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Glass flakes are an important filler in coatings for protecting metallic substrates or equipment from corrosion. Theoretically,
Al O; can increase the performance of Na,0-CaO-SiO, glass flakes, but also increase both energy consumption and dif-
ficulty in the production of glass flakes. In the literature, there is a lack of detailed experimental studies directly showing
the influence of Al,O; content on the glass flake products. Herein, the structure and the chemical durability of two glass
flakes A and B with 0.67 and 3.08 wt. % of Al,O; and different specific surface areas were investigated and compared
in detail. According to the *Si NMR and FTIR spectral results, both flakes have the same polymerization degree of silica
tetrahedra. However, the flakes B have increased structural symmetry by 7.04 %. And the resistance of the flakes B toward
HCI, H,SO,, HNO; solutions and water increased by 13.6, 29.0, 28.3, and 35.6 % than that of flakes A, respectively. The
results showed that the increase of specific surface area by 0.1 m’-g”, the weight losses of glass flakes A and B in HCI
solutions increased by 44.25 and 25.53 % respectively. Thus, the chemical durability of flakes B is slightly less affected by
specific surface area, suggesting the possibility to gain similar chemical durability of glass flakes by either tuning the particle
size or increase the Al,O; content. The FTIR spectral and SEM analysis revealed that the water and acid corrosion altered
not only the surface morphology, but also the silanol state as well as the Si-O-Si bonds in [SiO,] of the flakes. This study
provided detailed data about the influence of AL,O; content on the structure, water and acid resistance of glass flake products,
providing useful reference for manufacturers to design glass flakes with good balance between production and properties.

INTRODUCTION

Severe metal corrosion occurs in a wide variety
of fields including infrastructure, chemical industry
and ocean engineering, etc. The global financial
losses increase from year to year. It is estimated that
the corrosion directly impacts 3 — 4 % of global GDP
and up to 6 % or even more when indirect costs
are considered [1]. Therefore, corrosion has become
an important factor influencing the safety of equipment
and economic development.

The corrosion process of metallic materials could
be delayed through either physical barriers or chemical
reactions. As a simple and valid route to protect metallic
substrate or equipment, using anti-corrosion coatings
as physical barriers is commonly applied. The anti-
-corrosion coatings can be made from inorganic
or organic substance or their combinations. For
example, inorganic silicate coatings are weather-,
chemical- and temperature-resistant, providing long
time decoration and effective protection of steel
against corrosion [2]. In contrast, organic coatings

are usually more protective, relatively low in cost,
and easier to apply to large structures compared with
other coating, making them often the first choice,
particularly for heavy-duty anti-corrosion applications
in marine environments [3].

Among various organic coatings, epoxy coatings
filled with glass flakes (GFE) are advantageous over
the others for their excellent protective performance,
as they are chemically inert, low water vapor perme-
ability, can resist abrasion, and possess excellent catho-
dic disbonding capabilities [4]. The glass flakes exhibit
multi-layer barrier and labyrinth effects, significantly
prolonging the diffusion pathway of corrosive media
within the coating. Therefore, glass flakes become
a key fillers to enhance chemical durability of organic
coatings [5]. For example, glass flakes reinforced epoxy
coatings have been widely used on substrates exposed
to extremely aggressive environments (such as splash
zones of offshore installations). Glass flakes with
high aspect ratio (large specific surface area and small
thickness) can be dispersed in epoxy resin and in-
crease the path length for the diffusion of moisture
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and chemical ions [6]. In a study carried out by Alhumade
etal.[7], glass flakes with an average thickness of 1 ~3 um
were dispersed and composited in-situ within the poly-
merized epoxy matrix. The composite was spin coated to
form protective coating on cold rolled steel. It was de-
monstrated that the protection performance of the steel
immersed in 3.5 wt. % NaCl solution for 90 days
and the thermal stability of the epoxy coating were
improved. And this enhancement reached maxima with
glass flakes up to 20 wt. %. However, when the glass
flakes exceeded 20 %, the interfacial adhesion between
the coating and the substrate would be weakened [7].
Glass flakes can also be filler in vinyl ester resin coatings,
forming a durable barrier against corrosive agents
for steel storage tanks or mild steel [8,9]. In the latter
case, it was also shown that the elastic modulus of glass
flakes was about 10 — 25 GPa, while that for the resin
was only 4 ~ 8 GPa, suggesting the contribution of glass
flakes to the mechanic performance of the composite
coating.

