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ABSTRACT

Strength and elastic modulus of the polymer composite material embedded with
electrically charged silica nanoparticles were engineered. For this the electrical charge
was deposited onto the nanoparticle surface because of ultraviolet radiation. The
specimens were tested under mechanical loading (stretch), and their surface destruction
was indicated in situ due to measurements of the emission of electrons.

The electrically charged nanoparticles embedded into the polymer composite material
are able to control its strength and elastic module in dependence on the ultraviolet
radiation exposure. The early destruction of the surface identified by electron emission
appears at ~0.018 of relative elongation.

1. INTRODUCTION

Nanoparticles (NP) are in use to reinforce polymer composites (PC) and control their
mechanical properties. To reach this an adhesion of the NP surface to the polymer
binder should be provided. In such a case the NP surface is functionalized, for instance,
because of the specific coating deposition that supplies chemical coupling of the NP to
the binder. [1]

Following the general adhesion theory [2] the attractive and repulsion forces compete
to connect the particle surface to the binder. Because the repulsion employs the
electrical fields [2] NP having an electrical charge arranged at their surface could be
engaged to design the reinforced polymer composite and control its mechanical
properties. The present article experimentally explores such the possibility for the first
time.

2. EXPERIMENTAL PROCEDURE

The experiment was supplied in the following steps:



- deposition of the electrical charge onto the NP surface,

- preparation of the polymer composite specimens embedded with the electrically
functionalized NP (FNP),

- stretch test of the specimens to identify the influence of the FNP on the PC
mechanical properties,

- identification of the specimens early destruction in situ of stretching.

2.1.Deposition of the electrical charge onto the NP surface

The SiO2 dielectric NP (Sigma Aldrich, reference number 637238, diameter 10-20 nm,
density 2,2-2,6 g/ml at 25°C temperature) were in use for the experiment. The electrical
charge deposition on the NP surface was reached because of the NP radiation by the
ultraviolet light (UV) aimed to excite the SiO. electrons/holes from the valance band
or/and local levels/bands and to be trapped by the local states situated at the surface [3].
The UV was supplied from the Hamamatsu Photonics source Lightningcure LC5
equipped with the Hamamatsu L8251 mercury Mercury-Xenon (200W) that delivered
the UV in a range of 220-700 nm. The NP powder was located at the distance 30 cm
from the UV source and was exposed with the light flow 3,89 W/cm? (at 365 nm wave
length in accordance with the Lightningcure LC5 technical specification [4]). The
specimens were exposed in a range from 0 to 60 minutes at the room condition.

The electrical charge deposited onto the NP surface was identified because of the
electron work function (the potential barrier for the electron to escape, that directly
connected to the surface electrical charge density) measurements [5]. An alteration of
the electron work function (¢) induced by UV exposure was measured. To quantify
the magnitude of ¢ the photoelectron emission (PE) current (1) spectra of the NP powder
were measured in accordance with the general photoemission formula:

I~(hv-¢)™ .

hv — energy of the photons that excite photoemission,
m — power index, could be acquired from the experiment.

The value of ¢ was identified for the condition 1=0, i.e. p=hv.

The handmade spectrometer [6] was employed to reach measurements of I(hv). The
PE was induced in a vacuum condition 10- Pa. The values of ¢ were achieved with the
uncertainty <0.04 eV. The Figure 1 demonstrates ¢ of the NP powder in dependence
on the UV exposure.
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Figure 1 Influence of the UV exposure on the NP value of ¢ .

The results evidence that UV decreased the barrier for the electron to escape, i.e. the
surface became positively charged.

2.2.Polymer composite specimens with embedded FNP

The Huntsman epoxy raisin Araldite LY 1564 [7] (at 25 °C: viscosity 1200 — 1400 mPa
s, density 1.1 - 1.2 g/cm?, epoxy index 5.8 - 6.05 Eqg/kg) and the hardener Aradur 3486
[7] (at 25 °C: viscosity 10 - 20 mPa s, density 0.94 - 0,95 g/cm?, Amine value 8.55 -
9.30 Eqg/kg) were mixed with the FNP powder. The concertation of the powder was
equal to 1.5 % from the raisin and hardener total weight (for each specimen - 52.1g of
epoxy raisin, 17.7g of hardener and 1.75g of nanoparticles)

The mixing was provided at the room condition. The components were mixed during
15 minutes in a dielectric (to avoid leakage of the electrical charge from the FNP) glass
stirring rod. To reach the homogeneous composition air bubbles appeared in the mass
were evacuated with a vacuum pump (Ozito 12V Air compressor) for 15 minutes. The
prepared mixed mass was poured in a tightly closed container from which the air was
pumped out at 0.8 bar vacuum.

The fabricated compound was casted in a silicone frame sized to in the square 156.25
cm? and having the thickness of 5 mm. The frame was piled on a glass surface greased
with TR-104 Hi Temp Mold Release wax (based on the Refined Carnauba Wax blended
with synthetic high temperature ingredients and petroleum distillates; dry time 5-10
minutes at 72°F, melt point 180-210°F, penetration hardness 1 at 25°C [8] ). The
compound was hardened at the room condition (22°C) during 72 hours. The absence
of the air bubbles in the prepared composite plates was verified employing the optical
microscopy technique (Motic BA 400 optical microscope, Meyer Instruments). The
specimens were cut off the hardened compound plates in accordance with Figure 2
dimensions. The cutting R0.5 served to get the damage of all of the specimens at an
equal location that was necessary because the light beam exciting the PE analyses was
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fixed by the optical system (the details are provided below at the paragraph on early
destruction identification) and was directed to the damaged area (cutting). To cut off
the specimens the milling digitalised machine tool (BLIN, model BL-S360,
manufacturer Blin Machinery; milling cutter model BL-S360 having diameter 2 mm
and rotation speed 3000 rpm) was employed. After the processing the specimens were
washed at the room condition consequently in a distillate water and ethanol for 2
minutes for each wash.

