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Polymeric electric insulators are an integral part of many electronic circuits and systems. Changes induced by an
electric field can affect various mechanisms; including electrical polarisation and electromechanical properties.
Changes in the dielectric material can be tracked using spectroscopic methods. This study has shown that
analysing polypropylene under electric field stress using Raman spectroscopy in combination with principal
component analysis allows small changes in the non-crystalline phase to be identified. We have observed that for
polypropylene, vibrational motion and changes in conformation occur mostly within the tie molecules con-
necting the overall cluster network. Amorphous molecular chains in the spherulites were also found to orient and
form into a smectic mesophase. These electromechanical changes at the micro- and macromolecular level were
found to be generally reversible once the stress is removed. However, with increased aging, these changes may
lead to adverse structural changes and thus, in the future, this information may be used to inform faults and

defect detection within polymeric dielectric materials.

1. Introduction

Polymeric electrical insulators are used in a variety of electronic
systems. Their response to stress, as induced by an electric field, is a
major factor for the material’s functionality and longevity. Electric field
induced changes such as sub-nanometre displacements as well as more
apparent changes on the micrometre scale within the lamellar and
crystal clusters can affect various mechanisms; including electrical
polarisation and electromechanical properties. The stress may also
induce phase transitions, which in turn could impact electrical loss,
operating frequency range and the voltage limit of electrical devices
[1-3].

Polymers such as polypropylene (PP) are frequently used as electric
insulators, for example in capacitors. PP is a stereo-regular polymer,
with a hydrocarbon backbone consisting of carbon-carbon single bonds
with pendant methyl groups arranged along one side of the polymer
chain. PP can be found in a variety of different polymorphic forms:
isotactic, syndiotactic and atactic. Polypropylene used in capacitor ap-
plications is isotactic (iPP), with a 2-3% atactic portion (aPP). Several
different crystalline phases have been identified in iPP, referred to as the
monoclinic a-phase, trigonal p-phase and orthorhombic y-phase, as well
as a smectic mesophase. Their crystalline structures have a common
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helical conformation of their polymer chains but differ in relative
ordering and positioning of the helical chains [4-6].

Little research has been done regarding the reversible electric field
stress within the initial elastic strain region, where strain is almost
proportional to the applied stress and deformation is believed to be
homogeneous. Here, the material recovers to its original state after the
stress is removed [7]. Characterising the molecular orientation and
morphological structure as well as the response of the supramolecular
morphology to deformation processes such as electric field stresses has
gained considerable interest over the last few years, especially when
investigating capacitor materials such as ceramics and polymers [8].

Optical spectroscopy has previously been used to study mechanical
stresses in semi-crystalline materials such as polymers, and several
Raman bands have been shown to be especially sensitive to stress
[9-15]. Electric field stress in particular has been shown to affect both
the profile and the position of the spectral peaks; however, profile
changes are usually evident only for uneven stress distributions, and
usually only wavenumber shifts are exploited [16].

Raman spectroscopy is a technique based on inelastic scattering of
monochromatic light, using the shift in frequency of the photons in
comparison to the original monochromatic frequency to identify mate-
rial or material constituents. Using this, the Raman effect provides
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information regarding, long range crystal structure, crystal orientation,
temperature and mechanical strain among others. Strain in a material
generally induces shifts in vibrational frequencies. Examining the nature
of the vibrations and interatomic potentials can reveal local stress/strain
distributions. The electronic and atomic states will be modified due to
the stress, changing the scattering cross-section of electromagnetic ra-
diation and the splitting of degeneracies of phonons, making Raman
spectroscopy a good tool to probe materials under electric field stress
[16,17]. There are two mechanisms by which an electric field can affect
the Raman spectrum of a dielectric: atomic displacement and the
Franz-Keldysh mechanism within the dielectric [18,19]. Since domain
structure does not only depend on the electric field, but also on the in-
dividual stress state of a particular sample, it can be said that each
specimen will most likely produce a unique Raman spectrum which
characterises its domain distribution and redistribution [20]. Yet, few
investigations have focused on a static electric field stress applied to
polymeric materials.

