive strength of
steamed cement stone. Wood extractive additives
(0.457 wt.% of cement) decreased the compressive
strength 3.45 times with respect to control samples. The
subsequent 28-day hardening of samples in natural con-
ditions reduced this difference to 1.82 times.

Even high concentrations of extracts added to the
paste of binding material formed from 50 % of cement
CEM II/A-L 32.5 and 50 % of opoca made the com-
pressive strength of steamed samples the same or bigger
than the strength of control samples. In this case, the
addition of opoca absolutely abolished the harmful
effects of water-soluble wood materials on cement
hydration.

Referring to our study, we assumed that inserted to
the cement systems with hardening water, sugar mole-
cules keep around the cement grain and form an adsorp-
tion layer. Therefore, under the action of molecular
forces cement grains lose the possibility to cohere and
coagulate. The water cannot reach the grains of cement
because of this layer. The formation of such layer is
described in the references [8,13]. The negative influ-
ence of water-soluble wood materials on cement hydra-
tion is explained by adsorption.

The addition of pozzolanic mineral materials (e.g.,
opoca) to cement mixtures decreases the influence of
wood extractives. Because the specific surface of these
additives is much bigger than of cement and the sorp-
tion ability of these materials is higher, the adsorption
of water-soluble wood materials first of all takes place
on the surface of pozzolanic materials and the concen-
tration of extracts decreases. By the way, more water is
required for the preparation of mixtures of cement and
pozzolanic additives. Therefore, water easily gets to
cement grains and facilitates the hydration.

The distinct peaks of minerals of hydrated clinker
on the X-ray diffraction patterns of steamed samples of
cement stone, which was made with more concentrated
extracts (0.457 wt.% of cement) showed a low degree of
cement hydration (figure 1).

The X-ray diffraction patterns of non-hydrated ce-
ment samples (figure 1, curve 3) and the same steamed
cement prepared with wood extract (figure 1, curve 2),
were carried out. Intensive 3-C,S and C;S peaks showed
that there were many non-hydrated minerals in clinker
in the cement stone.

On the X-ray diffraction patterns of steamed ce-
ment mixed with distilled water (figure 1, curve 1) dis-
tinct peaks characteristic of the main cement hydration
product Ca(OH), were seen. The characteristic peaks of
CaCO; were identified too. The above-mentioned peaks
of hydrated clinker minerals were not intensive, imply-
ing that cement hydration without wood extract additive
was considerably more intensive.

X-ray diffraction patterns of samples of steamed
binding material with opoca additive mixed with dis-
tilled water (figure 2, curve 1) and of samples with
wood extracts (figure 2, curve 2) were similar. The most
characteristic peaks of non-hydrated cement (figure 2,
curve 3) minerals (B-C,S and C;S) were not intensive,
showing a large degree of cement hydration. The dis-
tinct peaks of CaCO; and quartz predominated in all
X-ray phase analysis.
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Figure 1. X-ray diffraction patterns of cement CEM II/A-L

32.5.; 1 - mixed with water and steamed; 2 - mixed with extract
2 and steamed; 3 - non-hydrated cement (C;S - alite, B-C,S -
bellite, C;A - tricalcium aluminate, CH - calcium hydroxide, Cc
- calcium carbonate).
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Ca(OH), was not identified in the steamed cement
with opoca additive, because Ca(OH), reacts with opoca
Si0, and forms CSH.

Figures 3 and 4 illustrate the DTA thermograms of
the same samples. All DTA thermograms of CEM II/
A-L 32.5 Portland cement (figure 3) show three main
endothermic effects. The first and largest effect at a
temperature of 150-200°C is the elimination of hydro-
scopic water and the dehydration of the obtained
hydrosilicates. The second effect at a temperature of
470-490°C shows dehydration of Ca(OH),, and the third
endothermic effect at a temperature of 725-740°C is
essentially due to decarbonisation of CaCOs.