Glass  flakes are  industrially  prepared
by melting a precursor silicate glass melt, followed
by a bubble-blowing process [10]. In China, glass flakes
are mainly made from Na,0-CaO-SiO, glass with
middle content of alkali oxide (ca. 11 ~ 13 wt. %)
[11], which is slightly lower than the alkali content
in the silicate glasses for container and flat glasses.
In this silicate glass, Al,O, is often added. AI** can sub-
stitute for Si*" to form tetrahedral [AlO,] units, which
require charge compensation from alkali or alkaline
earth cations. Increasing the [AL,O5]/[SiO,] ratio reduces
the number of non-bridging oxygen atoms, resulting
in a more interconnected glass network [12]. As a result,
the chemical stability of glass is improved. However,
when Al,O, replaces SiO, in soda lime silicate glass, Ca?"
acts as an inhibitor for viscous flow, and the structural
integration of AlL,O; enhances the network rigidity,
thus increasing the melt viscosity [13], making the
glass melting time- and energy-consuming. In addition,
the large viscosity of glass melts inevitably bring dif-
ficulties in subsequent glass bubble blowing process.
How to balance the opposite effects of Al,O; in the pro-
duction and application of glass flakes is still a challenge.

In the literature, there is a lack of detailed
experimental data directly showing the influence of
Al,O; on the glass flake products. Herein, two glass flakes
with different Al,O, contents were investigated in detail.
The structure, water- and acid-resistance performance
of the glass flakes are compared. Based on the experi-
mental data, it is pointed out that the flakes made of glass

with 0.67 and 3.08 % Al,O, did not vary in the network
polymerization. And the former one with smaller specific
surface area could be applicable in corrosive medium
similar to diluted HCI solution as the latter one with
larger specific surface area. The study provides reference
and options for both the glass flake manufacturers
and the applicants.

EXPERIMENTAL

The glass flakes

Two commercially available glass flake products
(A and B) with different contents of Al,O, were studied.
The analyzed compositions of the glass flakes are listed
in Table 1. It can be seen that the samples A and B
contained 0.67 and 3.08 wt. % of Al,O,, respectively.
The minor amount of Al,O; in sample A was introduced
by impurities from raw materials used for the glass
production, rather than from manual addition. In ad-
dition, the content of SiO, in sample A is higher than
that in sample B by 2.53 %, while the contents of Na,O,
CaO and MgO in the two glass flakes do not differ
significantly. This makes the comparison of the studied
two glass flakes more direct and convenient.

Three different particle sizes were sieved from
both samples. Because of the unique shape of the glass
flakes, it was not possible to directly and accurately
characterize their particle size using the numbers
or the pore sizes of the applied sieves. To investigate
the influence of the particle size on the later corrosion
test results, the specific surface areas of these glass flakes
were measured using the N,-sorption measurements.
Sample A was classified into three sections with specific
surface areas of 0.31, 0.67 and 0.79 m*-g™, respectively.
For comparison, sample B was sieved into three sections
with specific surface areas of 0.35, 0.51, and 0.85 m*g™',
respectively. It was not possible to get exactly the same
specific surface areas for the samples. To distinguish
the samples with different specific surface areas used
in the corrosion tests, which is to be illustrated in the fol-
lowing section, the decimal data of the specific surface
areas were encoded in the names of testing samples.
For example, A31 and B35 correspond to glass flakes
A with a specific surface area of 0.31 m*g" and glass
flakes B with a specific surface area of 0.35 m’g’,
respectively.

Table 1. The analyzed compositions of the studied glass flakes (wt. %).

