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Abstract

We have found that the unique particle properties of fly ash can be applied to the modification of shear thickening fluid.
In this paper, rheological properties and microscopic thickening mechanism of fly ash/silicon-based shear thickening fluid
(subsequently abbreviated as FA/SiO,-STF) are studied. Ultrasonic technology and mechanical stirring method were used
to prepare FA/SiO,-STF with different mass fractions of fly ash, and then rheometer was used to carry out steady-state
rheological testing for FA/SiO,-STF, and 4%FA/Si0,-STF dynamic rheological test and temperature sensitivity testing,
respectively. The thickening mechanism of FA/SiO,-STF was analyzed by scanning electron microscope. The rheological
test results show that the FA/SiO,-STF with 4% fly ash content exhibits remarkable shear thickening effect. Finally, the
relationship between the viscosity and shear rate of FA/SiO,-STF is numerically described by a mathematical model, which

can accurately reflect the viscosity thickening effect.
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Introduction

Shear thickening fluid (STF) is a suspension system con-
sisting of nanometer or micron particles as the dispersed
phase (Jiang and Pu 2020; Son et al. 2020; Sun et al. 2023).
The most common STF is prepared by dispersing silica into
ethylene glycol (EG) or polyethylene glycol (Li et al. 2017,
Prabhu and Singh 2021; Mahesh et al. 2022). When the shear
rate reaches a certain threshold, the viscosity of STF will
increase nonlinearly with the increase of the shear rate (Sun
et al. 2018; Wei et al. 2020; Heinze and Carastan 2020). Due
to the high damping properties of STF during thickening, it
can find its use in a variety of engineering applications (Shen
etal. 2018; Sun et al. 2021b; Wei et al. 2023), such as body
armor, shock absorbers, and sports equipment. At present,
improving the thickening effect of STF and its composite
application has become one of the current research hotspots.
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With the in-depth understanding of shear thickening fluid,
the researchers gradually concluded that dispersed phase,
admixtures, and external environment are the main factors
that affects shear thickening (ST) (Liu et al. 2016; Yu et al.
2018; Sun et al. 2021a). Among them, the dispersed phase is
the key factor restricting the shear thickening effect. Chang-
ing the dispersing phase, such as volume fraction, particle
size, size distribution, shape, and surface chemistry proper-
ties, can dramatically influence the rheological properties of
STF (Sun et al. 2018; Zheng et al. 2022). Egres and Wagner
(2005) studied the influence of particles’ shape on the ST
properties of STF. They found that shear thickening was
more likely to occur when the dispersing phase was com-
posed of anisotropic particles. The suspension of rod-shaped
particles was most prone to show shear thickening behavior,
followed by plate particles, while the viscosity of spherical
particles STF was the smallest. Wu et al. (2020) developed
a novel shear thickening fluid (Z-STF) by dispersing zeolite
imidazolate framework-8 (ZIF-8) nanoparticles into ethylene
glycol (EG). The rheological properties of Z-STF were con-
trolled by changing the morphology of ZIF-8 nanoparticles.
Compared with traditional SiO,-based STF (S-STF), Z-STF
shows a superior shear thickening behavior because of the
porous nature and polyhedron morphology of the ZIF-8
nanoparticles. Cheng et al. (2021) used styrene/acrylate
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copolymer particles as the dispersed phase to prepare STF
and conducted steady-state rheological tests for STF. The
experimental results show that STF exhibits shear thinning
behavior at low shear rate, while the viscosity increases
sharply after the critical shear rate is about 10 s™!, and shear
thickening behavior occurs.

