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Abstract: To research the dispersion properties and infrared (IR) interference efficiency of graphite flake particulates modified by hydrophobic nano-
silica, the flowability of graphite flake particles before and after modification was measured by a powder property tester. The smoke was formed by
dispersing the graphite flake particles into the smoke box using air flow dispersion way. The mass concentration and IR spectrum transmission of the
smoke were measured. On the basis of stir settlement model, the settling velocity of smoke was calculated. Results show that the Carr’s flowability
index of graphite flake particulates modified with hydrophobic nano-silica in mass ratio of 4.0 % is the highest, reaching 61 and at the same time,
the settling velocity decreases from 2.288x10™* m - s™' before modification to 1.125x10™* m - s after modification. Average IR spectrum transmis-
sion of the smoke formed in the wave band range of 3-5 um and 8-12 pm decreases from 0.3895 % and 0.7288% to0 0.072% and 0.176% . The

physical modification of hydrophobic nano-SiO, on graphite flake surface effectively improves the flowability and dispersion properties and significant-

ly increases the duration of the smoke formed by graphite flake particles and IR interference performance.
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1 Introduction

The advent of more advanced infrared (IR) sensors con-
taining sophisticated target acquisition and guidance systems
spurred the development of smokes that attenuate light in the
IR wavelengths "'*7. A variety of offensive and defensive sys-
tems and materials are employed on the battlefield. The most
popular IR smokes are solid materials of graphite flakes that
have good IR absorption properties because of their moderately
strong molecular vibrations in the IR region"* ™.

Graphite flake material must be disseminated and airborne
to be effective as an electromagnetic obscurant. The graphite
flake aerosols are mechanically generated using compressed-air
systems. The powder is directly delivered to the air-ejector of
smoke generators. The demand for effective graphite flake
aerosols formulation is increased for better delivery efficiency
and dispersion capability. The flowability of graphite flake par-
ticles is particularly important because it influences the deliver-
y process and dissemination efficiency. However, most studies
are focused on graphite flake particles with various sizes to im-
prove the IR extinction performance”™'. Graphite flakes used
for IR smokes are very easy to be combined with atmospheric
water because of having a greater specific surface area and
smaller particle size. If graphite flakes are coated by water or
formed agglomerates between graphite flake particles, their
settling velocity will be accelerated and infrared extinction per-
formance will be degraded"’ ™.

Most literatures have shown that hydrophobic nano-parti-
cles may modify powders and improve the flowability between
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powder particles - 777 The research presented in this paper

focuses on the evaluation of the flowability and extinction per-
formance of modified graphite flakes with hydrophobic nano-
silica. The index of flowability and IR spectrum transmittance
of surface modification of graphite flakes were determined and
compared with those of unmodified graphite flake particles.

2 Experimental

2.1 Materials

Hydrophobic nano-silica ( AEROSIL R202) powder was
chosen as guest particles supplied by German Evonik Degussa.
The nano-silica has highly hydrophobic characteristic because
its —SiOSi(CH, ), groups(Scheme 1). As shown in Scheme 1,
silica particle with lots of —SiOH groups is sensitive to the var-
iations of humidity. The median particle size of hydrophobic
nano-silica, D, is about 15 nm. This material is a fine,
white, cohesive and hydrophobic powder widely used in med-
icine and catalyst, etc.

CH
SI0SIECH SIOH
— — CHs = P
silica particl __CHy silica particl
Si0SiCH, SiOH
CH

3
hydrophobic nano-silica hydrophilic nano-silica

Scheme 1

Graphite is a soft-scale form of carbon that can be natural
or synthetic in origin. Natural graphite was provided by Chi-
nese Qingdao OER graphite Co. LTD and chosen as host parti-
cles. The chemical composition of the bulk powder is predom-
inantly carbon with trace impurities totaling less 1% by mass.
The trace impurities include small quantities of silica, alumi-
num, iron, calcium, titanium, and magnesium. Fig.1 shows
a TEM picture of nature graphite particles. Their surface seems
to have fish scale-like form. D,, is about 6 pm.
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Fig.1 TEM image of nature graphite flake

Fig.2 Model DSH-0.5 double screw conical mixer

2.2 Modifying Processes

A double screw conical mixer (Model DSH-0.5) was cho-
sen to perform a dry coating in this study. This apparatus was
defined as a high shear mixer, manufactured by Shanghai Shen-
li machinery Co. Ltd, China. As it can be seen from Fig.2, it
rotated around its axes by right of two internal asymmetric spi-
rals which was installed on the cantilever. Mean while, the
rotational force from the cantilever drove two spiral doing rev-
olution around conical chamber axle wire. It applied high me-
chanical impact and shearing forces on the particles in order to
break the fine agglomerates and coated them on the host parti-
cles. This way could full the bottom gap and form a convective
circulation. The dry coating method was also used successfully
for dry particle coating experiment'”™""'. The operating condi-
tion was 1500 r - min~' for 40 min at room temperature.