The strech tests (desctibed below in details) demonstrated that the RO.5 cutting did not
influence the shape of the load (F) - elongation (I) diagram, however the values of F
and | differed around 10% against the specimens withgout cutting.
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Figure 2 Dimensions of the specimens (dimensions in mm, tolerance <0.1 mm)

Totally 32 specimens were prepared and tested: 6 specimens per batch had the FNP
differently exposed with UV, within the single batch the NP were exposed equally.

2.3.Stretch test

The specimens were mechanically tested using the machine IMASH 5C-69 (Russia).
Loading was provided with the rate 120 mm/hour in the vacuum condition (102 Pa).
The elongation (I) and load (F) were measured.

The value of the relative elongation (&) was estimated as

e=1/L

where L=34cm (following the internationally recognised best practice L = 11.3VS ,
where S — area of the native specimen cross section at the destrcution/cutting location
(S=0.06 cm?)). The values of F and ¢ at the linear deformation range were in use to

estimate the elasticity module E:
E=odl¢

o - strain,

o =F/S



2.4 ldentification of early destruction of the specimens

Detection of the PE that appears, when molecular/atomic couples are destroyed because
of deformation [9,10] was in use to identify early destruction in situ of the specimens
loading.

The cutting R2 area (Figure 2) was illuminated (diameter of the light spot was around
5 mm) by UV photons having an energy hv enough to escape the electrons from the
specimen and was close to ¢ of the specimens (p= 5.25+0.05 eV it was measured as
above) for modulation of the PE current (1) to detect as small as possible variations of
¢ [11] expected because of the molecular/atomic couples reconstruction/destroying
and/or development of nano/micro cracks system resulted by deformation.

The UV photons were supplied from the source equal as employed for NP powders
radiation. The unfiltered light beam delivered the photons having an energy <5.6 eV
[4] that was slightly lager that ¢ to induce I. The latter detected by the secondary
electron multiplier VEU6 (Russia) identifying each event of the single electron
appearing in the detector (corresponds to the current of 10 *® A). The technique was
similar as described in [10] and is presented in Figure 3.

Figure 3 The vacuum chamber of the equipment for the experiments
F — load, UV- flow of photons, L — quartz lens, D- electron detector, S — specimen, e - electron flow

The electron detector generated impulses that amplitude was amplified and impulses
were registered by the radiometer Robotron 20 046 (Germany).

3. RESULTS AND DISCUSSIONS

The diagram for o on ¢ at the elastic range of deformation for the specimens with NP
supplied with different UV exposure is shown in Figure 5.
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Figure 4 The strain diagrams at the elastic deformation range of the specimens
having NP radiated with different UV exposures.

Following the Figure 4 one could conclude that the positively charged (lower values
of @) NP surfaces increase stress. The ratio of o/e (i.e. E) increases, when the FNP
acquire higher positive charge.

Figure 5 presents the strength o5t (o at €0.035 ) and E in dependence on ¢ of the FNP.
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Figure 5 Correlation of ostand E with ¢ of FNP embedded in the specimens.

Figure 6 represents typical stress and | diagrams measured in parallel in dependence on
duration of deformation/loading.
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Figure 6 Typical stress and | diagrams in dependence on deformation duration (NP
exposed to 60 minutes of UV) .

The dramatic increase of | was detected at the failure of the specimens. The diagram of
| demonstrates the oscillation like behaviour (frequency around 2.7 Hz (Figure 7)) at
the area of ¢ that raised from 0.01 to 0.04.
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Figure 7 Oscillation like behaviour of | (€ =0.01 - 0.04)

Following [9,10] | behaviour was connected to development of the micro/nano cracks
resulted by loading. To identify the start point of ¢ for such the supposed phenomenon
the I(t) diagrams were treated by the Furrier transform filtering procedure (the
OriginPro software was employed). The image of the I(t) signal filtered at the frequency
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()~ 2.7 Hz with the window Af that varied in the range from 0.06 to 0.336 Hz
demonstrates (Figure 8) the significant antinodes appeared at the very beginning of

deformation ¢ > 0.018 (arrow).
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Figure 8 Typical filtered Furrier image of I(t) and corresponding stress diagram
(specimen having the FNP characterized with ¢=5.29 eV); Af=0.2 (f=2.8, Hz).

The values of Af were varied to detect the antinodes, when they demonstrate their
highest relief. Figure 9 provides filtered Furrier images of I(t) generated with different
values of Af for the specimen having the FNP and characterized with = 5.29 eV .
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Figure 9 Filtered Furrier images of I(t): a)
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Af=0.4 Hz , b) Af = 0.2 Hz; = 5.29 eV.

The value (Afo) of Af that supplied the highest relief correlates with the magnitude of ¢

(Figure 10).
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Such the result is assumed as the signalling of the specimen destruction controlled by
differently charged FNP embedded into the prepared PC.

4. CONCLUSIONS

1.

The electrically charged SiO2 FNP embedded into the epoxy resin reinforce it:
increasing of the FNP surface positive potential for 0.2 V (¢ changed from
5.49 to 5.29 to eV) rises strength and elastic module of the composite on ~2
% and ~48% correspondingly.

Early destruction of epoxy originated composite reinforced with electrically
charged SiO2 FNP starts at the elastic area of deformation beginning at
€~0.018 (the elastic deformation finished at the value €=0.035).

Increase of SiO> FNP surface electrical positive potential for 0.2 V extends the
window Af, of the electron emission current frequency related to destruction of
the PC. This is assumed as the signalling of the damaging processes that is
expected to be analysed in further research.
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