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The performance of ceramic tiles is highly affected by the quality of the glaze
layer. This study focuses on the rheological characterization of floor tile glazes. For this
purpose, rotational and oscillational analyzing methods, which provide extensive
information on deformation and rheological behavior of glaze suspensions, were used
to promote the chances of achieving perfect surfaces. In the study, keeping other
variables constant, the influence of the addition of two additives, commonly employed
for optimizing the rheological behavior of the glaze suspensions, was investigated.
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These additives were sodium tripolyphosphate (STPP) as a dispersing agent and
sodium carboxymethylcellulose (CMC) as a plasticizer agent. As known, dispersants
modify the rheological behavior of glaze suspensions by reducing the attractive forces
among ceramic particles, which prevents the slurry from agglomerating. Plasticizers or
adhesion agents act as the binder and play their role in water retention. Moreover, they
increase the uniformity of the suspensions and prevent application and drying cracks.
Adopting both rotational and oscillational techniques we were able to characterize
different aspects of rheological behaviors of glaze suspensions such as dynamic
viscosity, thixotropy, viscoelastic, and settling behaviors, coping with increasing ratio
of CMC or STPP content. The results showed that the rheological behavior of floor tile
glazes was highly dependent on the ratio of the rheology modifier agents. Moreover,
flow behavior can be affected by both CMC and STPP content of floor tile glazes, where
higher ratios of STPP content can alter pseudoplastic flow (or shear-thinning) behavior
to dilatant flow (or shear-thickening) behavior. Furthermore, the viscoelastic region,
yield point, and settling behavior of glaze suspensions were highly influenced by the
type and ratio of rheology modifier agents.

INTRODUCTION

Ceramic glazes which are a thin glassy layer that covers the ceramic bodies are
important for both aesthetic and functional matters [1-3]. Regarding both decorative
and functional properties of ceramic glazes, many variables should be considered as
main topics: these are raw materials, particle size distribution, microstructure, sintering
parameters, rheological aspects, etc. The performance of final ceramic products is
highly affected by the quality of the surface (glaze) layer. Thus, there are many studies
in the relevant literature based on modifications of the surface properties of ceramic
glazes. Different aspects of performance improvement were studied in these papers,
which can be summarized as follows: the effects of sintering and process parameters
[4,5], raw materials [6-8], glaze rheology [9,10], microstructure [11,12], and
environmental interactions [13,14].

The rheological behavior of glaze suspensions plays an important role in ceramic
glazes. An unstable suspension can cause significant difficulties during production and
lower the quality of the final product [9]. Glaze suspensions generally contain silica,
combined with mixtures of metal oxides, dispersed in water. Considering that most of
the components in the formulation of the ceramic glazes are heavy components, it is
almost necessary to include at least one rheology modifier agent in the process to
control the rheological properties of the raw glazes [15].

Except for the formulation and characteristic properties of raw materials, the
rheological behavior of a glaze suspension is usually adjusted by the addition of
deflocculants, plasticizers/binders, and suspension agents.
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Sodium carboxymethylcellulose (Na-CMC or CMC), known for its capability to
control the rheology and viscosity of aqueous systems, is a water-soluble cellulose
ether. CMC is chosen as a plasticizer in the production of sanitary ceramics and/or
ceramic glazes, due to its superior properties such as good adhesion, deagglomeration,
and water retention effects. It also increases the strength and reduces the drying
shrinkage of the glaze at the same time. It makes the glaze suspension firmly combine
and prevents it from precipitation. Moreover, it also improves water retention behavior
of the glaze which leads to uniform drying and dense glazed surfaces [16].

The sodium tripolyphosphate (STPP) anion consists of triply condensed PO
tetrahedra. STPP is used as a deflocculant for solid slurries to reduce the amount of
water needed as in the cases of cement manufacturing, kaolin clay mining, and oil well
drilling mud formulations, as well as ceramic body and glaze formulations. In the case
of ceramic glazes, STPP plays significant roles: STPP adjusts water retention, viscosity,
and density of the glaze suspension, which improves the quality of the glaze layer
eventually [17].

This work focuses on the influence of the addition of different ratios of CMC (as a
binder or plasticizer agent) and STPP (as a dispersing agent) on the rheological behavior
of the prepared floor tile glaze.
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MATERIALS AND METHODS

A floor tile glaze was prepared by wet milling from commercial grade raw
materials. The oxide composition of the prepared glaze is represented in Table 1.

SiO:2 Al203 TiO2 CaO MgO Na:0 K20 Zn0O B203

57.50 13.00 0.20 13.51 2.19 1.27 2.13 4.10 2.61

Table 1. Oxide composition range for the experimental glazes (wt.%).