2.3 Characterization

The various characterization methods were used after dry
particle coating. The surface morphology of the particles was
observed by scanning electron microscopy ( Hitachi Model
S-4800). The powder tester (TC-1000/1001) was used to ex-
amine the flowability of the unmodified and modified samples.
The 20 m’ (6.1 mx2.0 mx1.8 m) smoke chamber used to
measure the performance parameters such as IR spectrum trans-
mittance of aerosol, settling velocity, mass concentration was
shown in Fig. 3 with the full smoke characterization instrument
configuration. Glass fiber filters, a rotometer and vacuum pump
were used to make aerosol concentration measurements at a
flow rate of 36 liters per minute. The aerosol transmittance over
the wavelength range of 1.34-13.94 um was measured by an
IR spectrometer ( Model 12-550 MarkIll, USA) with HgCdTe
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detector operated at liquid nitrogen temperature.
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Fig. 3 Schematic diagram of the particles chamber showing
the instruments

A known mass (approximately 30 g) of particles was
placed inside the powder disperser, which was connected to a
compressed air tank through a hose and nozzle. The nozzle
was operated at 202.6 MPa to disperse and deaggregate pow-
ders to produce an aerosol of primary particles. Two mixing
fans were operated continuously in the chamber at a low
speed to maintain uniform concentration and provided a level
of turbulence driving re-aerosolization and impaction approxi-
mating those components of aerosol deposition in the battle-
field. Spectral scans started to record data after finished pow-
der dissemination, at the same time, the aerosol mass concen-
tration measurement was started. Repeated measurements
were made by stopping 1 min after finished particles sampling.

3 Results and Discussion

3.1 The Flow Property of Graphite Flake Particles

The flow property of particles is a very important factor in

the process of powder handling such as storage, portage and
transfer. The phrase “good flow behaviour” usually means
that a bulk solid flows easily, i. e., it does not consolidate
much and flows out of a silo or a hopper due to the force of
gravity -alone, and no flow promoting devices are required.
Products are “poorly flowing” if they experience flow obstruc-
tions or consolidate during storage or transport. Carr''*! sug-
gested a method for evaluating the flowability from his experi-
ence on the handling of various powders. The flowability
(F,) was calculated using the sum of indices suggested by
Carr for the angle of repose (6,), angle of spatula (6,), de-
gree of uniform (U;) and compressibility (C,). F,, is a com-
mon way to characterize the flow behavior of particles. Higher
F,, values indicate better flowability. The flowability index can
be calculated by Eq. (1):
F..=0,+6,+C,, +U, (1)
where F_, is the flowability index; 6, is the angle of repose in-
dex; 6,, the angle of spatula index; C,, is the compressibility
index and U,, is the degree of uniform index.

Table 1 summarizes the values of the flowability index of
the unmodified and modified graphite flake calculated using the
angle of repose index, angle of spatula index and compressibili-
ty index according to powder evaluation method suggested by
Carr. The angle of repose and compressibility of the modified
graphite flake gradually reduce with increasing in the mass of
nano-SiO, , indicating an agglomeration decreases between
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Table 1 Flowability of the unmodified and modified graphite flake

mass of nano-silica /% 0./(°) 0., 0,/(°) 0., Cp/% C,. U, U, F..,

0 46.0 14.5 77.0 7 44.0 2.0 2.24 23 46.5
1 45.7 15.0 71.5 12 42.7 2.0 2.24 23 52.0
2 45.7 15.0 70.8 12 36.7 5.0 2.24 23 55.0
3 44.3 16.0 68.0 12 36.0 7.0 2.24 23 58.0
4 43.7 16.0 69.3 12 30.7 10.0 2.24 X 61.0
5 46.0 14.5 74.7 10 32.0 9.5 2.24 23 57.0

the graphite flake particles. When the nano-silica mass ratio is
4.0% , the value of g, reaches the minimum and F,, becomes
maximum. This means that the flowability is improved through
surface treatment.

