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Abstract—The effect of freezing and thawing on the rheological behavior of illite suspensions was studied
by examining viscosity and plasticity. Stability of suspensions was characterized by a hysteresis loop of
thixotropy. Thermal gravimetric and differential scanning calorimetry analysis were also used. After initial
freezing and thawing, the flow curves of the suspensions show an increased viscosity, an “‘irregular up
line”, and a greater hysteresis loop of thixotropy. The ratios of mean viscosity of previously frozen (F)
and control (O) samples (n/1,) for non-expandable 2:1 phyllosilicates ranges from 1.3 to 2.1. Addition
of monovalent (0.1% Na,Si0O;) and divalent cations (0.3% CaCl, or BaCl,) increase and decrease the
shear-stress difference between F and O samples, respectively. Prior freezing of clay samples results in
an increase of plasticity by ~20-30%. The thermal analysis data of F samples show an increase in weight
loss, and a decrease in enthalpy of dehydration. The changes of physico-chemical properties from cycles
of freezing and thawing are long lasting. The freezing memory effect of illite-type clays is expected to
play an important role in ceramic processing, i.e., casting processes, plastic formation, and sintering.
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cosity.

INTRODUCTION

Freezing is a technological method to change the
plasticity of clay materials (Salmang and Scholze,
1982; Schwinka and Mortel, 1995a). The thermal be-
havior of illite is of special interest because the pres-
ence of illite can have a profound effect on the prop-
erties of clay products. Some studies highlight mac-
rostructural changes, such as orientation and stratifi-
cation of particles in natural clays subject to freezing
and thawing (e.g., Schababerle er al., 1988). Other
studies consider the plasticity of clays as they undergo
freezing and thawing (Mortel et al, 1995; Schwinka
and Mortel, 1995b). Cyclic freezing-thawing of clay
suspensions may result in dispersion and orientation
changes of clay particles, oxidation of admixtures,
changes in cation adsorption of the clay surface, and
changes in the electrolyte composition of the bulk so-
lution. The latter two processes result in the change of
contact between particles (Schababerle er al., 1988;
Kumor, 1989). There is considerable research on
changes occurring in adsorbed and/or bound water of
clay suspensions with increasing temperature (Sposito
and Prost, 1982; Xu and Yoon, 1989; Murad and Wag-
ner, 1996; Guo et al., 1997). Although much is known
of rheological behavior of clays during heating, little
is known about the effect of freezing-thawing cycles
on the physico-chemical properties of clays.

The goal of this investigation is to study the effect
of cyclic freezing on the physico-chemical properties
of different illite clay suspensions. Characteristics of
interest in this study include viscosity, plasticity, sta-
bility as characterized by a hysteresis loop of thixot-
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ropy, and the intensity of exothermic and endothermic
reactions as measured by thermal analysis.

MATERIALS AND EXPERIMENTAL METHODS
Clay materials

llite clays from Latvian deposits (Table 1) were
studied. The mineralogy of these clays is shown in
Table 1. Chemical analyses of the =<1-um fractions are
given in Table 2. These fractions were used for thermal
analysis. The fractions generally contain ~90% illite
and 5-10% of kaolinite. Other samples used include
kaolins (Zetlitz, Sedlec, Czech Republic and Prosja-
novsk, Ukraine), and a bentonite (Askangel, Georgia).

About 1 kg clay was ground to =200-um particle
size. The sample was divided into five parts, 200 g
each. The l-pm size fraction was then separated by
sedimentation. For viscosity measurements, the clay
concentration in suspension was 45-60 wt. % and 70—
80 wt. % for the plasticity measurements. The cation-
exchange capacity (CEC) for each investigated sample
is presented in Table 3. The CEC was estimated using
the methylene blue index (Kahr and Madsen, 1994;
Funk, 1996) and NH,C] method.

Experimental procedure

For the viscosity measurements, two samples (200
g each) were dispersed overnight with deionized water
using a propeller mixer (490 min!) to obtain two 250
mL of clay suspension. One part (F) was frozen, the
other used as a control (O) was kept at room temper-
ature (20°C). Each suspension was maintained so that
the water content was uniform during the experiment.
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Table 1. Mineralogical compositions (wt. %) of clay samples.