In this study we aim to investigate the response of the supramolec-
ular morphology to an electric field under normal environmental con-
ditions, and to understand the induced deformation processes within
bulk iPP. This will be achieved by studying wavenumber shifts and
profile effects from conventional Raman spectroscopy.

2. Materials

Homopolymer polypropylene blocks were purchased from Direct
Plastics (Sheffield, UK) and cut into the required size (Fig. 1a and b).
Using X-ray diffraction (XRD) measurements (2 theta range of 5-60°,
voltage 40 kV, current 40 mA) the polymer blocks were determined to
consist mainly of a-iPP, with a small atactic component. The electrodes
were made of copper, and had insulated cables attached using tin solder
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Fig. 1. Illustration of PP blocks used for analysis. a) Model of PP block used for
Raman Spectroscopy, ‘@’ corresponding to 2 mm and 5 mm for the distance
between electrodes of both type of blocks b) FEMM model of Raman block and
its electric field strength with an applied voltage of 5 kV.
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before being inserted into machined holes in the PP blocks. This resulted
in a tight fit that held the electrodes firmly in place. A Philip Harris
stabilized DC power supply was used to apply a constant bias of up to 5
kV across the electrodes during some of the measurements. The output
resistance of the power supply and the capacitance of the PP blocks and
their cables meant that the high voltage bias stabilized within a few
seconds, and before any spectra were recorded.

3. Experimental

Raman analysis was performed on a Horiba Jobin Yvon LabRAM 300
microscope with a 300 mm focal length spectrometer (grating 1800 lines
per mm) equipped with a BX41 confocal microscope attachment from
Olympus and fitted with a 532 nm laser from Laser Quantum. The
confocal hole size was 1000 pm and the spectrometer slit set to 100 pm.
A 50x objective was used for all spectroscopic analysis (NA 0.75,
working distance ~0.5 mm). Settings such as scan range, laser power
(10-0.1 mW) and exposure time were optimised for each analysis but
were usually set around 10 mW for 15 s. As a spike filter for cosmic rays,
each spectrum was recorded twice. Instrument calibration was per-
formed by measuring the Raman peak position of a standard silicon
wafer before measurements.

Tests on the stability of PP were performed prior to the analysis and
showed that laser-induced heating due to the power density used was
not an issue. Further, the possibility of orientation within the sample
influencing the Raman spectra was investigated but no significant in-
fluence was found. Therefore, it was assumed that the directionality
within the sample, and the effect the inherent polarisation of the con-
ventional Raman would have, are negligible.

Raman spectra were recorded over the range of 50-3500 cm ™! to
include the CH stretching region and lower lying wavenumbers within
the fingerprint region. In total, 930 Raman spectra were recorded, 266
with the sample electrically biased (i.e. charged) and 664 without an
electrical bias (i.e. non-charged).

Two sample blocks with different electric field capabilities were
constructed by changing the distance ‘a’ between the electrodes. For the
block with a distance ‘a’ of 5 mm, 16 sites were measured, for the block
with a distance ‘a’ of 2 mm 15 different sites between the electrodes
were measured, and the site noted as either close to the positive or
negative electrode or within the middle of the block.

Seven spectra were measured at each site per electric field applied.
The voltage was applied over the time of the spectral scan. Thereafter it
was turned off, the output continuously monitored, and a zero applied
voltage measurement performed. Initial tests showed that the baseline of
the first Raman spectra collected from a sample site was higher than
those from subsequent spectra collected from the same area. Subsequent
spectra showed a consistent baseline and no reversibility, or hysteresis
in the effect, could be observed. Therefore, this was believed to be
caused by surface residue that was removed by the laser, rather than
photo-induced bleaching. Consequently, the first spectrum of every
analysis without applied electric field was discarded. After this, six
further spectra were collected. These were arranged in pairs, either with
or without applied electric field and their averages calculated. The
averaged spectra were used to determine the difference (D) and residual
(R) for each run (Equation (1) and (2)). The order of which the electric
field and zero measurements were taken was randomised to avoid any
systematic drift in the instrumentation.