The intensity of the endothermic effect at a temper-
ature of 480°C of steamed Portland cement mixed with
alkali wood extractive (0.457 % from Portland cement
mass) (figure 3, curve 2) is lower than the intensity of
Portland cement mixed with water (figure 3, curve 1).
It shows that the addition of wood extractive slows
down the hydration of cement. The low endothermic
effect at a temperature of 465°C of not hydrated cement
(figure 3, curve 3) can be coherent with the dehydration
of a-C,SH which through the hygroscopicity of Port-
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Figure 2. X-ray diffraction patterns of binding material (50 wt.
% of cement CEM II/A-L 32.5 + 50 wt. % of opoca). 1 - mixed
with water and steamed; 2 - mixed with extract 2 and steamed;
3 - non-hydrated binding material (C;S - alite, B-C,S - bellite,
C;A - tricalcium aluminate, Q - quartz, Cc - calcium carbonate,
Cx - cristobalite).

land cement and the humidity of clinker additives (gyp-
sum and limestone) was able to form during the partial
hydration of clinker mineral C;S.

The degree of Portland cement hydration depends
on the concentration of wood extractive. The higher
content of extractives decreases the hydration of
cement.

The DTA thermograms of binding material prepa-
red of equal amounts of Portland cement CEM II/A-L
32.5 and opoca (figure 4) show two endothermic effects
at temperatures of 110-200°C and 785-800°C and one
exothermic effect at 855-890°C. The first endothermic
effect, exactly as in the case of Portland cement without
opoca additive, shows elimination of hygroscopic water
and dehydration of hydrosilicates; the second endother-
mic effect is essentially due to decarbonisation of
CaCQO; of opoca. The endothermic effect of dehydration
of Ca(OH), is not displayed, because Ca(OH),, which
separates during the hydration when specimens are
steaming, reacts with SiO, of opoca and forms CSH (I)
type hydrosilicates. The exothermic effects at a temper-
ature of 855-875°C confirm the formation of this type of
hydrosilicates. This effect is principally related to the
conversion of CSH (I) to volastonite. Unhydrated bind-
ing material has no CSH (I). The exothermic effect at a
temperature of 890°C (figure 4, curve 3) is connected
with the formation of volastonite from the CaO (decar-
bonisation of CaCOs) and SiO, of opoca.

The DTA thermogram (figure 4, curve 2) of Port-
land cement with opoca additive and mixed with alkali
wood extractive is almost identical to the thermogram
(figure 4, curve 1) of binding material mixed with water
and steamed. Thus, in both cases Portland cement
hydration is almost the same.

The DTA analyses are in good agreement with
XRD data. It shows that opoca is an effective additive
which decreases the harmful influence of wood extrac-
tives on the hydration of Portland cement.

Our study confirmed the expediency of employ-
ment of mineral additives (opoca) with a large specific
surface. The influence of additive particle fineness on
these processes is not yet clear.

— AT (°C)

200 400 600 800
temperature (°C)

1000

Figure 3. DTA thermograms of cement CEM II/A-L 32.5: 1 -
mixed with water and steamed; 2 - mixed with extract 2 and
steamed; 3 - non-hydrated cement.
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Figure 4. DTA thermograms of binding material (50 wt. % of
cement CEM II/A-L 32.5 + 50 wt. % of opoca): 1 - mixed with
water and steamed; 2 - mixed with extract 2 and steamed; 3 -
non-hydrated binding material.

The aim of the third stage of our work was to deter-
mine the influence of the specific surface (the grinding
degree) of opoca on CaO binding rate and pozzolanic
activity and to investigate the dependence of adsorption
ability upon the specific surface.

Five fractions (in mm) of opoca were employed for
investigation: I - 0.9-0.63; II - 0.63-0.315; III -
0.315-0.14; IV - 0.14-0.05; V - < 0.05.

Data on the determined conditional specific surface
of different fractions of opoca are presented in table 5.

Table 5. Specific surface area of different fractions of opoca.

Fraction (mm) Specific surface area (m’/kg)

0.9-0.63 230
0.63-0.315 340
0.315-0.14 600
0.14-0.05 785

<0.05 1125

Table 6. Kinetics of CaO binding with opoca of different spe-
cific surface area.

Specific surface area (m*/kg)
1125 785 600 340 230
Amount of bound CaO (mg/g)

Time (days)

2 16 15 15 13 12
4 32 30 29 26 24
6 53 49 46 43 40
8 76 69 64 56 53
10 100 93 &3 76 67
12 122 112 99 90 74
14 145 128 114 102 84
16 165 147 128 117 95
18 181 164 141 127 103
20 198 175 152 134 110
22 219 190 164 145 121
24 233 200 174 149 125
26 248 212 184 156 130
28 266 229 196 164 138
30 281 241 210 172 144

The influence of opoca specific surface area on the
binding rate of CaO was not constant (table 6).