Sample code Na,O CaO MgO Al O, SiO,

A 13.65 10.61 3.91 0.67 71.16

B 13.01 11.29 3.99 3.08 68.63
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Chemical durability tests of the glass flakes

The water and acid resistance of the glass flakes
were evaluated referring to the China standard HG/T
2641-2009 [11]. Diluted HCI, H,SO, and HNO; solu-
tions with a concentration of 10 % and pure deionized
water were used as the corrosive media. It is well
known that the dissolution and corrosion behavior of
the samples is highly dependent on their surface areas.
In order to study the influence of Al,O, content on the
chemical stability of the flakes, the samples have similar
surface areas were selected and subjected to the chemical
durability tests. The surface area of each sample have
been mentioned in section The glass flakes. For each
corrosion test, 5.0000 g of selected glass flakes were
accurately weighed and put into polytetrafluoroethylene
containers containing 50 ml of the corrosive media. The
containers were self-sealed with tightly screwed lips.
The acid and water resistance tests were conducted under
static immersion conditions at a constant temperature of
80 °C for 24 h.

After each test, the supernatant in each container
was carefully poured out. The solid glass flakes were then
soaked in 50 ml of distilled water for 2 h. Afterwards,
the glass flakes were collected by filtration. To minimize
loss during sample transfer, quantitative filter paper
was used. The sample together with the filtration paper
was directly put into a ceramic crucible, which had been
heated at 600 °C for 30 min before each experiment.
The filtered sample and the quantitative filter paper were
then ashed in a muffie furnace at 600 °C for 3 h. After
ashing, the crucible was moved out when the furnace
temperature dropped below 200 °C and then placed
in a desiccator to cool to room temperature. After
weighing the sample left in the crucible using a balance
with an accuracy of one 0.001 g, the weight loss per-
centage of the tested glass flakes was calculated using
formula (1). For minimizing the experimental errors,
each test was repeated three times, and the averaged
weight loss percentages were adopted to evaluate

Wo = ™1 4 100% (1)

Weight loss =
Wo

the chemical durability of the glass flakes.
where w, and w, respectively represent the sample mass
before and after the corrosion test.

Characterization methods

The morphology of the glass flakes was observed
on a GeminiSEM 500 Scanning Electron Microscope
(SEM, Carl Zeiss AG). The specific surface area
of the flakes with different particle sized was determined
using the multiple-point BET measurements on a speci-
fic surface area analyzer (BET, JW-BK100, China).
The samples were degassed at 120 °C for 2 h before
the measurements. The composition of glass flakes

was measured using the X-ray fluorescence analyzer
(XRF, ZSX Primus II, Japan). The concentrations
of leached ions in the supernatant left after the corrosion
tests were determined on an iCAP PRO XP ICP-OES
inductively coupled plasma Emission spectrometer
(ICP) (Thermo Fisher Scientific, America).

The structure of the glass flakes was first analyzed
by an ALPHA II Fourier transformed infrared spe-
ctrometer (FTIR, Bruker, Germany). The glass samples
were ground and mixed evenly with KBr powder.
The mixtures were pressed into transparent slices
subjecting to the FTIR measurements. The spectra
were recorded over the wave number range
of 400 — 4000 cm™. For each sample, 32 scans were
performed and the data were averaged and normalized.
To characterize the structural variations of samples
during the the corrosion tests, the samples after
the corrosion tests were also measured. To investigate
the detailed silicate glass network, the glass flake
samples were also analyzed by **Si NMR spectro-
scopy on a JEOL JNM-ECZL600G nuclear magnetic
resonance (NMR) spectrometer. The measurements
were carried out under the conditions: magnetic field
strength, 14.1 T; resonance frequency, 119.24 MHz;
excitation pulse length,0.1 ps; and relaxation delay, 20 s.

RESULTS AND DISCUSSION

The morphology and structure of the glass flakes

The SEM images of the two samples are shown
in Figure 1. The pictures show that both samples consisted
of thin flakes with a broad distribution of particle sizes.
In addition, the thickness of flake in sample A is more
uniform than that in sample B. Some flakes in sample B
are much thicker than the average ones. Some irregular
blocks deviating from the typical flake shape appeared.
This phenomenon reflects the aforementioned difficulties
quite often occurred in the production of glass flakes
with a high content of Al,O5. Therefore, if glass flakes
have low content of Al,O; could meet the performance
requirements (See the following discussion), they
are preferred to manufacture considering the ease
of glass melting and the followed bubble-blowing
process.