D = (Raman Intensity). ..y — (Raman Intensity) ;_p,,, (Equation 1)

(Raman Intensity) ... — (Raman Intensity) g ...
R— zerofiel te Equation 2
(Raman Intensity). .o Eq )

All spectra were recorded and initially processed using the LabRAM
associated LabSPEC software (Version 6.4.4.16, 2014).
The data was then normalised, averaged, and the residuals and
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differences calculated using a Matlab© (R2019b) script. Residuals and
differences were calculated to avoid giving weight to analysis bias and
inherent instrument effects in the statistical analysis. A Matlab© script
was then used to perform principal component analysis (PCA). Peak
positions were determined by fitting a Gauss-Lorentzian profile for
symmetrical and a Pearson type IV profile for asymmetrical bands to the
Raman spectra. With this, the resulting peak position considered both
spectral and intensity error of the spectrometer and an accuracy of
around +0.01 cm™! could be achieved. Raman group wavenumbers
were assigned using text book literature [16,21].

Modelling of the electric field strength in the devices was performed
using Finite Element Method Magnetics (FEMM) 4.2 [22]. An applied
electric field higher than 2 x 10° Vm™ could not be achieved as
otherwise electric field strength between the sample and the objective of
the Raman microscope could reach the breakdown strength of air (Fig. 1

o).
4. Results

The area where the spectra was taken from (either near an electrode
or within the middle) had no observable effect on the results.

As no consistent changes were identified between the raw charged
and non-charged datasets by visual observation, difference and residual
analysis was performed as they accommodate inherent background.

However, when investigating the changes in charged and non-
charged PP by observing the difference plots, some Raman peaks
stand out (Table 1). For difference plots, these include bands at 401
em™, 813/845 cm ™}, 977 em™!, 1156/1171 ecm ™%, 1332 ecm ™}, 1439/
1461 cm™?, 2841 cm™?, 2868/2885/2906 cm™*, 2925 cm ™! and 2954/
2960 cm ™! (F ig. 2a—c). Residual plots were used to confirm the differ-
ences observed. For the highest electric field stress applied (11 x 10°
Vm 1), bands at 401 cm 1, 813/845 cm ™!, 977 em ™1, 1156/1171 em L,
1332 em™}, 1439/1461 cm™!, 2728 cm™!, 2841 ecm™!, 2868/2885/
2906 cm ! and 2954,/2960 cm ™! as well as a shoulder at 180 cm ™! seem
to stand out (Fig. 3a—c). Except for the small shoulder, the same bands
are indicated in both difference and residual data. However, it should be
noted that when using a signal to noise ratio of 3:1 as the limit of
detection, these peaks are not observed in every spectrum and therefore,
further statistical analysis was employed.

PCA was employed to determine if the variance in difference and

Table 1

Main Raman bands affected by electric field. Conformation sensitive bands
(chain conformation and configuration) are italic, bands with non-crystalline
phase contribution bold; v = stretching, p = rocking, ¢ = bending, T =
twisting, ® = wagging, b = backbone vibrations, sym. = symmetric, asym. =
asymmetric [15].

Wavenumber Main Active Group Indicated Changes

m b Vibration

401 wCH,, 6CH Conformational Order, Unit Cell
expansion

813 pCHz, vCCy, VC-CH3 Conformational Order

845 pCHj, vCCy, vC-CH3 Conformational Order

977 pCH3, VCCy, Lamellae Orientation

1156 pCH3, vCCy, VC-CH3, Conformational Order

oCH

1171 pCH3, vCCp, cCH Conformational Order

1332 6CH, TCH, Interchain distance, Unit Cell
expansion

1439 6CH3 asym. Unit Cell expansion

1461 6CH3 asym., 6CH;

2841 VvCH;, sym. Smectic Modification,

2868 VvCH_, sym. Molecular Orientation

2885 vCHj3 sym.

2906 VvCH, asym.

2925 vCH, asym.

2954 vCH;3 asym.

