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Summary

Jet erosion tests of outdoor iteting silicone and EDM rubbers were carried out by
means of a modified sdblasting equipment. The presence of relatively larym)-
reinforcing fller particles increased the erosion rate of the silicar#ber compounds.
The erosive wear of highly filled cgmunds strongly depended on the incident angle of
the eroding padicles. Rubbers with low amount or very finely dispersed reinforcitgrf
showed a good resistance to solidtigée eroson. Themechanisms of material removal
were studied by scanning elemrt microscopy and discussed.

Introduction

Polymer materials such as silicongbber and ethylene/propylene/diene rubbePiEl)
are widely used as weathershed materials afamutinsuators. Because of their original
surfacehydropholicity, these polymers are used to replace traditional insulating materials
under exteme pollution onditions. In windy faces and deserts, fast moving solid
particles can cause erosive wear of thefaxe of the polymehousing. [2teriorated
polymer surfaces tend to collect more contaminatioder cetain cnditions that can
lead to a decrease of the measuredhtigsr vdtage.(1,2)

The objective of this wrk was to compare the resistance of different polymeidatisn
materials to solid particle erasi. Accelerated mechanical erosion (jet evo$i was
achieved by exposing thmaterials to a Ilgh-speed sandblasting process. Tineasured
erosion rates were used to evaluate the resistance of the differguiwais to the edicts

of sandstorms and other forms of solidtjude erosion.

Experimental

All the erosion tests were performed in amcoercial sadblasting chamber. The
equipment was modified for carrying ooteasurements aoaling to industal standards
(3,4). A sample holder is used to pgm the sample inside the chamber. The working
distance and the impact angle are adjusted by moving the nozzle holderring the
sample holder. The speed of the erodentigdas was adjusted by modifying the air
pressure of the nozzle.

The speed of the erodent pales was measured by the "rotegidisks method". Two
parallel disks were ounted on the shaft of an electric miotA part of the erodent bundle
is directed to the first wheehtough a mask. The gaile that can gethrough a gap of the
first wheel impacts the rear wheel where the wearing of uhiace of the disk indicates
the location of impingement. The speed can be calcufededthe angle of the impact
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center and the gap using the speed of the omtalihe mass flow of the erodemtaterial
was measured by collecting and measuring the weight of erosive magemialthrough
the mask.The eroded saces were studied with a JEOL scanning ebectnicroscope.
Secondaryelecton imaging was used at 20 kV acceleration voltage. The samples were
coated with gold irorder to reduce chargaccumulation on theusface.Contact angles
were measured using a Rameé-Hart contact argpeiometer. $rface roughness
parameters were measured with an UBM scanning lasefilometer. The mdent
material used in the erosion measurements wasndum (Pdrcle size:0.06-0.12 mm,
specific density: 4 g/cth The shape of the corundum fpeles was irregular with
relatively sharp edges. This represents the most erosive particles that fcamdeinder
natural conditions.

Notation ATH [phr] | Tensile strength | Tear resistance Hardness
[N/mm?2] [N/mm] [Shore A]
SO 0 3.29 18 43
S1 50 3.32 13 51
S2 120 2.32 7.5 58
EPDM 120 491 30.2 64

Table 1. Composition and mechanical properties of LSR materials

The base of the siliconeubber compounds (denoted by SO, S1 and S2) was a
commercially available LSR (Liquid SilicorRubber)material. This containsbaut 20 wt

% of an Aerosil type silica. Aerosil is a very finely dispersedm@anousmaterial with

very large specific igface. A series of copounds was produced byllihg the base
compound with alumina-trinydte (ATH; d,,= 4 pm). The alumina-trinydte was
surface treated by trimethyl-nietxy-slane. In order to make the processing of the
compounds easier, 5 phr (parts pro hundred resin, where resin is the basic LSR
compound) of tmethyl-siloxy termirated poy-dimethyl-siloxane oil (viscosity of 350
mPas) was added to all cpounds.

A commercial PDM conpound was also involved to the exjpeents. Table 1. shows
the composition and phigal propeties of each insulatingibbers.

Results and discussion

Mechanical erosion tests

The resistance of the insulator materials to erosive wear was compared by subjecting
them to a relatively high speed, erosivendsdlasting teatment. The material samples
were covered with an iron mask having a circular hole withameter of 30 mm. The
bundle of erosivenaterial was directed to the center of tkkpased sample swate at 90
(nomal to the arface). The working distance was 160 mmeiach experiment. The
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maximal speed ofarundum paicles was bhout 120 m/s. At this erodent speadatively
high erosion rates can be observed.

The erosive wear was monitored by measuring the weight loss of the samples. In the
following charts, weight loss was plotted against the masgsaofeat that impcted the
surface. Erosion rate is defined as the slope of the linear part of theses.cThe
dimension of the erosion rategékg of erodenfweight loss pro mass of erodent).