The grinding was continued to obtain a raw glaze with d50<15pm and d90<50
Mm. The final particle size distribution was measured by laser diffraction using Malvern
Mastersizer 2000 model equipment. Figure 1 and Table 2 illustrate the particle size
distribution and the average values of the particle size distributions (dio, dso, doo, dgg)
obtained after five measurements.
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Figure 1. Particle size distribution of the experimental glaze.

dio dso doo doo

1.789 13.489 47.320 74.799

Table 2. Numerical values of particle size distribution of the experimental glaze in % by volume (um).
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The final density of the raw glaze was measured and adjusted to 1800+3 g/L at
25 0C, using a glass pycnometer. Water with a pH of 6.8 was used in the experiment.
0.08 wt.% Reotan D50 as a liquid deflocculant was used to assure the fluidity of the
raw glaze. To study the influence of rheology modifiers on the rheological behavior of
floor tile glazes, two setups (S; to study the influence of the addition of different ratios
of dispersing agent (STPP), C: to study the influence of the addition of different ratios
of plasticizer agent (CMC)) were prepared. For this purpose, a commercially available
CMC and STPP were chosen. The detailed information of these two setups is provided
in Table 3.

Sample Code STPP (wt.%) CMC (wt.%) Reotan (wt.%) Density (g/L)

S1 0.05

S2 0.10

S3 0.20 0.0

S4 0.30

c1 0.05 0.08 18003
c2 0.1

C3 0.0 0.15

C4 0.20

C5 0.25

Table 3. Samples to examine the influence of increasing content of STPP and CMC on floor tile glaze
rheology.

The rheological characterization was performed by an Anton Paar Modular
compact rheometer: MCR 102 with a torque range from 2 nNm to 200 mNm. The
temperature of the suspension was kept constant at 25 °C during rheological analysis.
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RHEOLOGICAL CHARACTERIZATION

In this work, a modular compact rheometer was used to characterize the
rheological behavior of the samples, using five different measurements:

i.  Shear Rate-Viscosity Measurement (Dynamic viscosity).

In this measurement, a force of up to 500 s shear rates was applied to the suspension
at a shear rate of 0.01 s’!. Viscosity measurement was carried out by continuously
reducing the applied force from 500 s to 0.01 s™.

ii.  Thixotropy Measurement using the (Rotation-Rotation-Rotation) Method
(Rotational Recovery).

This measurement includes three different intervals. In the first one (rest
interval), almost no force is applied to the suspension for a certain time. In the second
interval (load-interval), a relatively high force is applied to the suspension over a fixed
period to simulate glazing application. In the last stage (recovery interval), a force equal
to which was applied in the rest (first) interval, is applied again to observe the
thixotropic behavior of the suspension. The recovery ratio at the 2" second of the
recovery interval was selected to compare the thixotropic behavior of the samples.

iii.  Determination of Viscoelastic Region and yielding point using the Oscillation
Method (Amplitude sweeps).

In this measurement, continuously increasing deformation force (0.01%-100%
Shear Strain (y)) at a fixed angular frequency (w=10 s!) is applied to the suspensions.
As a result of this measurement, the elastic region and yield point of different glazes
can be determined.

iv.  Determination of Settling Behavior using the Oscillation Method (Frequency
sweeps).

In this measurement, a continuously increasing frequency force is applied to the
suspension under a constant shear strain. At the end of this measurement, a diagram
would be the outcome; the one that illustrates angular frequency versus the storage
modulus (G') and loss modulus (G") and Loss factor (tan(d)=G"/G").

v.  Thixotropy measurement using the Oscillation-Rotation-Oscillation method
(ORO).

This measurement is a mixture of both the rotation and oscillation methods. The
purpose here is to observe/simulate the particle packaging behavior during the recovery
stage of thixotropy measurement of the rotational method.
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RESULTS AND DISCUSSION

Firstly, the results of the addition of a different ratio of STPP are discussed. Later
the results of the addition of a different ratio of CMC are examined.

I. STPP ADDITION (S-CODED SAMPLES)

In this section, rheological measurement of continuously increasing ratio of STPP
content and its effects on the rheological behavior of the floor tile glaze was monitored.
The numeric values of these measurements are represented in Appendix 1 and 2.