2960 vCH3 asym.
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residual data can be used to determine if PP is under electric field stress,
and which bands contribute to this separation to confirm the findings
from the difference and residual data. It should be noted that PCA on
spectroscopic data is only effective when noise within the spectra is kept
to a minimum, otherwise even principal components with high eigen-
values will only describe noise [23]. Therefore, for the analysis pre-
sented in this paper only carefully selected regions of interest were
considered, namely 200-550 cm™!, 780-1475 cm™}, 2700-2975 cm™!
weighted equally. It was also found that when the raw data was used for
the PCA analysis, only a tentative separation the blocks could be ach-
ieved, with Block 1 (a = 2 mm) having a negative and Block 2 (a =5
mm) having a positive principal component 1 score. This may be
because, in the raw datasets, more background was considered for the
PCA analysis than for difference and residual datasets. Hence, the dif-
ference and residual data were employed for further analysis to avoid
this issue.

Score plots of principal component 1 versus principal component 2
for the Raman spectra in the 200-550 cm™?, 780-1475 cm !, 2700-2975
cm™! regions for differential and residual data are shown in Fig. 4 a and
b respectively. In this figure, the PP samples are classified into two
groups; charged and non-charged PP with only a few outliers of low
charged PP within the non-charge group visible. In the difference data,
charged samples generally exhibit a principal component 2 above 0 and
a principal component 1 below 0, whereas non-charged samples show a
principal component 2 below 0 and a principal component 1 above 0.
For the residual data, charged samples exhibit a negative principal
component 1, whereas non-charged PP show a positive principal
component 1 value.

The PCA loadings plots of principal component 1 and principal
component 2 for the difference and residual data are depicted in Fig. 4 ¢
and 4 d respectively. When examining the loading plots, it can be seen
that values of 401 cm™?, 813/845 cm™?, 977 em ™}, 1156/1171 cm ™},
1332 cm ), 1439/1461 cm ™!, 2841 cm !, 2868/2885/2906 cm ! and
2954,/2960 cm™! seem to contribute to the principal components the
most, especially to principal component 2. This principal component
appears to be primarily responsible for the separation of charged and
non-charged PP (Fig. 4a). Even data that initially failed to indicate sig-
nificant differences in the difference plots with a signal to noise ratio of
3:1 appear to cluster using PCA analysis. Further, using PCA, data
analysis of a large dataset, such as presented in this study, was able to
establish a trend quickly and with equivalent results to the individual
analysis of the difference plots.

5. Discussion
5.1. Structural changes deduced from Raman data

5.1.1. Bands between 800 and 1200 cm™!

Due to coupled modes, the bands between 800 and 1200 cm ™! can be
used to determine the distribution of conformations. These bands are
attributed to the 3; helix, which is the regular conformation in all iPP
polymorphs, as well as the mesomorphic phase [16].

Both difference and residual data highlighted the importance of the
813/845 cm ™! bands when differentiating the charged and non-charged
PP. In general, the region around 830 cm ™! is associated with molecular
structure and orientation, as well as conformational defects, and the
band at 813 cm ™! is often attributed to the amorphous structure. Indeed,
it may not appear in any normal coordinate analysis of long ordered
chains [5,24].

The content of PP macromolecules in the helical conformation with a
significant number of conformational defects in the non-crystalline
phase is indicated by the intensity ratio:

1845

- (Equation 3)
Isis + Iszo + Lsas d

Chelic =
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Fig. 2. Example difference plots for charged PP over 400-650 cm ! (a), 750-1500 cm ! (b) and 2550-3175 cm ™! (¢). A PP Raman spectrum as reference is given for

all ranges.

where Ig13, Ig30, and Ig4s are the integral intensities of the lines at 813
em™!, 830 em™!, and 845 cm7}, respectively [25]. No prominent
shoulder or peak at 830 cm ! can be identified in our spectra however,
indicating that the amount of atactic chains and therefore atactic PP
present in the polymer tested is insignificant [26].

From the observed changes in the Raman spectra it can be seen that
the helical conformation within the polymer is affected by the applied
field. The assumption can be made that due to the change in vibrational
motion, especially at the C-H bonds, the helix chains are transformed
into more elongated trans conformations, similar to what occurs in helix
conformational polymers under tensile stress. The transformation to the
elongated trans conformations relieves stress and the distribution of
stressed chains for the polymer decreases [27,28]. In general, helical
conformation seems to decrease in iPP under stress. Bands containing

significant contributions from backbone skeletal stretching are also
sensitive to changes in chain conformation, which is indicated both in
wavenumber and intensity changes.