At the initial stage of the experiment (till 8 days)
the largest opoca fraction (230 m*/kg) bound CaO by
20-25 % less than the smallest (1125 m*/kg). Later this
difference grew up and after 30 days reached almost
50 %.

At the same time the pozzolanic activity (binding
of CaO during a month (15 titration)) of opoca of dif-
ferent specific surface area was investigated (figure 5),
because the references refer only to data of samples
obtained through a 80 pm sieve. Pozzolanic activity
greatly depends on the specific surface area of opoca.

Equation y = 15.2 x**' most optimally describes the
dependence of pozzolanic activity y of opoca upon its
specific surface area x.

Different fractions of opoca were poured with a
glucose (the main carbohydrate in extracts of different
wood species) solution at a concentration of 0.3 % and
the dependence of its adsorption ability upon particle
fineness was investigated. The mixture in some inter-
vals of time was stirred. After 2 and 24 hours the
remaining concentration of glucose was determined by
the method of iodometric adsorption. The initial level of
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Figure 5. Influence of opoca specific surface on its pozzolanic
activity.
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Figure 6. Change of 0.3 % glucose solution concentration after
2 and 24 hours of adsorption with an opoca of different speci-
fic surface area.
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glucose solution concentration was equated to 100 %.
The data on glucose concentration level after 2 and 24
hours of adsorption with an opoca of different specific
surface area are presented in figure 6.

The data showed that at the initial stages of hard-
ening of cement sawdust concrete, the biggest influence
of particle fineness of the pozzolanic additive was
exerted on the additive adsorption properties. Immedi-
ately after mixing of sawdust concrete with water,
adsorption of separating wood extracts by the opoca
began. From time to time a new proportion of extracts
was separated, but at the same time its adsorption by the
opoca intensified.

At the later stages of hardening, the influence of
additive's particle fineness on the binding of separating
Ca(OH), increased. It can be maintained that the higher
fineness of the pozzolanic additive was the reason for
the higher definitive compressive strength of concrete.

CONCLUSION

1.An alkali medium dissolves much more wood extrac-
tives than water. Under the influence of Ca(OH), he-
micellulose disintegrates into soluble sugars.

2.Sugars retard the hydration of Portland cement.

3.Cement hydration, setting and hardening depend on
wood extract concentration and don't depend on wood
species and preparation method.

4.Addition of pozzolanic mineral materials, e.g., opoca,
to cement mixtures decreases the harmful retarding
effect of wood extractives. Because the specific sur-
face of pozzolanic additives is much bigger than of
cement and the sorption ability of these materials is
higher, adsorption of water-soluble wood materials
first of all takes place on the surface of pozzolanic
materials and the concentration of extracts decreases.

5.The amount of free lime bound by pozzolanic materi-
al is an indication of its pozzolanic activity. This
property depends greatly on the specific surface area
of pozzolana. The influence of opoca specific surface
area on the binding rate of CaO varies with time.

6.The most optimal equation to describe the depend-
ence of opoca pozzolanic activity (y) on its specific
surface area (x) is y = 15.2x"*'.

7.At the initial stages of cement hardening the biggest
influence of particle fineness of opoca additive is
exerted on its adsorption properties.

8.At later stages of hardening, the influence of opoca
additive particle fineness on its pozzolanic properties
(binding of separating Ca(OH),) increases.
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HYDRATACE CEMENTU ZA PRITOMNOSTI DREVNICH
EXTRAKTU A PUCOLANOVYCH MINERALNICH PRISAD

GIEDRIUS VAICKELIONIS, RITA VAICKELIONIENE

Faculty of Chemical Technology,
Kaunas University of Technology
Radvilenu str. 19, 50254 Kaunas, Litva