Due to the significant differences in the morpho-
logy of the two sample flakes, especially in terms
of thickness and particle size distribution, samples with
similar specific surface areas will be applied in the sub-
sequent chemical stability tests. This could minimize
the impact of these morphological differences
on the test results when the chemical stability was com-
pared on the base of content of AL,O; of samples.

Compared in Figure 2a are the normalized
FTIR spectra over 400 ~ 4000 cm™ of the two glass
flakes. The spectra share the same profile. There
are three major absorption bands located at 460, 780,
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c) flakes B

Figure 1. The SEM images of glass flakes A and B.

and 1080 cm’, respectively. The band at 460 cm’
is ascribed to the bending vibration of Si-O-Si bonds;
the bands at 780 and 1080 cm™ are due to the symmetric
and asymmetric stretching vibration of Si-O-Si bonds
in [SiO,] [14]. The comparison of the two spectra
indicates that the positions of bands do not varied with
the content of Al,O; in the samples. However, sample
B with a higher content of Al,O; has a narrower band
at 1080 cm™'. This suggests that glass B has a more
symmetric silicate skeleton due to the decrease of broken
Si-O-Si bonds, which were replaced by the formed
Si-O-Al bonds [15]. Accompanying this narrowed band
is the reduced absorption bands at 460, 780 cm™.
The former absorption reduction was due to decrease
of alkali which

and alkaline earth metal ions

b) flakes A

d) flakes B

had polarization effect on the oxygen bridged with
the silicon atoms. This is because the negatively charged
[AlO,] in glass B attracted more metal ions for charge
compensation. It was established that alkali metal cations
were preferentially involved in charge compensation of
(AlO,) entities in the glassy network comparatively to
alkaline-earth cations [16].The latter absorption reduc-
tion was caused by the decrease in the relative proportion
of Si-O-Si bonds due to the increase of [AlO,] in the glass
network.To quantitatively show the structural difference
of the glass flakes, the full width at half maximum
(FWHM) transmittance of the band at 1080 cm’
was determined. The FWHM for samples A and B
are 341 and 317 cm’', respectively. Using these data,
it is estimated that the glass flakes B has an increase
of structural symmetry by about 7.04 %.

Ceramics — Silikaty 70 (2) 358-367 (2026)
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Figure 2. The FTIR and *’Si NMR spectra of glass flakes A and B, and the deconvolution, peak fitting and calculated ratios of Q?,

Q*in glass flakes A and glass B, respectively.

The *’Si NMR spectra of both glass flakes are de-
picted in Figure 2b. Either of the spectra shows a single
peak with chemical shift of 91 ppm, which suggests
the coexistence of Q*, Q* groups in the structure of glass
flakes [17]. The two spectra are quite similar. They
were deconvoluted and fitted with the Gaussian model,
and the results are shown in the Figure 2c¢ and 2d,
respectively. Based on the areas of each peak, the rela-
tive ratios of Q°, Q* in the samples was calculated.
The data are respectively 65.3 versus 34.7 % for sample
A, and 65.8 versus 34.2 % for sample B. The above
analysis results suggest that the polymerization degree

of [SiO,] in the two glass flakes did not vary significantly.

The comparison of chemical

durability of the glass flakes

Since glass flakes with larger specific surface
areas would have worse chemical durability towards
corrosive media. The weight losses of samples A79
and B85 in different corrosive media are first compared
in Figure 3a. The data suggest that the acid resistance
of sample B to hydrochloric acid, sulfuric acid
and nitric acid solutions is improved by 13.6, 29.7,
and 28.3 % respectively, and the water resistance
is improved by 35.6 %. As expected, weight loss
percentages of both flakes in water media are higher

than those in diluted acid solutions, indicating that their
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water resistance is lower than acid resistance. Similar
result was also observed when alumino silicate glass
fiber materials were subjected to water and acid attack.
It was explained that the leaching in water was surface-
-controlled; while in acid it was diffusion-limited
and self-inhibiting [18]. Moreover, the leaching of Na"
from glass via the its ion exchange with H" in water
resulted in a basic corrosive environment, which direct
destroyed the silica skeleton [19]. This was confirmed
by the ICP results, which showed that the concentration
of Si element in the pure water leachate was 8, 14,
and 19 times that in the leachates of HCI, HNO,
and H,SO,, respectively. Figure 3b as an example
shows that the weight losses were mostly contributed
by the leaching of Na' into the acidic corrosive media.
Note that the concentrations of AI** are not presented
in this figure, due to some unidentified measurement
eITOrS.