The 813/845 cm™! doublet is also an indicator of crystallinity,
similar to the 1156/1171 cm~! doublet [29]. In literature, the
1156/1171 cm™! doublet is associated with chain stretching modes
along with significant contributions from stretching and rocking modes
[30-32]. The 1171 ¢cm ™! band mainly consists of the crystalline phase,
whereas that at 1156 cm ™! has been suggested to mainly originated from
the amorphous phase [16]. The large contribution from axial stretching
of the C-C backbone within the 1171 ecm™* band has previously been
shown to have the highest sensitivity for other types of stress such as
tensile stress. However, sensitivity varies with morphology, stress level
and temperature and in this study, the band at 813 cm ™" is shown to be
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more affected by the electric field bias than 1171 cm ! [16,33]. Both the
band at 813 cm ™! and other bands such as at 1156 cm™! are attributed
with the amorphous phase and hence, the assumption can be made that
the conformational changes occur more within the non-crystalline phase
than within the crystalline structure and increase long range order.

The intensity ratio of the 977 cm ™! and 1003 cm ™! bands is also often
used to assess molecular orientation and crystallinity [5]. In helix seg-
ments with at least 11 repeat units, the bands at 1003 cm™! and 845
cm ™! are observed, with the band at 977 cm ™! attributed to shorter helix
segments [16]. The intensity ratio of 977 cm™! to 998 cm™! has also
been used as a Raman criterion of the lamellae orientation of iPP [34]. A
change in lamellae orientation due to the applied electric field may
explain the change within the 977 cm™! band.

5.1.2. Bands 401 cm ™! and 1332 cm™!

The bands at 401 cm ™! and 1332 cm™! are related to the structural
changes in the parallel and perpendicular directions of the molecule
chain axis in the solid state. Both of these bands have two contributions,
one sharp peak (crystalline component) and a weak broad band
(amorphous component). Since the crystallinity of iPP at room tem-
perature is quite high, the amorphous band is too weak to separate.
However, peak position shifts in the crystalline band component of these
bands can be interpreted as expansion within the unit cell, similar to
thermal processes [10,35].

When looking at the fitted peak positional data of both bands, these
tend to shift towards higher wavenumbers for 401 cm™! and lower
wavenumbers for 1332 cm™! (Table 2). The 401 ecm™! band is also
sensitive to conformational disorder and is essentially reproduced by
skeletal vibration, where the hydrogen motions are omitted in the
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calculation [36,37]. With higher temperatures, the 401 c¢m ! band has
been shown to shift to higher wavenumbers, indicating changes within
the crystalline structure as well as stretching along the chain axis [12]. A
shift of this band to a higher wavenumber has also been attributed to the
increase in the conformational disorder of the crystalline chains leading
to an increase of the natural frequency of the coupled oscillators of the
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helical chain, which is similar to the disordered longitudinal acoustic
mode [38]. This interpretation is also consistent with normal coordinate
analysis [36], which predicts that helical chains shorter than 6 monomer
units (2-3 complete turns in the helix) give a shoulder peak slightly
above 401 cm™! [35-37,39]. Sometimes, this shoulder is also inter-
preted as being representative of conformational defects within the
macromolecular structure of the polymer [37,39]. It is likely that the
distortion of the crystalline stems is closely related to the decrease of the
helical sequences in this case. Similarly, a shift in wavenumber for the
1332 cm ™! band can be interpreted as a promotion of the twisting mo-
tions of the CH; groups due to increase in the inter-chain distance owing
to expansion of the a*b plane [35]. Both the wavenumber of the peak
maximum and the half-peak width of 1332 cm™! decreases when the
local strain increases, and the band changes its contour from asym-
metrical to symmetrical. A small wavenumber shift of the band has been
shown before for bulk iPP with its spherulitic structure deformed at
room temperature [40-42].