V této praci byla zkoumana schopnost snizovani skodlivé-
ho vlivu dievnich extraktl za pfitomnosti pucolanovych mineral-
nich pfisad a karbonatové opoky. Byl zkouman vliv riznych
druht dfevnich extrakti na dobu a prubéh tuhnuti dvou typl
portlandského cementu - CEM 142.5 R a CEM 1I/A-L 32.5. Bylo
zjisténo, ze hydratace cementu a jeho tuhnuti zavisi na koncen-
traci dfevniho extraktu a nezavisi na druhu dfeva a zpisobu
jejich pripravy. Vliv extrahovatelnych pfisad na pojivovy mate-
rial (Cisty cement a cement s pfisadou opoky) byl posuzovan
podle doby tuhnuti pasty pojivového materilu, aktivniho podilu
reak¢nich produkti pfi hydrataénich zménach cementu, pevnosti
cementového kamene a rentgenové difrakce ztuhlého cemen-
tového kamene. Vysledky vyzkumu ukazuji, ze dfevni extrakty
snizuji hydrataci cementu a pucolanové ptisady tento vliv ucin-
né¢ zmensuji. Byla potvrzena vhodnost pouzitych mineralnich
piisad (opoka) s velkym specifickym povrchem a dale bylo
zjisténo, ze povrch opoky ma vliv na vazani CaO. Specificky
povrch opoky ovlivituje jeho pucolanovou aktivitu a adsorpcni
schopnost. V pocatec¢nich fazich tuhnuti cementu byl pozorovan
nejsilngj$i vliv zrnitosti castic pfisad opoky na jeji adsorpéni
vlastnosti. V pozd¢jsich fazich tuhnuti se zvySoval vliv zrnitosti
Castic piisad opoky na jeji pucolanové vlastnosti (vazani vyluco-
vaného Ca(OH),).
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Obituary

DIMITRIJ LEZAL - IN MEMORIAM

A few weeks ago, he was enthusiastically solving
problems related to three scientific grants and support-
ing postgraduate students in their work, and now he is
no longer with us...

Ing. Dimitrij Lezal D.Sc. was born June 28, 1933,
in Prague and stayed loyal to this city his entire life.
Since childhood he was an active athlete, playing bas-
ketball on a competitive level, and later working as a
referee. In 1958, he graduated from the Institute of
Chemical Technology in Prague. He started his profes-
sional career in CKD Polovodi&e, where he worked as a
researcher for ten years, and devoted himself to the
preparation of pure substances and the research of mate-
rials. In 1965, he defended his postgraduate thesis at the
Institute of Chemical Technology in Prague, on the
topic "Preparation and characterization of ultra-pure
indium arsenide". For the next twelve years, he worked
as a researcher in the Institute of Radio Engineering and
Electronics of the Academy of Sciences, Czech
Republic (ASCR). In 1979 he completed a six-month
UNESCO fellowship at the University of California
under the leadership of Professor Mackenzie. In 1980
he began working at the then Joint Laboratory of
Chemistry and Technology of Silicates, where he ini-
tially worked on the preparation of ultra-pure raw mate-
rials for light-conducting fibers. He remained at the
facility after its transformation to the independent
Institute of the Chemistry and Ceramic Materials of
Glass. In 1989 he defended his thesis on the purification

and characterization of substances for optics and elec-
tronics to obtain a Doctor of Science degree. In 1990 he
was elected by the Scientific Board as director of the
Institute. He devoted tremendous time and energy to the
management of the Institute. Through no fault of his
own, the Institute was dissolved as part of the reorgani-
zation of the ASCR - a move we now realize was a ques-
tionable wise one. Although he was dismayed by the
dissolution of the Institute, he did not allow anyone to
dampen his enthusiasm for further scientific work and
continued to work in the Laboratory of Inorganic
Materials on the preparation and characterization of
chalcogenide and chalcohalogenide glasses and heavy
metal oxide glasses. In recent years, he focused on the
preparation of active optic fibers from rare earth-doped
glasses, which are used in laser optics and optic fibers.
He was a world-renowned expert in this field, as we can
see for example from the long-term cooperation with
the University of Rennes and other leading experts from
Brazil, Germany and Slovakia. Dr. Lezal also dedicated
his time to coordinating large-scale cooperation within
international projects. For his successful cooperation
and coordination of projects, he was granted a medal of
honor by the Slovak University of Technology in
Trnava. In addition to international projects, Dr. Lezal
acted as a researcher in many grant projects supported
by national science foundations. He was a prolific pub-
lisher, as expected from an expert at such a level. In
addition to three monographs, he is the author of more
than one hundred publications in important internation-
al scientific journals. He gave many lectures at interna-
tional conferences, some of which were invited lectures.
Some of his results can be designated as pioneering, as
seen in their practical application. This includes the
application of optic fibers in the health industry, espe-
cially in laser surgery, procedures for the preparation
and purification of substances and glasses used in opto-
electronics, as used for example in CKD Polovodi¢e and
in Tesla Roznov. His pedagogical activities are also
worthy of praise. In addition to training many postgrad-
uate students, he gave lectures for postgraduate courses
at the Institute of Chemical Technology in Prague and at
the Faculty of Technical and Nuclear Physics, Czech
Technical University in Prague. He was a member of the
Committee for Lasers and Optic Fibers of the Purkyne
Society. Last but not least, he worked as a member of
the editorial board and was an important contributor to
our journal.