The study of dense suspensions remains a diverse field of
study, and experimental and computational studies must be
used in parallel to reveal the microscopic mechanisms behind
their volume rheology and fluid mechanics (Lin et al. 2015;
Trulsson et al. 2017; Monti and Rosti 2023). Some scholars
have summarized the relevant laws through a large number
of experiments and put forward some theoretical models to
explain the shear thickening phenomenon. Brady and Bossis
(1985) proposed the hydrated particle cluster theory and dem-
onstrated through dynamic simulation that the shear thick-
ening phenomenon was caused by the hydrodynamic forces
between particles in STF. In recent years, with the advent
of high-resolution optical devices, people can observe the
process of the movement of microscopic particles through
experimental instruments. Cheng et al. (2011) used confo-
cal electron mirrors to observe the particle motion state of
spherical silica suspension during shearing, which directly
reflected the thickening process of STF. The hydrated particle
cluster theory is mainly aimed at the shear thickening fluid
with Brownian motion, but the description of thickening phe-
nomenon caused by non-Brownian particles has some limita-
tions. Therefore, some researchers put forward the frictional
contact theory. Trulsson et al. (2017) used a numerical simula-
tion method to systematically change the microscopic friction
coefficient and viscosity coefficient of particles and explained
the three effects of particles on frictionless, frictional slid-
ing and rolling. Mawkhlieng et al. (2021) prepared a mul-
tiphase shear thickening solution (STF) containing graphene
nanosheets (GNPs). According to SEM images, GNPs has a
larger surface area than silica particles, and the former serves
as the gathering point. Smaller silica particles travel relatively
little distance and can form clusters on GNPs. Giirgen and de
Sousa (2020) added very small cork particles (0.5-1.0 mm)
to silicon-based shear thickening suspension and performed
microscopic analysis of the deformation of each particle dur-
ing shear thickening. The experimental results show that due
to the deformability of cork, cork particles reduce the bearing
capacity of suspension. In addition, increased viscosity in the
mixture leads to strong particle contact, which causes cork
particles to deform due to their softer structure.

Fly ash (FA) is generally micron particles captured in
the flue gas after coal combustion, with a diameter range of
1-100 um. Most of the fly ash particles are spherical, and a
few of them melt at high temperature to form honeycombs
with rough surface and different shapes (Romagnoli et al.
2014; Kanti et al. 2020; Hu et al. 2023). In addition, fly ash
contains alkaline oxides such as potassium oxide and calcium

@ Springer

oxide, which can hydrate with alumina to produce gel prod-
ucts such as calcium aluminate hydrate (Shi et al. 2020; Siang
Ng et al. 2020). The special morphology of fly ash parti-
cles and hydration products with gel properties can greatly
change the interface properties of fly ash particles (Nadziri
et al. 2018; Gadkar and Subramaniam 2019; Liu et al. 2020).
Kim and Jun (2021) used optical technology to study the
agglomeration and dispersion of fly ash particles in cement-
fly ash suspension. It was found that the nanoscale spherical
dispersed fly ash particles could provide a ball bearing effect
between the microscopic aggregates, which reduced the vis-
cosity of the cement-fly ash suspension. Ma et al. (2021)
studied the fluidity and strength of cement slurry by grinding
fly ash and controlling the particle shape of fly ash. Accord-
ing to the electron microscope scanning image and rheologi-
cal test results of the fly ash particles, the spherical particles
in the fly-cement system could improve the fluidity of cement
slurry, but the improvement effect was obviously weakened
after grinding treatment. There was significant relationship
between spherical failure and ball bearing effect and fluidity.
The larger the ball ratio, the higher the mobility.

At present, most scholars have only studied the rheologi-
cal properties of fly ash suspension or its catalytic properties
in the chemical field and have not applied the microscopic
morphology and particle size of fly ash in the shear thicken-
ing fluid. Considering the excellent thermal stability, diverse
micro-morphology, and suitable particle size of fly ash, fly
ash is expected to be used as a dispersed phase of STF to
optimize ST behavior and deepen the understanding of ST
behavior and particle structure. Therefore, the study uses
the microscopic morphology and particle size of fly ash to
prepare FA/SiO,-STF to explore its rheological properties
and thickening mechanism.

Tests and methodologies
Materials

In this experiment, nanoscale silica particles purchased from
China Reckitt Chemical Company were used as the dispers-
ing phase, with an average particle size of 12 nm. PEG200
is a stable transparent liquid with hydroxyl value of 510-623
mgKOH/g, purchased from Shandong Yusuo Chemical
Technology Co., LTD., China. N-[3-(Trimethoxysilyl)
propyljethylenediamine (C8H22N203Si), purchased from
Shanghai Aladdin Reagent Co., LTD., was used as the dis-
persant. The fly ash (FA) purchased from Gongyi Yuanheng
Water Purification Material Factory was selected as the sec-
ond dispersed phase, with an average particle size of 6.5 um.
Figure 1 shows the particle size distribution and particle
morphology of fly ash.
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Fig. 1 Physical characteristics of fly ash. a Particle size distribution; b particle morphology
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Fig.2 STF preparation process