A shift in the wavenumber of the 401 cm™! and 1332 cm™ bands as
discussed here would indicate that the conformational disorder and the
interchain distance increase at the molecular level. This may be
explained by the anisotropy of the interactions between the parallel and
perpendicular directions with respect to the chain axis. The van der
Waals interactions in the interchain direction are likely to weaken with
the increase of the interchain distance due to electric field stress and its
expansion effects, whereas the covalent bonds of the polymer chain are
less affected after a sufficiently random conformation is attained upon
the application of the stress [35].

5.1.3. Bands at 1439/1461 cm™*

These bands have been associated with several different vibrational
modes. The doublet at 1439/1461 cm™! has been assigned to the CH
scissoring. The band at 1461 cm ™" is attributed to CH, bending in the
crystalline phase and the band at 1439 cm ™! to the CH; bending of the
host polymer segments in the amorphous phase [33,43]. Interestingly,
the 1439 em ™! band often seems unaffected by polarisation geometry,
showing little sensitivity to induced molecular orientation. The band at
1461 cm™! also only seems to be slightly affected by chain deformations
in uniaxially stretched iPP [40]. However, these bands have been shown
to be sensitive to environmental changes, such as temperature variations
[44]. Peak shifts at higher temperatures are assumed to be due to the
expansion of the unit cell upon heating as well as an increase in number
of defects in the crystalline region, which affects the environment of the
vibrating groups and therefore the frequency. This results in an
increasing disorder in the environment of the individual chains causing
peak broadening [10,45]. Similar effects may take place with the elec-
tric field stress. This hypothesis of expansion of the unit cell is also
supported by the shifts within the 401 cm™! and 1332 cm™! bands.

5.1.4. Bands in the CH stretching region

The bands between 2700 and 3000 cm™! are not often used in
quantitative structural analysis of PP, as a strong overlap of numerous
broad bands exists in this region, and generally CH; stretching vibra-
tions have not been found to be good indicators for stress level in other
polymers such as polyethylene [11,39]. However, position and in-
tensities of CHs stretching bands are especially sensitive to chain
packing and are used for example to study p-a transitions [16]. Since
phase transitions among polymorphs have been shown to be possible
with changes in environmental factors such as an increase in tempera-
ture, a subtle difference noted between the Raman spectra could be
related to these inter molecular interactions. However, these environ-
mental changes have been shown to be more drastic than those expected
to be experienced by the PP with applied electric field stress. Instead, it
is more likely that the smectic phase of iPP is modified due to the electric
field. This is mostly indicated by changes in the CH; and CHjg stretching
vibrations (2700-300 cm™!) and in the spectral range around 800 em L
The smectic state can be considered as an intermediate state between the
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Table 2
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Main Raman bands affected by the electric field and their shift in their fitted peak position with applied electric field strength. Standard deviation is given for

uncertainty.

Peak position (em 1) at 0 Vm™!

Relative peak shift (cm™) at different applied electric field strengths (x 10° Vm™)

