
INTRODUCTION

Zinc-rich coating is an important type of primer
that contains zinc pigment at concentration >80% by
weight [1]. This coating usually consists of binder and
zinc pigment. In search of an advanced binder material,
sodium silicate solution (commercially called water-
glass) shows enormous advantages, such as superior
adherence and film formation, low cost [2], hard enough
to withstand mechanical impact, resistant to high tem-
perature and weather, non-flammable and smokeless in
fire [3], odorless and non-toxic. These advantages,
which organic resin can scarcely have, result in the suit-
ability for the sodium silicate solution to be used as the
binder of waterborne zinc-rich coating, which obeys the
new VOC regulations.

As is well known, rheological phenomena are
found in every coating operation. The rheological prop-
erties of the zinc-rich coating and its binder may influ-
ence their production, storage and application. Ther-
morheological properties correlate to physicochemical
processes in the coating during the curing period.
Therefore, investigation on the rheological properties of
the zinc-rich coating and its binder is of immense theo-
retical and practical value. Previous works referring to
this topic include colloid-chemical properties of zinc-
silicate composition [4], influences of particle size dis-
tribution of zinc dust in water-based and structuring
agent on the rheological properties of the mixed materi-
al [5,6], rheology control of nonaqueous coatings incor-
porated fumed silices [7], microrheological study on
aqueous sol-gel process in the silica-metasilicate system
[8]. To our knowledge, thermorheological investigation
on the zinc-rich coating and its binder has not been
reported.

The aim of this work is to measure the thermorhe-
ological properties of the sodium silicate solution and
the corresponding zinc-rich coating, and then theoreti-
cally analyze the relation between thermorheological
behavior and physiochemical mechanisms.

EXPERIMENTAL

Materials

The sodium silicate solution (water glass) and the
zinc pigment used in this study were commercial prod-
ucts. The water glass has a modulus (mole ratio of SiO2

to Na2O) of 3.3 and weight concentration of 36 wt.%.
By a spectrometer AVATAR 330, the Fourier Transform
Infrared (FT-IR) spectrum for the sodium silicate solu-
tion was recorded as Figure 1. The major vibration
bands are assigned as: 3600-2200 cm-1 the stretching
vibration of –OH and HOH, 1700-1600 cm-1 bending
vibration of HOH [9,10], 1030 cm-1 Si–O in-plane
vibration [11], 470 cm-1 bending of Si–O–Si and
O–Si–O [12]. An analyzer Microtrac S3500 observed
the particle size distribution of the zinc pigment
(Figure 2), whose average size and standard deviation
are 48.8 and 13.2 µm.

Procedures

The binder for the zinc-rich coating was a sodium
silicate solution diluted from the commercial water
glass by the following procedure: Dilute 52.0 g water
glass with 46.0 g distilled water, mechanically mix the
solution until uniform, then slowly add 2 ml of modifi-
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cator solution of 5 wt.% concentration under strong stir-
ring. This yields about 100g binder with a sodium sili-
cate concentration of 18.7 wt%.

The zinc-rich coating was prepared by directly
blending binder with zinc pigment at a ratio of 1:2 by
weight. Major properties of the coating film applied on
the 100×50 mm sheet iron by a brusher are showed in
Table 1.

For the binder solution and the coating samples,
dynamic viscoelastic measurements were carried out
with a rheometer AR500 (TA instruments). A standard
steel parallel plate with 1000 µm gap and 40 mm diam-
eter was chosen. The shear storage and loss moduli G'
and G" (in Pa) were recorded as functions of angular
frequency from 0.1 to 100.0 rad/sec and temperature
from 5 to 95°C. The oscillatory strain was 1%, which
located in the linear region. The recorded data was
processed by the software of TA instruments, named as
the Rheology Advantage Data Analysis (v3.0.24).

RESULTS AND DISCUSSION

If a solution obeys the time temperature superposi-
tion (TTS) principle [13], the rheological problem can
be simplified. Log G' versus Log G" curves from both
angular frequency sweep and temperature ramp meas-
urements can give a clue to identify the thermorheolog-
ical simple material which obeys the TTS principle
[14]. Measured data over either angular frequency or
temperature should form a sole curve on the LogG"-
LogG' diagram for a thermorheological simple material,
because G' and G" are functions of (aTω) which appears
as a single effective variable. Here aT is the shift factor,
a function of temperature, and ω is angular frequency.
Measured data through angular frequency sweep and
temperature ramp for the binder at 18.7 wt.% concen-
tration and the waterborne zinc-rich coating are present-
ed in Figures 3 and 4. They look rather complicated. We
cannot see the fact that the data from angular frequency
sweep and temperature ramp form a sole curve, there-
fore, neither the binder nor the zinc-rich coating should
be considered as thermorheologically simple materials.
Since it is well known that materials that change chem-
ically or physically during rheological measurement
will not obey the time temperature superposition princi-
ple, we propose the existence of a physicochemical
mechanism in the binder and the waterborne zinc-rich
coating, which is worth of deeper investigation.