According to viscosity curves (Fig.2), it is seen that up to 1 wt.% suspension
shows pseudoplastic flow behavior. This is a fundamental property essential in floor tile
glazes, where a decreasing viscosity behavior with increasing shear rates is required.
After that point, dilatant flow behavior is observed where an increasing viscosity
behavior with decreasing shear rates takes place. The viscosity measurement of S-
coded samples shows that STPP addition decreases viscosity values in general, but it
reduces the viscosity values of lower shear rates more than higher shear rates.
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Figure 2. Viscosity curves of S-coded samples measured by Modular Compact Rheometer

0,01

With regard to the rotational recovery behavior of the samples, it can be observed
that STPP addition diminishes the thixotropic behavior of the floor tile glazes (Fig.3).
Taking the 2" second of the recovery interval as a reference point demonstrates that
43.8% recovery ratio in S1 coded sample dropped to 35.9% in the S2 sample. The other
samples (i.e., S3 and S4) show inverted recovery curves due to their dilatant behavior.
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Figure 3. Recovery behavior of S-coded samples measured by Modular Compact Rheometer

The amplitude sweep test is used to describe the slurry deformation behavior of
the samples. Characterizing the deformation behavior of the glaze is crucial to
counterbalance the process parameters. Using this method, the upper limit for non-
destructive deformation range and yielding point of the slurry can be determined.
According to Figure 4, both the upper limit for the non-destructive deformation range
and yield point of the glaze samples decreases as STPP content increases. Increasing
STPP addition makes the loss modulus of the suspension more dominant than the
storage modulus, which is undesirable rheological behavior.
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Figure 4. Amplitude sweep test of S-coded samples measured by Modular Compact Rheometer

According to frequency sweep analysis of S-coded samples, the increasing
amount of STPP content triggers the settling behavior of the glaze at low shear strain
values. Figure 5 illustrates that when STPP content exceeds a certain ratio (1 wt.% in
this case) the suspension tends to be unstable, and its components separate. In the
case of S1 and S2 coded samples, increasing content of STPP increases complex
viscosity, and reduces the loss factor. It means that STPP addition dominates the elastic
behavior of the glaze, as the loss factor approaches the loss factor of ideally elastic
materials (tan 8§ < 1/00=0). Regarding S3 and S4 coded samples it can be seen that
passing a particular frequency rate leads to an instant increase in loss factor impending
to those of ideally viscous materials (tan 6§ > co/1=00).
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Figure 5. Frequency sweep tests of S-coded samples measured by Modular Compact Rheometer. [a:
angular frequency versus the storage modulus (G') and loss modulus (G"), b: angular frequency versus
complex viscosity (|[n~*|) and Loss factor (tan(d)].

Using the thixotropy measurement by the Oscillation-Rotation-Oscillation
method, particle repackaging behavior during the recovery stage was simulated to
minimize the risk of unperfect surfaces. This analysis was designed to observe the
behavior of the storage and loss modulus during the recovery interval. The analysis
shows that increasing STPP content postpones the repacking behavior of the floor tile
glazes. It takes almost 5 seconds in the S1 coded sample, till the elastic modulus
overlies the loss modulus and repacking occurs once more, where this cycle is about 7
seconds in the S2 coded sample.
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Figure 6. Oscillation-Rotation-Oscillation measurements of S-coded samples measured by Modular
Compact Rheometer.
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II. CMC ADDITION (C-CODED SAMPLES)

In this part of the study, the rheological measurement of continuously increasing
ratio of CMC content and its effects on rheological behavior of floor tile glaze was
monitored. The numeric values of these measurements are also represented in
Appendix 1 and 2.

Viscosity v in Pa-s

0,1 + + +
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Shear Rate 7 in 1/s

Figure 7. Viscosity curves of C-coded samples measured by Modular Compact Rheometer

Regarding the dynamic viscosity of C-coded samples (Fig.7), it can be seen that
increasing the ratio of CMC content leads to an increase in viscosity values where all
samples exhibit pseudoplastic behavior. Moreover, increasing CMC ratio increases the
viscosity curve slope, where the absolute slope value (see eq.1) was calculated as
0.023, 0.027, 0.039, 0.056, and 0.093 for C1:C5 samples, respectively. The higher the
slope the faster viscosity changes, which is an indication of enhanced thixotropic
behavior.

Change in viscosity Ns00 — Mo

I €y

l = =
slope = | Change in shear rate | 500—-0.1
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Regarding the rotational recovery behavior of the samples, it can be observed
that even 0.05 wt.% of CMC addition as a plasticizer agent, enhances the thixotropy
behavior and recovery ratio of the raw glaze (Fig.8). Considering the recovery
percentages at the 2" second, the recovery ratio increases by 54.4%, 65.6%, 82.0%,
97.2%, and 100% for C1:C5 samples, respectively. It seems that the recovery ratio is

directly associated with the CMC ratio.
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Figure 8. Recovery behavior of C-coded samples measured by Modular Compact Rheometer