Deposit Size fraction Tllite Kaolinite  Chlorite Quartz Dolomite Calcite Montmorillonite
Liepa (Devonian) =200 pm 50-55 8-10 — 25-30 =2 — —
Liepa (Devonian) =1 pm 90 10 — — — — —
Kuprava (Devonian) =200 pm 75-80 5 — 15-20 =3 5-10 —
Kuprava (Devonian) =1 pm 95 5 — — — — —
Liberti (Quaternary) =200 pm 40-45 8-10 3 15-20 4-8 3-5 —
Liberti (Quaternary) =1 pm 80 15 5 — — — —
Usma (Quaternary) =200 pm 40-50 5-10 5 10-15 5-10 10-15 —
Tumuzi (Quaternary) =200 pm 50-60 10 3 5-10 10 15 —
Kaolin (Zetlitz, Czech Republic) =200 pm — 95 — 5 — — —
Kaolin (Prosjanovsk, Ukraine) =200 pm 10-15 75-80 — 5 — — -
Bentonite (Askangel, Georgia) =200 pm 10-15 — — 5-10 — — 60-75

The procedure was: (1) F samples were frozen for 24
h at —20°C and O samples were maintained for 24 h
at 20°C; (2) both samples were maintained an addi-
tional 24 h at 20°C; (3) samples were mixed for 2 h;
(4) viscosity was measured with a Rheomat 200; (5)
viscosity was measured daily for 12 d after each sam-
ple was mixed for 2 h prior to the measurement. The
procedure was repeated 68 times. Freeze-thawing cy-
cles are defined by (1) + (2). In some experiments
two to five freezing-thawing cycles were performed.
Salt treatments were made also. At stage (1) or (3),
sodium silicate (Formsil D; 22.14 wt. % SiO,, 22.61
wt. % Na,O, 55.25 wt. % H,0 determined by loss on
ignition at 1000°C) was added in concentrations of
0.1-04 wt. % (number of samples, n = 36). CaCl, or
BaCl, were used in concentrations of 0.05-0.4 wt. %.
Viscosity was determined by measuring shear stress
7. Each time a certain value of shear rate D (s~!) was

Table 2. Chemical analyses of illite (<1-pum size) from Ku-
prava and Liepa Latvia (wt. %).

Chemical composition Kuprava clay Liepa clay
SiO, 50.75 44.70
Al O, 20.04 25.60
Fe,0, 9.13 10.47
FeO 0.37 0.42
TiO, 0.50 0.95
CaO 1.67 1.16
MgO 3.45 2.95
Na,O 0.00 0.11
K,O 6.01 5.10
Loss on Ignition 6.74 8.20
Tetrahedral position
Sit+ 3.45 3.03
Al 0.55 0.97
Octahedral position
AP+ 1.13 1.08
Fe3+ 0.47 0.55
Fe?* 0.02 0.02
Mg?* 0.35 0.30
Interlayer position
K* 0.52 0.45
Ca?* 0.12 0.08
H,0* 0.36 0.47
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applied, the corresponding shear stress T (MPa) was
determined and flow curves were recorded. Measure-
ments were performed under the following conditions:
D was increased linearly, from 5 to 350 s~!, over a
period of 300 s. D was then reversed in direction to 5
s~! in 50 s. Each curve per direction (“‘up” refers to
increase, ‘“‘down” refers to decrease) consisted of ten
measuring points sampled against D.

Under a given D, the absolute value of viscosity 7
was calculated as m = 7/D. For some samples, the ratio
Me/Me was calculated, where mg is the mean viscosity
2 d after freezing and m,, is the control viscosity with-
out freezing. Thixotropy was characterized by a 7-D
curve, iLe., an irregular up line and a large hysteresis
loop of thixotropy.

For plasticity measurements, 600 g of dry clay were
used to create a paste with a clay concentration ~70—
80 wt. %. The experimental procedure for the plastic-
ity measurements differed only in stages (3) and (4).
In this case, (3) involved 10 min kneading of the clay
and (4) involved the determination of plasticity using
the shear-strength testing method of Schober (1991).
Each sample of 100 g was used only once. The sam-
ples (1-cm thick layers) were placed between two rif-
fled metal plates (60 X 60 mm), and the shear strength
(N/mm?) as based on shear displacement (mm) was
measured. The maximum value of shear strength is
characteristic of the plasticity of the clay sample.