1 2 3 4 5 6 9 11
400.86+0.63 0.30 —0.40 0.34 —0.30 0.24 0.20 0.82 0.82
+0.21 +0.55 +0.34 +0.63 +0.49 +0.40 +0.19 +0.22
812.33+0.45 0.25 —0.39 0.30 —0.25 0.21 0.22 0.54 0.70
+0.20 +0.47 +0.36 +0.68 +0.66 +0.49 +0.21 +0.31
844.56+0.55 0.01 —0.44 0.07 —0.40 0.40 0.07 0.58 0.66
+0.70 +0.75 +0.82 +0.71 +0.47 +0.78 +0.39 +0.46
977.14+0.51 0.28 —0.37 0.32 —0.95 0.18 0.18 0.48 0.53
+0.20 +0.46 +0.35 +0.73 +0.64 +0.42 +0.37 +0.46
1155.26+0.49 0.31 —0.35 0.26 —0.22 0.18 0.43 0.39 0.52
+0.20 +0.36 +0.35 +0.36 +0.38 +0.43 +0.19 +0.46
1170.72+0.51 0.25 —0.43 0.29 —0.26 0.17 0.20 0.36 0.48
+0.22 +0.26 +0.34 +0.39 +0.38 +0.42 +0.17 +0.34
1332.36+0.48 —0.06 0.04 0.02 —0.13 —0.23 —0.33 —0.65 —0.81
+0.16 +0.16 +0.25 +0.39 +0.34 +0.36 +0.13 +0.16
1438.38+0.50 0.29 —0.37 0.24 —0.25 0.19 0.25 0.27 0.54
+0.18 +0.63 +0.37 +0.72 +0.63 +0.44 +0.14 +0.39
1461.43+0.49 0.27 —0.39 0.23 —0.24 0.16 0.19 0.23 0.48
+0.18 +0.64 +0.35 +0.70 +0.62 +0.43 +0.19 +0.36
2841.46+0.23 —0.09 0.00 —0.07 —0.04 —0.03 0.10 0.00 —0.03
+0.23 +0.22 +0.30 +0.33 +0.20 +0.10 +0.12 +0.25
2868.2340.50 —0.01 0.05 0.15 0.09 0.14 0.31 —0.14 —0.13
+0.36 +0.47 +0.36 +0.47 +0.19 +0.22 +0.44 +0.52
2885.42+0.52 —0.01 0.09 0.05 0.04 0.10 —0.05 -0.14 —0.08
+0.37 +0.47 +0.35 +0.52 +0.28 +0.72 +0.53 +0.50
2905.54+0.51 —0.02 0.01 0.18 0.07 0.14 0.20 -0.07 —0.07
+0.37 +0.44 +0.40 +0.50 +0.31 +0.24 +0.38 +0.58
2924.944+0.54 0.08 —0.03 0.25 0.04 0.21 —0.12 -0.11 —0.12
+0.31 +0.49 +0.40 +0.68 +0.19 +0.58 +0.33 +0.56
2954.19+0.60 0.16 0.08 0.03 0.01 —0.12 0.09 —0.10 -0.13
+0.61 +0.44 +0.46 +0.46 0.40 +0.54 +0.69 +0.66
2959.79+0.65 —-0.59 0.18 0.01 —0.14 0.04 0.40 0.52 0.17
+0.55 +0.45 +0.59 +0.76 +0.45 +0.40 +0.75 +0.47

amorphous and the crystalline phase, where the 3; helices are present,
but with a disordered packing of the chains perpendicular to their axis.
Especially bands at 2962 cm ™! and 2953 cm™?, which correspond to the
asymmetric stretching vibrations of the CHg group, have been shown to
be affected by the smectic modification of PP [46]. In addition this
doublet has been found to be indicative of change in molecular orien-
tation [5,16]. Furthermore, intensities of the bands at 2841 cm’l, 2868
em™! (symmetric stretching vibration of the CH, groups), 2906 cm™!
(CH stretching vibration), and 2925 cm ! (asymmetric stretching vi-
bration of the CHy groups) have been shown to increase with smectic
modification [46].

5.2. Macrostructural and microstructural effects

The clustering of the Raman results indicate that the spectral changes
observed when PP is electrically stressed, and the physical processes
described above, are fully reversible i.e. no hysteresis was observed.
When zero measurements are taken after an applied voltage, no differ-
ence between this measurement and a measurement taken before the
bias can be seen. Further, all zero measurements seem to cluster close
together as evident in the PCAs (Fig. 4a and b). Therefore, the stress does
not exceed the elastic limit. Understanding these short-lived effects is
important to better assess where faults and defects may occur within the
material.

Almost all Raman bands of interest have a non-crystalline phase
contribution. Bands whose non-crystalline phase contribution is negli-
gible such as 401 cm™!, 845 cm™! and 1171 cm™! are instead confor-
mation sensitive bands, indicating a change in chain conformation
within the polymer [25].