Figure 5 demonstrates the dependence of G' and G"
on the temperature. It shows that they initially decrease
with temperature, after dropping to minimum they start
to increase sharply. We propose these phenomena to be
interpreted as the combined effects of two mechanisms.
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Figure 2.  The particle size distribution of the zinc pigment.
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Figure 1.  The FT-IR spectrum of the sodium silicate solution.

Table 1.  Major properties of the zinc-rich coating film.

Property Value Method

Drying Times To touch ≤ 4 h, GB1728-89
Through ≤ 24 h

Adhesion Class 1 GB/T1720
Impact 50 cmKg GB/T1732

1000 h, 
Salt Spray

film completely well
ASTM B117-97

Surface current 105~109 Ω GB/T1410
resistant rate
Volume current 105~109 Ωm GB/T1410
resistant rate

Heat resistance 400°C, long term test, GB/T1735
no damage

Water immersion 3y, no damage Direct test
Xylene immersion 3y, no damage Direct test
Gasoline immersion 3y, no damage Direct test



The first (physical influence) is temperature that
generally decreases the viscosity of most polymer solu-
tions. Quantitatively, we propose the modulus (either G'
or G") to obey the Arrhenius relation,

(1)

where A is a constant independent of temperature, E is
the activation energy for flow, kB = 1.38·10-23 J/K is the
Boltzmann constant, and T the absolute temperature. It
is not difficult to show that Equation (1) can properly fit
the curves in Figure 5 under 70°C. The fitted values are:
A = 3.0·10-11 Pa and E = 9.5·10-20 J for G', A = 6.9·10-5 Pa
and E = 4.9·10-20 J for G", respectively.

Another is the chemical crosslinking between sodi-
um silicate molecules through dehydrolyzing reaction,
which universally increases viscosity. On the base of
FT-IR spectrum in Figure 1, we propose the crosslink-
ing reaction for the sodium silicate molecules in the
form of Figure 6 or the similar form to it. Below 70°C,
there is scarce crosslinking in the solution, the tempera-
ture mechanism controls the process, and therefore G'
and G" decrease with temperature. In contrast, above
70°C the crosslinking effect gradually dominates during
temperature increasing at a rate 5°C/min, the solution
becoming thicker with time.

The temperature ramp curves of G' and G" for the
zinc-rich coating are showed in Figure 7. It is found that
both G' and G" begin to increase after dropping to min-
imum at ~30°C. This phenominon suggests the com-
bined effects of temperature and chemical crosslinking
also exist in the coating. However, the critical tempera-
ture of chemical crosslinking is decreased by the zinc
pigment while comparing the curves in Figure 7 with
Figure 5. This suggests the chemical crosslinking reac-
tion is not the same to the case of the pure sodium sili-
cate solution. Because of the addition of the zinc pig-
ment, we propose metallic zinc from the surface of the
zinc pigment to act as a crosslinker (Figure 8). The
crosslinked reactant is insoluble zinc silicate, which
fills the space among the zinc pigments with the evapo-
ration of water, and results in the dried insoluble hard
film as characterized in  Table 1. Sodium ions, howev-
er, react with carbon dioxide and water to yield sodium
carbonate.

Figure 9 is the measured time sweep curve for the
waterborne zinc-rich coating at 1 Hz. It illustrates that
both G', G" monotonously climb up with time increas-
ing. After ~100 minutes induction time, G', G" of the
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Table 2.  Kinetic parameters for the zinc-rich coating during crosslinking process.