Thermal gravimetric (TG) and differential scanning
calorimetry (DSC) experiments were performed.
Twenty mg samples (=1-pm fraction) prepared in the
same way as for viscosity measurements were dried at
60°C and analyzed. The samples were equilibrated at
a common relative humidity prior to the thermal anal-
ysis. Each sample was kept at 60°C for 12 h.

Student’s paired t-test was used for the determina-
tion of statistical significance. Probability <0.05 was
considered statistically significant.

RESULTS
Viscosity measurements

After freezing, the flow curves of the suspensions
exhibit increased viscosity, an irregular “up” curve,


https://doi.org/10.1346/CCMN.1999.0470605

720

Schwinka and Mortel

Clays and Clay Minerals

Table 3. Cationic-exchange capacity (mg eq/100 g) of clay samples.

S, (Na* + K* + Ca?*

Deposit Na* K+ Ca?* Mg+ + Mg*)
Liepa Devonian (grain size =200 wm) — 2.0 9.9 3.4 15.3
Kuprava Devonian (grain size <200 pm) 1.0 1.0 11.9 9.7 23.7
Tumuzi (grain size =200 pm) 0.4 1.0 6.5 4.6 12.5

and a larger hysteresis loop of thixotropy relative to
O samples (Figure 1, hysteresis loop shown by shad-
ing). After aging 6 d, the shear strain difference be-
tween F and O samples remains (Figure 1b). The vis-
cosity difference of freezing-thawing cycles between
F and O samples corresponds to: expandable 2:1 phyl-
losilicates > non-expandable 2:1 phyllosilicates > 1:
1 phyllosilicates.

The ratio ny/me is a measure of sensitivity of dif-
ferent clays to freezing. Thus, the ratio mg/ng is ob-
served as 1.0 for kaolin (Zetlitz, Czech Republic), 1.1
for kaolin (Prosjanovsk, Ukraine), and 1.8-2.8 for
bentonite (Askangel, Georgia). The illite clays from
Latvian deposits show the ratio ns/mg from 1.3 to 2.1.
The ranges given represent the values of 6-8 mea-
surements for each specimen.

Plasticity measurements

The effect of freezing is observed in suspensions
containing 45-60 wt % clay and in pastes with 70-80
wt. % clay. The dependence of shear strength on shear
displacement shows differences between the F and O
samples (Figure 2). Freezing produces an increase of
shear strength by ~20-30%. Repeated freezing further
enhances the shear-strength difference between F and
O (Figure 2, F,).

Thermal-analysis data

TG analysis shows a greater weight loss by F sam-
ples as compared to the controls (Figure 3). There is
significant (p < 0.005) weight loss in the interval of

a

Shear stress, T x10°, (MPa)

| 2 3
Shear Rate, Dx10, (S™)

Figure 1.

60-180°C, which is related to loss of physically ad-
sorbed water (Post et al,, 1992). This weight loss is
3.21 = 0.45 (mean, standard error, n = 7) and 2.69 *
0.40 (n = 6) for F samples and O samples, respec-
tively. From 450 to 580°C, the effect is less pro-
nounced. The weight loss is observed also in unfrac-
tionated samples =200 pm (not shown).

The DSC analysis (Figure 4) is consistent with the
influence of freezing as determined by TG analysis on
illite. Differences exist between O and F clays in the
endothermic DSC-peak at 50-180°C (adsorbed water)
and at ~550°C which shows the loss of chemically
bonded water. In Figure 4a the enthalpy of dehydration
in the 50—150°C interval in F decreases to 20.64 J/g
as compared to O (30.14 J/g). The decrease of adsorp-
tion enthalpy after freezing is observed by thermal
analysis in illite from all deposits.

The d(001)-value does not appear to change after
the freezing-thawing cycles. X-ray diffraction experi-
ments (not shown) demonstrated that there are no
shifts in the diffraction peaks of illite after freezing.