STF preparation

The preparation process (Zheng et al. 2020; Wilms et al.
2022; Guo et al. 2023) of STF is shown in Fig. 2. First,  Table1 Main components of STF sample

before preparing FA/SiO,-STF, nano-silica particles and fly Sample PEG (ml) Nano-silica  Fly ash (g C8H22N203Si
ash particles were dried in a vacuum drying oven for 8 h. (@) (2)

During the preparation process, the constant temperature

water bath environment was maintained at 60 °C. A total ?;(;ZAS;I:) _ ;ggg zgg :)5 ;8

of 6 STFs were prepared in this work, and the main compo- gTF 2 ' ' ' '

nents of STF sample are shown in Table 1. 2%FA/SIOy 2000 500 10 20
First, add 200 ml PEG200 and appropriate amount STF

of C8H22N203Si to the beaker. Secondly, during the  3%FA/SiO,- 200.0 50.0 15 2.0

stirring process, nano-silica is added to the beaker in a STF

pre-set proportion, and the beaker is continuously oscil- ~ 4%FA/SiO,- 200.0 50.0 2.0 2.0

lated for 30 min using an ultrasonic oscillator until the STF

nanoparticles are uniformly dispersed in PEG200. Then, 5‘75’?;‘/ Si0,- 200.0 50.0 25 20

fly ash was added in the same way, and the ultrasonic
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oscillation time was 10 min. Finally, the configured FA/
Si0,-STF was placed in a vacuum drying oven at 108 °C
for curing for 2 weeks to obtain stable FA/SiO,-STF.

Rheological performance test

For each group of materials (about 200 ml, Fig. 3b shows
the FA/SiO,-STF of some samples), 3 locations were ran-
domly selected in the corresponding beakers for sampling.
Each sample material was about 5 ml. TA Company AR2000
rheometer was used to test the steady-state and dynamic flow
performance of FA/SiO,-STF with different mix ratios. The
plate for rheological testing is 40 mm in diameter. The pre-
shearing time is 5 s and the shearing rate is 10 s~!. Each
experiment was repeated 3 times. Figure 3 shows the rheom-
eter and sample. Specific tests are as follows:

(1) The test temperature was set at 25 °C and the plate
spacing was fixed at 0.5 mm. The shear rate scanning
range was 0.1-1000 s~!. The steady-state rheological
test of shear thickening fluid with different fly ash con-
tent was carried out.

(2) The test angular frequency was fixed at 10 rad/s, and the
dynamic rheological test of 4%FA/SiO,-STF was car-
ried out with the strain scanning range of 0.1-2000%.
The test strain amplitude was fixed at 75%, 150%,
300%, and 600% and the frequency sweep range was
set at 0.1-600 rad/s. The dynamic rheological test of
4%FA/SiO,-STF was carried out.

(3) The test conditions were shear rate scanning range of
0.1-1000 s~! and plate spacing of 1 mm. The tempera-
ture sensitivity of 4%FA/SiO,-STF and SiO,-STF was
tested at 5 °C, 12.5 °C, 25 °C, and 40 °C.

Results and analysis

Steady-state rheological property

Figure 4a illustrates the viscosity vs. shear rate curves of
FA/SiO,-STF with different mass fraction ratios in the shear

Fig.3 FA/SiO,-STF rheological
performance testing. a Rheom-
eter; b partial FA/Si0,-STF
samples
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rate scanning range of 0.1-1000 s~. The plate spacing and
temperature are 0.5 mm and 25 °C, respectively. As shown
in Fig. 4a, FA/SiO,-STF has a good shear thickening effect.
Compared to SiO,-STF, the peak viscosity of FA/SiO,-STF
is higher, and the critical shear rate significantly decreases
when thickening occurs. When the shear rate increases,
Si0,-STF and FA/SiO,-STF exhibit three rheological behav-
iors in sequence, including near-Newtonian behavior, shear
thickening behavior, and shear thinning behavior.