3.2 Graphite Flakes Aerosol Properties
Each value of mass concentration represents the mean of

four different sampling locations (see Table 2). In order to ob-

Table 2 Mass concentration and settling velocity of particles in chamber

tain the settling velocity, the following equation is employed
based on a series of two filter concentration measurements |'*

H , C(t)
Y=o, M () (2)

where v, is the settling velocity in m - s™',

H is the chamber

height in m, C(¢t, ) is the mass concentration taken over time

intervals t, to (t,+1),in g+ m~> and C(t,) is the mass concen-
tration taken over time intervals t, to (t,+1)in g+ m™.

mass fraction of

mass concentration at different time intervals/g - m~

3 average mass concentration at

nano-silica /% 0-1 min 2-3 min 4-5 min 6-7 min different time intervals/g + m™
0 1.1319 0.8156 0.6325 0.5125 2.288
1 1.0944 0.8256 0.6513 0.5356 2.134
2 1.1306 0.9431 0.7906 0.6600 1.587
3 1.0762 0.8925 0.7638 0.6538 1.401
4 1.1281 0.9363 0.8263 0.7131 1.125
5 1.0562 0.8531 0.6681 0.5831 2.200

The IR spectrum radiance values measured by the Mark Il spec-
trometer are converted to transmittance (T(A) values using Eq. (3).
LL,((;\))_LLM((/;)> (3)

t bak
where L,(A) is the target spectrum radiance without the obscur-
antin W/Sr - m” - um, L, (1) is the background spectrum ra-
diance without the the blackbody in
W/Sr-m?® - um, L' (1) is the target spectrum radiance with

T(A)= x100%

obscurant and

the obscurant in W/Sr - m® - um and L, (A) is the spectrum ra-

diance of the obscurant and background without the blackbody in

W/Sr - m* - pm.

The values of the band-averaged transmittance of unmodi-
fied and modified graphite flake aerosols are calculated using
Eq. (4).

7o f"z T(A)da
A\ ALA,
Table 3 summarizes the values of the band-averaged trans-

mittance of unmodified and modified graphite flake aerosols.

The data of band-averaged transmittance of particles in Ta-
ble 3 gradually decrease with increasing the mass of nano-sili-
ca. Fig.4 shows the IR spectrum transmittance of unmodified
and modified graphite flake with the nano-SiO, mass ratio of
4.0% at4-5 min. The mean transmittance value of modified
graphite flake is 0.072% in the range of 3-5 um and 0.176%
in the range of 8—14 um, which is significantly different from
0.3895% in the range of 3-5 pwm and 0.7288% in the range of
8-12 um of unmodified graphite flake. Many factors can influ-
ence the IR extinction properties of obscurants, including the
conductivity, air concentration, and morphology, etc''*’.

x100% (4)
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Table 3
cles chamber

Band-averaged transmittance of graphite flake aerosols in parti-

mass fraction  wavelength averaged transmittance at different time

of nano-silica  /pm intervals/%
/% 0-1 min 2-3 min 4-5 min 6-7 min
3-5 0.0464 0.1896 0.3895 0.7922
0 8-14 0.0716 0.2221 0.7288 0.8904
3-5 0.0320 0.1462 0.2002 0.5365
1 8-14 0.1338 0.2193 0.4017 0.7047
3-5 0.0295 0.0567 0.1880 0.3230
2 8-14 0.0176 0.1126 0.3643 0.6663
3-5 0.0087 0.0645 0.1825 0.2837
3 8-14 0.0207 0.0990 0.2442 0.5682
3-5 0.0104 0.0440 0.0720 0.1680
4 8-14 0.0083 0.0751 0.1760 0.3098
5 3-5 0.0374 0.1090 0.3952 0.9896
8-14 0.1542 0.3654 0.9084 0.9163

it influences the
15-16]

Morphology is particularly important because
coagulation process and removal of particles from the air!
The surface morphology of modified graphite flake with nano-
silica in Fig. 5b is smoother than unmodified graphite flake in
Fig.5a. That can help the particles to have better flowability.
This change minimizes the coagulation between the graphite
flake particles and lowers the settling velocity of particles when
larger clusters of graphite flake particulates can not be formed.

' of un-

The settling velocity deceases from 2.288x10™> m - s~
modified graphite flake to 1.125x10~ m - s™' of modified graph-

ite flake (see Table 2). However, after this optimal amount of
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nano-silica, the settling velocity increases. The reason for this
increase is unclear and further studies are needed in order to
clarify the mechanism behind.

14
19] —— modified graphite flake
| —e—unmodified graphite flake
X 1.04
g 08
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(%]
s 044 %k
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2 3 45 6 7 8 9 1011 12 13 14 15
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Fig.4 IR spectra transmittances of unmodified and modified graphite

flake particles at 4-5 min

a. alone b. treated in DSH mixer
Fig.5 SEM (Model S-4800) images of graphite flake treated with silica

4 Conclusions

(1) A method of modifying the graphite flake particle sur-
face with hydrophobic nano-SiO, using the dry particle coating
process is presented.

(2)The Carr's flowability index of graphite flake particu-
lates modified with hydrophobic nano-silica in mass ratio of
4.0% is the highest, reaching 61.

(3) This physical modification makes the settling velocity of
modified graphite flake decrease from 2.288x107 m - s before
modification to 1.125x10~ m - s™" after modification and the dura-
tion of graphite flake particles floating in air increases.
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