Influence of aging on the effect of freezing memory

Figure 5 illustrates both freezing and aging effects.
The difference of mean viscosity between F and O
samples is observed even after 14 d (e.g., Figure 5,
Tumuzi). For the sample from Liberti, the viscosity
difference increases with aging. However, note that in
kaolin the freezing does not lead to noticeable changes
of viscosity (Figure 5).
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Flow characteristics of clays after freezing. F = sample after freezing, O = control; (a) samples at the first day

after freezing, (b) aging in 6 d; clay samples from Tumuzi deposit.

https://doi.org/10.1346/CCMN.1999.0470605 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1999.0470605

Vol. 47, No. 6, 1999

> a
Y 207

g

2 154 F2
o=l F,
%0 1.07 0]
Pat

w054

§ W =217 wt.%

v

e

0 1 2 3

Shear displacement, (mm)

Illite type clays after cycles of freezing and thawings

721

" b
S 504
Né F 2
E 151
z gl
£ 104
50 1.
=
“ 0.5
g W=21.5wt%
=
7 .
T 1 I 1
0 1 2 3 4

Shear displacement, (mm)

Figure 2. Effect of repeated freezing on plasticity of clay from (a) Liepa and (b) Liberti deposits. F, = once frozen, F, =
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Salt treatment and effects on freezing memory

Note that the addition of electrolytes remarkably af-
fects the freezing effects. Thus, sodium silicate at con-
centrations of 0.1 wt. % increases the hysteresis loop
of thixotropy of both F and O samples (c¢f., Figure 6a
vs. 6¢) as well as the shear stress difference between
F and O samples during the aging process (¢f.,, Figure
6d vs. 6b and 6¢). Higher concentrations of sodium
silicate (0.25 wt. %) result in an opposite effect—the
decrease of the freezing-induced mean viscosity dif-
ference during aging (Figure 5, Kuprava). Similar ef-
fects were observed by addition of sodium silicate
both during freezing at stage (1) and after freezing at
stage (3). This is illustrated in Table 4 where the dif-
ference of the mean viscosity 1 between F and O sam-
ples is shown at the fourth day when freezing was in
the presence of sodium silicate (0.25 wt. %) applied
at stage (1). The difference of m is significant (p <
0.001) and nearly identical for 0.25 wt. % sodium sil-
icate at stage (3) (Figure 5, Kuprava, aging 4 d).

In the presence of divalent cations, Ca** or Ba?",
the difference between F and O samples decreases.
Figure 7 shows that in the suspension containing 0.3
wt. % CaCl, the difference of shear strength between
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F and O samples is reversed. Figure 8 demonstrates
that O is much more sensitive to the addition of 0.25
wt. % BaCl, as compared to F sample.

The data involving electrolyte effects on the DSC
curves support the results from viscosity measure-
ments. The difference in enthalpy between F and O
samples for the DSC peak at 50-150°C is lower when
0.4 wt. % CaCl, is added [Figure 4b, A = 0.80 (J/g)]
compared to samples without added salt [Figure 4a, A
= 9.50 (J/g)]. The decrease is due to both the increase
of peak energy in F and a decrease of peak energy in
O samples (Figure 4b).

Mineralogical influence on the memory effect of
freezing

The Kuprava and Tumuzi clays exhibit greater rhe-
ological changes after freezing compared to samples
from Liepa and Liberti. The more pronounced effects
of the Kuprava clays correlate with increased CEC
(Table 3). Moreover, Kuprava and Tumuzi clays have
comparatively large illite contents. Thus, the freezing-
memory effect depends also on the mineralogical com-
position of the clays. Kaolin, which demonstrates only
horizontal ice structures upon freezing (Schababerle et
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Figure 6. Flow characteristics of clays after treatment with sodium silicate: (a) after freezing for 1 d; (b) after aging for 6
d; (c) after freezing for 1 d with 0.1 wt. % sodium silicate added at stage (3); and (d) after aging for 6 d with 0.1 wt. %
sodium silicate added at stage (3). Clay samples from Kuprava deposit. F = sample after freezing; O = control.

al., 1988), does not show a noticeable freezing-mem-
ory effect.