As shown in Fig. 4a, fly ash mass fraction and shear rate
have a significant impact on the rheological performance
of FA/SiO,-STF. The reason is that the microstructure of
fly ash particles is mainly divided into spherical and hon-
eycomb shapes. Among them, there are a large number of
spherical particles with varying volume sizes, while there
are fewer honeycomb particles with complex spatial struc-
tures. At low shear rate, the initial viscosity of SiO,-STF
is greater than that of FA/Si0,-STF. This is because both
nano-silica and spherical fly ash particles can play the role
of ball bearing between the honeycomb micro-aggregate.
Among them, the ball bearing effect between nano-silica
is weak, so the initial viscosity of SiO,-STF is large. The
strong bearing effect of nano-silica on ball fly ash leads
to smaller and more stable initial viscosity of FA/SiO,-
STFE. As the shear rate continues to increase, the collision
between particles inside FA/SiO,-STF is further intensi-
fied, and the ball bearing effect is weakened. This is condu-
cive to the collision between fly ash particles and nano-sil-
ica particles, greatly reducing the slip and rotation between
fly ash particles, and forming a friction network along the
effective path composed of silica particles, thus improving
the thickening effect of FA/SiO,-STF. Because the amount
of fly ash contained in FA/SiO,-STF is different, the shear
thickening effect will increase with the increase of fly ash
quality. However, excessive fly ash contains certain alka-
line substances, which causes the hydration reaction of fly
ash. In addition, the particles in the suspension are not uni-
form, the shape is complex, the surface electrical density is
low, or there is a certain aggregation phenomenon, which
will lead to precipitation as shown in Fig. 4c. Compared
with 4%FA/Si0,-STF, 5%FA/SiO,-STF showed weak shear
thickening effect.

(b)
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The critical shear rate is the shear rate corresponding
to the minimum viscosity in the thickening process. The
difference between the critical shear rate during thickening
and the shear rate corresponding to the peak viscosity is
the thickening response. As shown in Fig. 4b, with the
increase of fly ash mass fraction, the thickening response
of FA/Si0,-STF showed a trend of first decreasing and then
increasing. Compared with SiO,-STF, the critical shear rate
and thickening response of FA/SiO,-STF are significantly
reduced. The experimental results show that the particle size
and morphology of fly ash can improve the thickening effect
of SiO,-STF. In addition, the variation trend of thickening
response also reflects that FA/SiO,-STF produces thickening
behavior mainly through extrusion friction between
particles. Most importantly, the thickening effect of 4%FA/
Si0,-STF is significant. As shown in Fig. 4, compared with

Si0,-STF, the peak viscosity of 4%FA/SiO,-STF increased
from 24.65 to 345.02 Pass, an increase of 1299.68%, and the
thickening response decreased from 189.56 to 22.62 57!, a

decrease of 88.07%.
Temperature sensitive property

In order to further explore the practical application of
4%FA/Si0,-STF, the influence of ambient temperature on
the rheological properties of 4%FA/SiO,-STF and SiO,-
STF is discussed in detail (Fu et al. 2020; Rizzo et al. 2020;
Giirgen and de Sousa 2020). Figure 5a and b show the
viscosity-shear rate curves of 4%FA/SiO,-STF and SiO,-
STF at different temperatures, respectively. As shown in
Fig. 5a and b, both 4%FA/SiO,-STF and SiO,-STF exhibit
obvious shear thinning and shear thickening behaviors at
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different temperatures. However, the effect of temperature
on shear thickening behavior is significantly greater than
its effect on shear thinning behavior. For example, when
the temperature increases threefold from 12.5 to 40 °C, the
viscosity of 4%FA/Si0,-STF at a shear rate of 0.1 s~ only
decreases by 35.64 Paes, while the peak viscosity difference
can reach 1987.65 Paes.

As can be seen from Fig. 5c¢ and d, compared with
Si0,-STF, 4%FA/SiO,-STF is greatly affected by tem-
perature. The critical shear rate and thickening response
decreased significantly with decreasing temperature. When
the temperature of 4%FA/SiO,-STF decreased from 40 to
25 °C, 12.5 °C, and 5 °C, its thickening response decreased
from 23.12 to 14.26 s, 3.59 s~!, and 2.35 s7, respec-
tively. The reduction rates were 38.32%, 84.17%, and
89.84%, respectively. This is because the higher the tem-
perature, the Brownian motion of nano-silica is intensified,
which weakens the contact between fly ash particles and
other fly ash particles along the effective path composed
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of silica particles. Therefore, the shear thickening perfor-
mance of 4%FA/SiO,-STF will decrease with the increase
of temperature.