In addition, the acid resistance of sample A
is weaker than that of sample B (Figure 3a). The weight
loss differences are about 0.5 — 1.14 %, smaller than
the difference in the case of water attack (1.62 %).
It is noticed that the difference between the weight
losses in the case of HCI corrosion for the two flakes
is not large. For both types of flake, the weight losses
of the flake etched in HCI media are the smallest
ones among the studied acid media. Considering
the structural differences revealed by the FTIR
and NMR measurement results, the reduced leaching
of flake B was due to its increased symmetry of silicate
network and the localization of metal ions around
negatively charged [AlO,] in sample B (see Figure 2
and the discussion) [20].

Since the tests were performed under the accelerated
corrosion test conditions (strong acid, 80 °C, 24 h),
the difference between two flakes in the real application

A79 a
5 BSS 4.68
T
1
4.03
11 370 : 3.71
9 T 3.T20 T
< 3.06
25 I 2.89 2.60 :
— 4 T
5 1
£
] =
0
10%HCI 10%HNO;  10%H,S0, H,0

a) weight loss percentages of flake in different media

situation (especially the normal air atmospheric
condition where moisture is weakly acidic due
to the dissolution of CO,) is expected to be smaller.
Therefore, under circumstance similar to the 10 %
HCI etching condition, the flake A is still applicable.
This highlights the advantage of flakes A, in which
ALO; was only introduced by impurities form raw
materials. Thus it was easy to melt and blow into flakes.

The influence of specific surface area and acid
concentration on the chemical durability of glass flakes

Figure 4 show the weight losses of samples
A and Glass B with different specific surface areas
in diluted H,SO, solutions with different concentra-
tions. It is obvious that the flake with larger specific
surface areas exhibited large weight losses in either
10 or 30 % H,SO, solutions. When the specific surface
area increased 0.1 m?>-g”', the weight losses of flake A
and B increased by 44.25 and 25.53 %, respecti-
vely. When the acid concentration increased from 10
to 30 %, the weight losses of A31, A67 and A79
decreased by 51.16, 18.36, and 17.02 % respectively,
and the weight losses of B35, B51 and B85 decreased
by 46.8, 15.65, and 9.62 % respectively. Therefore,
the flakes are more resistant to H,SO, solution with
a higher concentration.

Taking A67 sample as an example, the ICP results
in Figure 5 show that the concentrations of leached ions
in the 10 % H,SO, solution are generally higher than
those in the 30 % H,SO, erosion solution. However,
the difference in Na' concentration is not large.
In contrast, Si element shows the largest reduction
in leaching when the acid concentration was increased
from 10 to 30 %. Traditionally, the decrease of water
content in acid solution with a higher concentration

AT9 b
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b) the ion concentrations of leachates after the samples

Figure 3. Weight loss percentages of flake in different media and the ion concentrations of leachates after the samples etched

in 10 % HCI solution.
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Figure 4. Weight loss percentages of glass flakes A and B with different specific surface areas in 10 and 30 % H,SO, solutions.
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Figure 5. The concentrations of leached ions after the sample
A67 was etched in 10 and 30 % H,SO, solutions.

was thought to be responsible for the improved acid
resistance of glass in such an acid solution [21]. Based
on the present results, it is postulated that the acid
solution with a higher concentration could neutralize
the basic environment caused by the leaching of Na" ions,
which thereby retarded the corrosion of silicate skeleton.