DISCUSSION

The experiments suggest that the clays with 2:1
layer structures are affected by freezing, presumably
because of structural differences compared to other
clays. Freezing results in changes of viscosity, plas-
ticity, and thermal behavior. The shear-thinning be-
havior of 7-D curves after freezing indicates that the
clay particles form a connected network. Viscosity
decreases when the network is sheared because it is
broken into smaller flow units. Although the details
of the network structure are not determined, the net-
work strength is probably related to interparticle po-
tentials. It is likely that in special conditions after
freezing-thawing cycles, the electrostatic part of the
total potential is lowered and an additional short-
range hydration potential is responsible for the rhe-
ological behavior of the clays. Chang ef al. (1994)
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suggested that such potential is effective relative to
other potentials only for interparticle-separation dis-
tances =5 nm. The observed increase in the adsorbed
water after freezing based on weight loss supports
this interpretation. However, the lack of change in d-
value after freezing-thawing in X-ray experiments in-
dicates that freezing did not affect the amount of un-
derlayer H,O, but H,O molecules may have become
repositioned. Our data involving added salts are in
qualitative agreement with this suggestion. The hy-
dration potential becomes effective only when the
amount of salt added is sufficient to produce a hy-
dration layer and to decrease the electrostatic poten-
tial barrier. Apparently, this occurred by addition of
low concentrations of Na,SiO,. In contrast, by adding
CaCl, or BaCl,, divalent cations can decrease the lay-
er of structural water bound to the surface by coun-
terions. It is well known that divalent cations form a
much thinner hydration layer compared to monova-
lent cations (Krause et al., 1982).
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Table 4. Effect of freezing-thawing on the difference of the
mean viscosity () X 10?) for clay from Kuprava with 0.25%
Na,SiO; added at the stage (3) of the experiment.

lF ZO
199.77 116.52
175.83 110.00
179.66 106.99
176.69 100.11
168.29 107.72
169.41 103.59
Statistical parameters
3N 6 6
Mean 178.28 107.49
4SD 11.41 5.62
SSE 4.66 2.29
Sp < 0.001

! F—Sample after freezing.

2 O—Control.

3 N—Number of experiments.
4 SD—Standard Deviation.

5> SE—Standard Error.

6 p—Probability.
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Figure 7. Effect of 0.25 wt. % BaCl, on the flow curves of

F and O Liepa samples. The experiment is performed after
the first day and after freezing. BaCl, added at stage (1) of
the procedure.

https://doi.org/10.1346/CCMN.1999.0470605 Published online by Cambridge University Press

Schwinka and Mortel

Clays and Clay Minerals

i 0 + BaCl,
st
2
= . F+BaCl,
Q 2 F
5 11
%
0 + t + t >
1 2 3 4
Shear rate, Dx10°,(8")
Figure 8. Flow curves after prior freezing of clays (a)

without electrolyte and (b) with 0.3 wt. % CaCl,. F =
sample after freezing, O = control. (a) and (b) involve
samples from Liepa deposit after the first day and after
freezing; (b) 0.3 wt. % CaCl, added at stage (1) of the
experiment.

The effect of freezing memory seems to be very
sensitive to the electrolyte content of the samples.
This conclusion is supported by the data of Schba-
berle er al. (1988) where the role of the cations ad-
sorbed on the clay surface and the composition of the
bulk solution on structural changes caused by freez-
ing in montmorillonite (Schbaberle ez al., 1988) was
shown. The influence of exchangeable cations on the
amount of non-frozen water in the frozen paste of
montmorillonite was demonstrated by Suzuki et al.
(1988).

In summary, our study demonstrates: a) pretreat-
ment by freezing of illite leads to an increase of vis-
cosity and plasticity by 20-40% and 20-30%, respec-
tively; b) nonlinear shear stress-shear rate curves in-
dicate that a structural network exists in suspensions
of previously frozen clays; c¢) the effect involving
freezing memory is very susceptible to electrolyte
content of the clay samples, electrolyte type, and the
concentration in bulk solution; and d) the thermal anal-
ysis data of previously frozen clays shows an increase
in weight loss and a decrease of enthalpy of dehydra-
tion at 50-180°C.

The mechanism of the changes induced by prior
freezing remains unclear. A better understanding of the
effect of freezing-thawing cycles on rheological prop-
erties of illite slurries may be important in ceramic
processing. Previous freezing results in an increase of
duration of the casting process, improvement of plastic
formation, and energy economy in sintering. Freezing
results in a decrease in texture formation and porosity
and an increase in mechanical strength in ceramic ma-
terials.
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