Microscopic characterization of FA/SiO,-STF

As shown in Fig. 6, the thickening mechanism of FA/SiO,-
STF was analyzed. The thickening process of STF was
studied from two aspects of fly ash particle morphology
and contact path. Figure 6a is the image of fly ash particles
obtained by scanning electron microscopy (SEM). Fly ash
particles have two particle shapes, which are spherical and
honeycomb with rough and angular surface. Because of its
unique structure and large specific surface area, honeycomb
fly ash particles can adsorb a large amount of free nano-
silica. Figure 6b is the image of 4%FA/SiO,-STF particles
obtained by scanning electron microscopy (SEM).

Figure 6¢ describes the shear thickening mechanism
of FA/SiO,-STF. When subjected to shearing action, the
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honeycomb fly ash particles can form particle clusters with
a certain amount of nano-silica particles. In addition, as
the shear rate continues to increase, the collision between

particles in FA/SiO,-STF is further intensified, and the ball

bearing effect generated by nano-silica is weakened. Under
shearing action, the chain composed of silica particles can
greatly weaken the rotation and slip of fly ash particles, and
form a frictional contact network structure, thus improving 1000 ¢

the thickening effect of FA/SiO,-STF.

Dynamic rheological property

According to the steady-state rheological experimental
results, 4%FA/Si0,-STF has significant shear thickening
performance. Therefore, this section mainly studies the
dynamic rheological properties of 4%FA/SiO,-STF.

Figure 7 shows the curves of the energy storage mod-
ulus (G') and energy dissipation modulus (G") of 4%FA/
Si0,-STF with the strain amplitude at a fixed angular fre-

10000

amplitude, and then weakening when the strain amplitude
increases to 600%. The energy storage modulus of 4%FA/
Si0,-STF increases from 34.12 to 837.11 Pa, increasing by

75 150 300 600
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increase, the G' and G” curves of 4%FA/SiO,-STF show a

similar trend, starting to increase at about 75% of the strain  tude
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Fig. 7 Relation curve of 4%FA/SiO2-STF modulus and strain ampli-
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about 245.34%. The energy dissipation modulus increased
from 39.32 to 3024.96 Pa, an increase of about 769.32%. In
addition, the energy dissipation modulus of 4%FA/SiO,-STF
is always above the energy storage modulus and is more
obvious in the high strain amplitude range, showing stable
thickening energy dissipation capacity.

The characteristic strain amplitude points were selected
in the 4%FA/SiO,-STF modulus variation area, and the fre-
quency scanning test was carried out.

Figure 8 shows the curves of the energy storage modu-
lus (G') and energy dissipation modulus (G"”) of 4%FA/
Si0,-STF with the angular frequency under different
strain amplitudes. The angular frequency ranges from 0.1
to 200 rad/s. The variation trend of energy storage modu-
lus and energy dissipation modulus of 4%FA/SiO,-STF is
consistent. The modulus of shear thickening fluid increases
with increasing angular frequency. With the increase of
strain amplitude, the angular frequency corresponding to
the significant increase of G' and G” of 4%FA/SiO,-STF
decreases. In addition, after the energy dissipation modulus
(G") and energy storage modulus (G') of 4%FA/SiO,-STF

are significantly increased with the increase of angular
frequency, the difference between them increases with
the increase of strain amplitude. The energy dissipation
capacity of 4%FA/SiO,-STF is further enhanced and the
energy dissipation is obvious at 300% and 600% of strain
amplitude. For example, when the strain amplitude is 75%
and 300%, the energy dissipation peak of 4%FA/SiO,-STF
increases from 2534.47 to 11,898.70 Pa, an increase of
about 369.47%.

Shear thickening fluid viscosity model

The steady-state rheological experiments, dynamic rheologi-
cal experiments, and temperature sensitivity experiments
show that FA/Si0O,-STF has excellent thickening and energy
dissipation performance and conforms to the characteris-
tics of non-Newtonian fluids (Qin et al. 2016; Rathee et al.
2020; Thiedeitz et al. 2022; Sun et al. 2024). A mathemati-
cal model of the relationship between FA/SiO,-STF shear
rate and viscosity was established, and the fitting results and
experimental data are shown in Fig. 9.
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Fig. 8 The relation between the modulus of 4%FA/SiO,-STF and angular frequency. a The strain amplitude is 75%; b the strain amplitude is

150%; ¢ the strain amplitude is 300%; d the strain amplitude is 600%
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_ Mpax , ax (1=1/(1 +exp(d * v +0))
T V+T 1+expld=*v+7y,) M

K is the apparent viscosity.