Moduli t0 (min) G0 (Pa) G1 (Pa) k0 (min-1) Ea (J/mol)

For storage modulus 250 58.0 60.0 3.5×106 4.8×104

For loss modulus 250 62.0 55.0 2.4×105 4.2×104
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Figure 3.  The Log G" versus Log G' curves of the binder from
angular frequency sweep at 25°C and temperature ramp at 1 Hz.
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Figure 4.  The Log G" versus Log G' curves of the waterborne
zinc-rich coating from angular frequency sweep at 25°C and
temperature ramp at 1 Hz.
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Figure 5.  The temperature ramp curves of G', G" for the binder
at 18.7 wt.% concentration and 1 Hz.



coating rises more quickly. This phenominun has a plau-
sible explanation. When the zinc pigment mixes with
the binder, the metallic zinc ions from the surface of the
zinc pigment start a curing process. The rheological
variables increasing with time just reflect this curing
process, which makes the silicates to be randomly con-
nected through the metallic zinc and renders them insol-
uble. The reactant normally displays long-term stability.
The bond formed can only be broken by extremely
aggressive chemical action, so that an excellent inor-
ganic zinc-rich coating film is obtained. 

In order to model the evolution of the thermorheo-
logical properties as functions of time and temperature
during the curing of the zinc-rich coating, we also need
to know the curing kinetics. Assuming the initial reac-

tion rate of this inorganic coating system is not zero and
following Kamal's generalized expression [15], the
equation for the crosslinking process of the zinc-rich
coating is obtained as:

(2)

where x is the degree of conversion, t is the time, m and
n are the reaction orders and k is the kinetic rate constant,
which is assumed to be constant at a given temperature
and to follow an Arrehenius temperature dependence:

(3)

where k0 is the pre-exponential constant, Ea the activation
energy for the crosslinking reaction, R = 8.31 J/molK
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Figure 6.  Crosslinking between sodium silicate molecules by
dehydrolyzing reaction.
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Figure 7.  The temperature ramp curves of G', G" for the zinc-
rich coating at 1 Hz and 5°C/min.
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Figure 9.  Time sweep curves of the G', G" for the zinc-rich
coating at 1 Hz and 25°C.
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the gas constant, and T the absolute temperature. For the
first order crosslinking reaction, m = n = 1, Equation (2)
has a solution,

(4)

It is clear that x(+∞) = 1 as t → +∞, x(-∞) = -1 as    t →
-∞, and x(0) = 0.

To correlate the conversion to the shear moduli, we
assume a linear expression,

(5)

where G0 is the magnitude of either G' or G" at t = t0,
G0 + G1 is the magnitude as t → +∞. After the curves in
Figure 9 and data above 40°C in Figure 8 are fitted to
Equation (5), results are presented in Table 2.

CONCLUSION

The dynamic shear moduli G' and G" of a water-
borne zinc-rich coating and its binder, a sodium silicate
solution, were recorded by an AR500 rheometer with
variations of temperature, angular frequency and time.
Results show that G' and G" mainly increase with time
from 0 to 400 minutes. While temperature ramping from
5 to 95°C, G' and G" initially decrease to minimum and
then start to increase. However, the zinc-rich coating
and its binder can not be considered as rheologically
simple materials due to the combined effects of temper-
ature and chemical cross linking during rheological
measurement. The temperature (a physical influence)
generally decreases the viscosity of most polymer solu-
tions, and also here decreased the dynamic shear mod-
uli of the zinc-rich coating and its binder. This process
existed in the lower temperature region, and was prop-
erly fitted by the Arrhenius equation. The chemical
cross linking among the sodium silicate molecules by
dehydrolyzing reaction or metallic zinc increase the
dynamic shear moduli. The corresponding process for
the zinc-rich coating was properly fitted by the curing
kinetics model, in which a first order generalized
Kamal's expression was selected and the shear moduli
were suggested to be linear functions of the degree of
conversion.
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TERMOREOLOGICKÉ VLASTNOSTI VODNÉHO
ZINKOVÉHO NÁTÌRU Z ROZTOKU

KØEMIÈITANU SODNÉHO

XIAO-HONG YANG, WEI-LING ZHU, LI-GAI LI
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Wuhan Polytechnic University, Hankou,
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Pøi rùzné teplotì a úhlovém kmitoètu byla zaznamenána
pamìt’dynamického smyku a ztrátové moduly G' a G" vodního
zinkového nátìru a jeho pojiva, roztoku køemièitanu sodného.
Výsledky ukazují, že G' a G" zpoèátku klesají na minimum a
poté zaèínají narùstat, pøièemž teplota se pohybuje v intervalu
od 5 do 95°C. Zinkový nátìr ani jeho pojivo ovšem nejsou reo-
logicky jednoduché materiály.
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