For deformation behavior of the C-coded samples, it is perceived that the stability
of the samples increases as both non-destructive deformation range and yield point
increases by increasing ratios of CMC content (Fig.9). Using amplitude sweep analysis,
the upper limit for the non-destructive deformation range is observed to increase from
about 65 Pa in the C1 sample to almost 360 Pa in the C5. Likewise, the yield point
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values increase from about 14 to 63 Pa.
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Figure 9. Amplitude sweep tests of C-coded glazes measured by Modular Compact Rheometer.
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Frequency sweep analysis of C-coded samples (Fig.10) shows that CMC addition
enhances the settling behavior of floor tile glazes. Apart from the C1 coded sample that
shows a modest instant increase in loss factor value, the other samples display a stable
manner during frequency sweep analysis.
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Figure 10. Frequency sweep tests of C-coded samples measured by Modular Compact Rheometer. [a:
angular frequency versus the storage modulus (G') and loss modulus (G"), b: angular frequency versus
complex viscosity (|[n~*|) and Loss factor (tan(d)].
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Oscillation-Rotation-Oscillation analysis of C-coded samples shows that
increasing CMC content accelerates the repacking behavior of the floor tile glazes. The
increasing ratio of CMC content enlarges the difference between the storage modulus
(G") and the loss modulus (G") at the zero point of recovery interval (Fig.11), which
indicates an accelerated repacking process.
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Figure 11. Oscillation-Rotation-Oscillation measurements of C-coded samples measured by Modular
Compact Rheometer.
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CONCLUSION

In this work, the effects of two important rheology modifiers on the rheological behaviors
of floor tile glazes were studied. These were.

e the influence of dispersing agent content (i.e., STPP)
e the influence of plasticizer content (i.e., CMC)

The effects of these two parameters on rheological behavior were measured by five
different analyses, where all the other parameters were kept constant. These measurements
were dynamic viscosity, recovery ratio or thixotropy behavior, amplitude sweeps (to determine
the viscoelastic behavior of the glaze), frequency sweep (to determine the settling behavior),
and Oscillation-Rotation-Oscillation measurements (to simulate the repacking process at the
recovery stage).

Based on the rheological measurements, conclusions are as follows:

(1) The STPP addition decreases the viscosity of floor tile glazes. Further STPP addition alters
the pseudoplastic behavior of the glaze to dilatant behavior.

(2) Increasing STPP ratios decreases the recovery ratio and postpones the repacking process.

(3) STPP decreases the viscous and elastic yield point and accelerates settling behavior. Further
STPP addition makes loss modulus dominant over the storage modulus.

(4) The CMC addition increases the viscosity of floor tile glazes. It also leads to an increase in
the slope of the viscosity curve.

(5) Increasing CMC ratios increases the recovery ratio and accelerates the repacking process.

(6) Increasing CMC content increases the viscous and elastic yield point and prevents settling
behavior.

To sum up, the results show that optimizing the ratio of rheology modifier content could
improve the rheological behavior of the glaze suspensions. This will lead us to benefit from the
advantages of an optimal glaze suspension such as maximum recovery ratio, more resistance
to yield and settling, and enhanced repacking behavior.
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APPENDIX 1

Numerical values and additional information about rheological measurements.

Viscosity at different shear rates [Pa.s] Recovery (%) Amplitude (yield point) Frequency
Settling
Sample 0.1 10 100 300 500 10t Shear '=G"
2" sec behavior
(1/s) (1/s) (1/s) (1/s) (1/s) sec strain (%) (Pa)

(Yes/No)
S1 26.18 0.40 0.24 0.21 0.20 43.8 75.6 0.52 148.37 No
S2 15.20 0.30 0.23 0.21 0.20 35.9 62.6 0.43 123.32 No
S3 0.04 0.04 0.08 0.1 0.1 - - - - Yes
S4 0.005 0.03 0.06 0.08 0.09 = = = = Yes
C1i 11.83 0.57 0.45 0.41 0.39 54.4 100 18.43 14.80 Yes
Cc2 14.04 7.99 0.66 0.57 0.54 65.4 100 14.80 14.49 No
C3 20.19 1.41 1.01 0.85 0.77 82.0 100 9.05 25.34 No
c4 29.16 2.11 1.36 1.09 0.98 97.2 100 8.06 33.03 No
C5 47.78 3.51 2.06 1.56 1.36 100 100 6.33 63.04 No
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APPENDIX 2

Numerical values and additional information of Oscillation-Rotation-Oscillation
method.
Time until G' =

G" in recovery
interval (sec)

Recovery time for specific recovery Recovery ratio at a specific time in
ratio in recovery interval (sec) recovery interval (%)

(25%) (50%) (75%) (100%) 10""sec 20'""sec 60" sec 150" sec

s1 234 42 56 N.R* 8 19 77 69 5.0
s2 18 30 41 52 12 28 100 100 7.0
s3 - - - - - - - - -
s4 - - - : : - - - -
c1 82 N.R N.R N.R 9 13 21,5 34 -
c2 53 N.R N.R N.R 13 17 26 37 -
c3 16 96 N.R N.R 22 28 42 59 -
ca 7 48 149 N.R 28 37 74 75 -
c5 - - - 19 96 100 100 100 -

*N.R: Not Reached
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