Figure 1 shows the katics of material removalrom the different samples. At the
beginning of the erosion process, the unfilled silicomeber, SO, showed an ination
period when no material removal was observed. After the incubatioodparicontinuous
material removal oaared that is rdécted in the linear section of the erosiame. The
behavior of the ATH filled comounds wasisiilar with a much Borter incubation period.
The siliconerubber without ATH and thenechanically sbng BPDM rubber showed
good resistance to erosive wear. Increasing the amount of addedilfersignificantly
increased the rate of the erosion.
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Figure 1. Erosive wear of different polymer insulating materials

Erosive wear was also studied at incident angles different frémF8fure 2 smmarizes
the dependence of the erosion on the impact angle. Treatment times wer@rseid®
0.45 kg of erodentmaterial reaching theugface. The weight loss caused by such a
constant amount of erodent was in the linear period, so the weight loss valtied plo
against the impact angles irgbre 2 represent the observable erosaies.

The highly filled S2 and EDM materials exhibited much higher material loss at oblique
impact angles than at perpendicular erodmdle. The iicone rubber cotaining no
ATH was not sensitive to the impact angle changes. The weight loss at 30° was slightly
larger than at 90° but it was significantly smaller than that of the ATH filled versions.
The erosion rates were measured. also & 3Jbe results are compared with those
obtainedfor 9C° impact angle in Fjure 3.

The erosion rates show the same tendency as the material loss due to a cedainodm
impacting eodent material. The unfilled silicone rubber shows the best overall
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performance though its tdles strength and tear resistance is lower than those of the

EPDM conpound.

Note that the speed of the particles in the presented accelerated tests is much higher than
the wind speed in sand storms. Thereforeasurements were carried out to check the
effect of the particle speed on the length of the incubation periods and the erosion rates.

S0, the siliconeubber with no addedller, was tested at different particle speeds and 90
impact angle. Table 2 shows the results of these experiments.
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Figure 2. Effect of impact angle on the weight loss of insulating materials
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Figure 3. Erosion rates of insulating materials at two different impact
angles. The labels show the actual value of the erosion rate

Particle speed (m/s) Incubation period (min) Rate of erosion (g/kgerodent)
27 oo 0
48 25 0.015
71 3 0.048
111 0.2 0.16

Table 2. Incubation period and erosion rate for different particle speeds. SO silicone
rubber, 90° impingement angle

Both incubation period and steady state erosion rate feara to be strongly dependent
on particle speed. As it was expected, incubation periods waged and erosionates
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were lower with decreasing particle speed. In fact, at 27 m/s no material removal was
observed within a reasonable test tifoethe unflled SO siliconerubber compound. This
suggests that a not highlylléd silicone rubber can withstand a long-term exposure to
severe sandstorms.

The mechanism of erosion

Rubbers are known to haveoetent resistance to erosive wear. The theoretical models of
erosive wear of unfilledubber at nanal impact angles was presented earf®r In the
proposedmechanism, material is removéwm the surhce bypropagtion of subsurface
fatigue cracks caused by solid particle imparctiWhere the dense network of subsurface
fatigue cracks intersecthanks ofmaterial can be detached.

The mechanism of the erosion of silicondbermaterials is similar to that presented in
the literature. Fjure 4 shows a scanninglecton micrograph of the sandblasted SO
material sirfacefrom the inculation period. The suate of the siliconeubber is imact,

no surface or subsface cracks can be observed. Thedentmaterial is deposited on the
surface. In the constant wear interval of thghkspeed sand-blasting process, some
cracks occur in the layer deposited on thdaxe and in the siliconmubber layer itself
that favors tanaterial removal.

Figure 4. Sandblasted surface of SO silicone Figure 5. Sandblasted surface of S2 silicone
rubber. Impact angle: 90°, incubation rubber. Impact angle: 90°, material removal
period

100 pm j=—f
Figure 7. Sandblasted surface of S2 silicone
rubber, impact angle: 30° rubber, impact angle: 30°
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Figure 5 shows the SEMgqture of the highly filled S2 siliconeubbermaterialform the
steady-tate material removal ped. More and larger cracks can be observed on the
surface than in the case of tinefilled siliconerubber.

Figure 6 shows the scannietecton microscopic images of slantwiseoded SO iicone
rubber. A series of ridges, running perpendicularly to thection of eron, is formed

on the surface. Thisocresponds to themechanismproposed in theliterature (6).
According to the proposed smme, erosion occurs by thpogressive growth ofatigue
cracks from the bases of the ridges into the bulk. Figure 6 shows large, deep cuts at the
top of the ridges. In the case of the silicandber material without added ifier the
mechanismproposed by (6) must be cofefed by the fact that fatigue cracks occur not
only at the base of the ridges but material can be cutamtthe top of the ridges too.