Nmax 1 the peak viscosity.

T is the constant of temperature.

7, 1s the critical shear rate.

v is the shear rate.

a, b, ¢, and d are the adjusting parameters of the curve.

As shown in Fig. 9 that the model can well reflect the
viscosity change process of FA/SiO,-STF and is suitable
for the thickening process of FA/SiO,-STF with different
contents. As shown in Table 2, correlation coefficients R?
of STF viscosity simulation curves with fly ash content of
1%, 2%, 3%, 4%, and 5% are all above 0.95, indicating that
the simulation results of viscosity function model have high
reliability. The viscosity function model well reflects the two
viscosity change stages of FA/SiO,-STF shear thickening
and shear thinning. The empirical formula can provide refer-
ence for FA/Si0O,-STF in various engineering applications
such as bulletproof vests and shock absorbers.

400

= 1% FA/SiO,-STF-Experimental data
1% FA/SiO,-STF-Fitting curve
* 2% FA/SiO,-STF-Experimental data
2% FA/SiO,-STF-Fitting curve
3% FA/SiO,-STF-Experimental data
3% FA/SiO,-STF-Fitting curve
v 4% FA/SiO,-STF-Experimental data
4% FA/Si0,-STF-Fitting curve
5% FA/SiO,-STF-Experimental data
5% FA/SiO,-STF-Fitting curve

300

200

Viscoisty (Pa.s)

0 100 200 300 400 500

Shear rate (s1)

Fig. 9 Comparison between FA/SiO,-STF experimental data with fit-
ting curves

Conclusion

In this paper, FA/SiO,-STF with different mix ratios were
prepared based on the microscopic morphology of fly ash.
Rheological performance of FA/SiO,-STF was investigated by
rheological tests, and the thickening mechanism was revealed
based on SEM. Finally, the viscosity changes of FA/SiO,-STF
with different fly ash quality were reflected by mathematical
model. The main conclusions are summarized as follows:

(1) 4%FA/SiO,-STF has shown good shear thickening
effect. Fly ash content can greatly affect the ST effect
of FA/SiO,-STF. In addition, the effects of the micro-
scopic morphology of fly ash particles on the shear
thickening performance of the fluid are explained by
scanning electron microscopy.

(2) Dynamic rheological test shows that 4%FA/SiO,-STF
is an optimal energy dissipation system and can main-
tain a high energy dissipation effect at lower angular
frequency or small strain amplitude. From the point of
view of material properties, it shows that the compound
has a strong energy dissipation capacity.

(3) The temperature sensitivity test shows that the viscosity
of 4%FA/SiO,-STF is significantly affected by tempera-
tures. The higher the temperature, the more violent the
Brownian motion of silica particles, which is not con-
ducive to friction extrusion of fly ash particles along
the effective path composed of silica particles.

(4) The viscosity changes of FA/SiO,-STF in two stages of
shear thickening and shear thinning can be accurately
reflected by mathematical modeling.

This work makes full use of fly ash particle morphology
to improve the ST capacity of FA/SiO,-STF. The thicken-
ing mechanism of FA/SiO,-STF is analyzed by SEM. The
results will greatly assist in the development of intelligent
non-Newtonian fluids. However, the physical and chemical
properties of the fly ash used in this investigation, such as
particle size and calcium oxide content, can only be repre-
sentative of regional fly ash. In addition, the preparation
process, thickening mechanism, and high damping charac-
teristics of FA/SiO, in this work can provide insightful refer-
ence for researchers in the fields of developing new energy
absorption and multifunctional materials.

Table 2 .Model parameters and STE Mo T 7. a b c d R2
correlation
1%FA/SiO,-STF  92.900 25.000 7.943 2456,000.000 -0.003 -10.010 -0.179 0.988
2%FA/SiO,-STF  163.918 25.000 5.012 4,777,000.000 —-0.005 —10.040 -0.181 0.957
3%FA/SiO,-STF  190.068 25.000 7.944  345.300 —0.009 0.575 —0.289  0.990
4%FA/SiO,-STF ~ 345.022 25.000 2.512 5048.000 0.769 —-9.332 0.009 0.981
S%FA/SiO,-STF  275.187 25.000 3.981 17,670.000 0.496 —8.207 0.007 0.989
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