The variations of glass flakes after
the acid corrosion tests

Figure 6 shows the infrared spectra of flake A
and B before and after the acid corrosion. Compared
with the spectra of original flake samples, the spectra
of acid-etched samples demonstrate the following
obvious variations. (a) The band at around 1080 cm’,
corresponding to the asymmetric stretching vibration
of Si-O-Si bonds, shifted to higher wavenumber posi-
tions. This shift, from large to small in the sequence

A-10%HNO,

A-10%HCI

Transmittance (%)
r >

1 1 /) 1 1
3600 3200 1600 1200 800

4000 400

Wavenumber(cm™)

a) flakes A

B-10%H,S0,

B-10%HNO;"
S
e ~
2 [B-10%HCI /
3
g
w)
(=]
£
=

1 1 ,I/V 1 1
4000 3600 3200 1600 1200 800 400

Wavenumber(cm™)
b) flakes B

Figure 6. The FTIR spectra of glass flakes A and B before
and after the acid corrosion.
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a) sample A79

¢) sample A79

f) sample B85

Figure 7. The SEM images of flake surfaces: (a, d) before corrosion; (b, ¢) etched in water; (c, f) etched in 10 HCI.

of HCI, HNO,, H,SO,, is likely due to the removal
of network-modifying cations (e.g., Na*, Ca’") by acid
attack. The leaching of these ions increased the average
Si-O-Si bond angle and/or shortened the bond length
in the remaining silica network, leading to a higher
vibrational frequency. The varying extent of shift among
the studied acids may reflect differences in their ability

to ion-exchange or in the stability of the resulting surface
layers. (b) The band at around 3620 cm’, assigned
to isolated surface Si-OH groups, obviously increased
in intensity for flake A, indicating the generation
of new silanol groups via hydrolysis of the silicate
network. In the meantime, this band shifted to a lower
wavenumber position at around 3450 cm™. This suggests

Ceramics — Silikaty 70 (2) 358-367 (2026)
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the formation of extensive, hydrogen-bonded networks
among the newly created silanol groups, which lowered
and broadened the O-H stretching vibration. Moreover,
it can be seen that the changing amplitude of the above-
-mentioned two bands are weaker for glass flakes B
than for A, reflecting the weaker influence of acid attack
on the chemical structure of glass flakes B, which
was due to a more durable or less reactive composition.

Figure 7 a-c and d-f show the SEM images of glass
flakes A79 and B85 before and after corrosion in H,O
and 10 % HCI solution, respectively. Figure 7a
and d indicate that there are small pieces scattered
on the surface of the flakes. This was probably due
to the fragments caused by bursting glass bub-
bles sticking to the formed flakes, which may still
possess high temperature and viscous surface once
the bubbles were blown up. And the scatter pieces
are larger and more obvious in Figure 7d than those
in Figure 7a. This can be explained by the large vis-
cosity of the glass melt which generated glass flakes
B85. Figure 7b indicates that after the flake A79
was etched in water, the surface corrosion is visualized
by the aggregated particles attached on the etched surface.
In contrast, Figure 7e demonstrates that the corrosion
of flake B85 was weaker, indicated by its smoother
surface with less scatter fragments. Under the attack
of 10 % HCI solution, flake A79 and B85 exhibited
totally different changes. Obvious delamination was ob-
served for the flake A79, while surface bloom was seen
for the flake B8S.

It can be seen that the surface damage of Glass A
eroded in different media was more serious than that
of Glass B, because the introduction of Al,O; in Glass B
could play a role in repairing the network, strengthening
the silicate network and improving the chemical stability
of the glass. The results revealed the detailed differences
of the etched surface of flake A 79 and B85, in agree-
ment with the results and conclusion dawn from the data
presented in Figure 3a.

CONCLUSIONS

Two medium-alkali glass flakes A and B with
0.67 and 3.08 wt. % of Al,O, were studied in detail.
The *°Si NMR spectra results revealed that the poly-
merization degree of [SiO,] silicate network
did not vary significantly in the studied samples.
However, the distribution of Si-O-Si bond length
in [SiO,] became narrowed in the sample with higher
content of Al,O;, leading a structural symmetry increase
by 7.04 %. Both flakes were more resistant to diluted
acid than to water. The difference of acid resistance
of two flakes in 10 % HCI solution and water
was among the smallest and largest among the studied
corrosion media. The corrosion by water and acid alte-
red the morphology and the state of silanol groups

as well as the Si-O-Si bonds in [SiO,] groups
on the flake surface. Since it is difficult to find glass
flakes with exactly the same surface area, the results
and conclusions in this work mainly reflect the difference
of two flakes with a different Al,O, contents.
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