The macromolecular structure of polymers is often based on stacks of
several lamellae running parallel and forming clusters. Indeed, in PP,
lamellae units containing 3-10 lamellae crystals are present, which

normally act together as one unit during deformation processes [47]. As
the non-crystalline phase is affected most by the electric field stress,
vibrational motion and changes in conformation likely occurs within the
tie molecules, or junction points, connecting the overall cluster network.
Minute stretching, caused by the electric field stress, also contributes to
the slip and rearrangement within the crystal lamellae itself, eventually
affecting the crystallinity and the crystal size of PP. More nucleation
sites are able to form, and the number of crystals increase within the PP
matrix. When the spherulite lamellae are induced during stretching, the
spherulites break to form oriented cylindrite nuclei. Random molecular
chains grow on the surface of the cylindrite nucleus and the electric field
seems to promote the orientation of these molecular chains, similar to
what can be observed in mechanical stresses. Helices misalign due to the
stress, and amorphous molecular chains in the spherulites orient and
form into a smectic mesophase near the yield point. This partially or-
dered mesophase of stable cylindrites reverts back to normal when the
stress is removed [7,42,48]. In this elastic deformation stage, more
orientated molecular chains along the stretching direction have now
emerged between neighbouring lamellae. The insertion of an orientated
structure counteracts the increase in the average distance between
adjacent lamellae. Furthermore, this increase of number of crystals fa-
cilitates the transfer of stress and heat along the PP sheet [7].

The change in molecular orientation under electric stress is often
seen in conjunction with the helix being deformed into a more elongated
trans-like form [7,42,48]. Within the microscopic structure, shifts in the
fitted peak position due to applied stress, especially those with high
contributions of skeletal vibrations, have previously been interpreted in
terms of the different average orientation accompanied by some degree
of backbone chain deformation [41]. Some shifts can be observed in our
dataset (Table 2), however the uncertainty associated with the peak
position results in difficulty when concluding trends in most bands. The
deformation of PP due to the electric field gives rise to changes in bond
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stretching and angles as well as helical uncoiling or opening (torsional
angle changes) discussed previously [42]. Intermolecular bonds transfer
stress from one segment to the other. With stresses such as temperature,
these bonds eventually rupture, and the stress distribution changes and
segment mobility increases. Due to the reversible stress applied here, it
is unlikely that a considerable number of permanent ruptures occur
during the application of an electric field stress, however even a small
number would reduce the overall lifetime of a polymer and its break-
down field strength [49].

The variation in microstructure would also include a work compo-
nent, in which the deformation of the polymer chains is transferred into
heat, resulting in a higher entropy. The electric field strength as well as
the rate of a change in polarisation are important here. Specifically,
dipole entities coupled to the electric field or dipole order parameter
change due to the electric field. These changes in the dipole order thus
change the dipole subsystem entropy, resulting in a slight temperature
change, shown with dielectrics under electric field stress before [50-52].
This minor heat generation increases the mobility of the chains and
therefore, allows for a better reorganisation and transformation of the
polymer. This in turn changes crystalline modification and orientation
[53]. The effect of entropy change in iPP due to the electric field is also
less prominent due to the bulk nature of the material and therefore ef-
fects such as previously described electrically-enhanced thermal-
ly-induced bond scission and crack growth could not be described in this
study, but may be a major factor in thin films [8].

6. Conclusion

This preliminary study investigated the effect of electric field stress
on bulk polypropylene under normal environmental conditions using a
non-invasive spectroscopic technique.

The non-crystalline phase appeared to be affected most by the elec-
tric field stress, showing that the vibrational motion and changes in
conformation occur mostly within the tie molecules, connecting the
overall cluster network. Specifically, helices misaligned due to the
stress, and amorphous molecular chains in the spherulites oriented and
formed into a smectic mesophase near the yield point. Slip and rear-
rangement of the crystal lamellae are also affected and eventually the
crystallinity and the crystal size of iPP is changed. Particularly, orien-
tated molecular chains are expected to form along the stretching di-
rection between neighbouring lamellae. The insertion of an orientated
mesophase structure counteracts the increase in the average distance
between adjacent lamellae. These conformational defects can be seen
across the macromolecular structure, increasing the interchain distances
on the molecular level. This increase of crystals facilitates the transfer of
stress along the PP sheet.

All these effects were reversable once the electric stress was
removed. Long lasting effects from a very small number of ruptured
overstressed segments could be possible but were not seen experimen-
tally in this study. Overall, this study showed that the applied stress
results in an electromechanical response in the polymer starting at the
micro- and macromolecular level. With increased aging time, these
changes may lead to adverse structural changes. Thus, in the future in-
formation on micro- and macrostructural changes may further be used to
inform faults and defect detection within polymeric dielectric materials.
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