The highly filled siliconerubber exhibits qite different picture than that of SO (fire 7).

There are no cuts on the ridges and the valleys are much shallower than unrfia&@. s
Instead of fatigue cracks or cuts in the polymer matrix, the material removal is accelerated
by the filler-matrix interfaces in theubber. In the case of DM, which is also a highly

filled material, the shape of the erosion is similar but the valleys are even shallower than
on S2.

Introdwction of filler particles accelerates the mechanical erosiculdfer compounds at

both normal and oblique impact angles. Interfaces of matrix and filleycar@ promoters

of subsurface craclkpropagtion that leads to fast material removal in solid particle
erosion processes.

Wettability of the andblastediicone rubber surfaces

Wetting propeties of @oded and calmminated grface of insulation materials play a key
role in outdoorselectrical applications. At the beginning of the incubation qkria
relatively large amunt of erodenmaterial is deposited on thergace of siliconerubber
resulting in a thick contamination layer. The wettability of these contamination layers was
assessed by measuring advancing and receding contact angles immediately after the sand
blasting treatment.

It was expected that theurface of the sampleshsuld have lost its original
hydropholicity because of the imduced wettable contamination onto theurface.
Instead of that, advancing contact angled2®-130 and receding contact angles of 10-
15° were measuredContact angle hysteresis, the difference between advancing and
receding contact angles, was very high and it feasd to be dependent on the diits of
contamination layeformation.

The possible sources of contact angle hysteresis in the case of silidomer are:
molecular rearrangement of polysiloxane chains, energeliomogerity and srface
roughness.(7) Figure 8 shows theeetfof the latter which seems to be the major variable.
The contact angle hysteresis changes parallel with the maximum geakey distance
measured at different phases of the contamination faymation.

Changes in surfaceughness can be damed by the mechanism of the contamination
layer formaton. First, some erodematerial is deposited on therface resulting in high
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surfaceroughness and ctact angle hysteresis. Further impingement of solid particles
sweeps the larger particles awBigm the surhice andform a layer consisting ofnsall
erodent parcles. This leads to a decrease offaceroughness. When this layer starts to
break apart (phase ofaterial remowig) hysteresis begins to grow again.
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Figure 8. Correlation of contact angle hysteresis and surface
roughness on sand-blasted silicone rubber. 1. contamination deposition, II. material
removal period

High advancing contact angles imply that all the particles deposited omirfaeeswere
completely covered by silicone oligomers migrating @om the bulk of thematerial.
Silicone conpounds cotain silicone oligomers that are not linked to the polymer
network. The amount of these oligomers was increased when compounding oil was added
to the materials. Wetting of mugh non-wettable arface can result in theermation of an
air-solid composite interface between the wetting liquid and the sotidce.(7) The
extremely high advancing contact angles can be explained by the presence of a composite
interface on the wetted contaminated silicamkber surice. However, the very low
receding contact angles exclude the presence of a composite interface when retracting
waterfrom the suréce. This difference in the two wettimpgocesses can be explained by

the unusally high contact angle hysteres{80-35) measured on smooth and clean
siliconerubber surfices(8) The large hysteresalows toform a compose interface for
advancing and a non-compasfully wetted interfacéor receding wettingprocesses.

Conclusions

Based on this study performed on thetigé jet erosion behavior of ador insdating

silicone and PDM rubber compounds the following conclusions can be drawn:

Effect of impacangle

- At 90° impact angle, the siliconeubber compound with only Aerosilller and the
EPDM conpound showed the highest resistance to erosion. mleehanism of
material removal in this case seemed to be controlledutigce and subsface crack
propagtion.
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- At obligue impact angles the Aerosil-filled silicomabber outperformedall the
materials with higher aount of added alumina trihyaitre (ATH) filler. Material
removal was observed to occur from the top of the slantwise ridges formed during
solid particle erosion.

It can be thus stated that the relatively soft and resilient Aerosil-filled silicobieer

shows good resistance to the erosive wear regardless to ¢atiatirof the solid particle

impingement.

Effect of the awunt of non-reinforcindiller

Increasing amount of ATH strongly increased the ieitgy to erosive wear in both

normal and oblique impact directions. The weak interfaces between matrix and ATH filler

favoured the subswate crackpropagtion that directly leaded to material remo¥wam

the surface.

Wettability of contaminated silicone surfaces in thaeibation period

Contamination layers wertound to be hydrophobiemmediately after the deposition

process. This can be explained by the presence of free silicone oligomers orfabte sf

siliconerubber samples that can fully cover the temninant particles. Amnusally high

contact angle hysteresis occurs due to possible differences between advancing and

receding wetting mechanisms.
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