In the last few years, he bravely endured health
problems and worked up to the last moment. He passed
away unexpectedly following a short hospital admission
on February 21, 2006. With the passing of Dr. Lezal, the
scientific community has lost an enthusiastic expert,
teacher, colleague and good individual loyal to his
country.
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Notes for contributors

NOTES FOR CONTRIBUTORS
SCOPE OF THE JOURNAL

Ceramics-Silikaty accepts manuscripts dealing with chemistry and physics of ceramics, glass, and other
modern inorganic and hybrid materials. Manuscripts must bring original results of scientific value
regarding the materials synthesis, analysis, characterization, study of physical and chemical properties,
application, or practically motivated modeling of these aspects. Reports with purely technological impact
and/or with a lack of more general value or experimental substantiation will not be accepted.

MANUSCRIPT FORM

Abstract must contain most important and new discoveries, observations or ideas. It is a condensation of
the essential results of the paper and not a mere list of the subjects covered in the text. Abstract must
clearly relate the topic, methods used, and especially original results and conclusions. Do not repeat
information given in the title or refer to the literature in the abstract. Write your abstract in such a man-
ner that it can be directly used by world abstract journals and other information-retrieval systems, where
you would not expect to find a poorly written, superficial contribution. Abstract should not exceed 250
words and it is not sectioned into paragraphs.

Keywords: Authors should propose 3 to 5 key words suitable for literature databases.

Figures should be attached in duplicate at the end of the manuscript, each on a separate sheet. Addition-
ally, electronic versions are required. Preferable formats for graphs are: *.wmf (windows metafiles), files
in Excel, Origin, Grapher and Adobe Illustrator, version 7 or 8.

Photographs have to be perfectly sharp and with adequate contrast on white glossy paper. Please also
include the electronic version in TIFF format (possibly with LZW compression) scanned at least at 300
DPI. If necessary, compress data as *.zip or *.rar archives.

References should be marked in the text with the numbers in square brackets, e.g. [1] or McAdams [2].
Please use the following examples to format references.

Articles: Greene C.H., Platts D.R.: J.LAm.Ceram.Soc. 52, 106 (1969).

Books: McAdams W.F.: Heat Transmission, 2nd ed., p.196-294, McGraw-Hill, New York 1942.

Proceedings: Porod G. in: Small-angle X-ray Scattering, p.17-51, Ed. Glatter O., Kratky O., Academic
Press, London 1982.

MANUSCRIPT SUBMISSION

Please send two hardcopies of the manuscript, if possible together with its electronic version, preferen-
tially as e-mail attached files. Suitable are native *.doc files of MSWord, or *.rtf. The hardcopy of the
final (revised) version of manuscript should be accompanied by its electronic version including figures
either attached to e-mail or on a 3.5" DOS-formatted diskette. In addition, the e-mail addres of the cor-
responding author is to be included.

Editor: Executive Editor:

Miloslav Bartuska Jaroslav KlouzZek

Department of Glass and Ceramics Laboratory of Inorganic Materials
Institute of Chemical Technology Institute of Chemical Technology
Technicka 5, 166 28 Prague Technicka 5, 166 28 Prague

Czech Republic Czech Republic

tel.: +420 220 444 002 tel.: +420 266 009 423

fax: +420 220 441 082 fax: +420 266 009 421

E-mail: klouzekj@yvscht.cz

124 Ceramics — Silikdty 50 (2) 124 (2006)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>






    /TUR <>
    /HEB <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


