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Abstract

This research work presents a comparative study for morphological effects of accelerated and non-accelerated
lead ions on polymers. The ions are produced using lead target by high powered pulsed Nd: YAG laser
(wavelength 1.064 um, energy 10 mJ, pulse duration 12 ns, and power 1.1 MW) at low pressure of ~10” torr.
The acceleration voltage of 500 V is used to accelerate lead ions on polyvinylchloride (PVC). The PVC samples
are also irradiated without applying any potential, just to have a comparison of both types of irradiation. The
samples were irradiated for 300 shots for each sample. The morphological changes were observed using
Transmission optical microscope (Motic DMB series). The results showed the morphological changes in
polymeric samples for accelerating potential of 500 V and 0 V. Long chain formation of laser accelerated lead
ions is observed at 500 V as compared to the 0 V. The ion induced dragging effects are shown for 0 V which
depend upon the energy of lead ions and also on the properties of the polymeric sample.

Keywords: Thin Films, Ion Induced Effects, Chain Formation, Cross Linking, Laser Irradiation,

Thermoplastics.

1. Introduction:

Ton implantation is a special technique of plasma
processing in the applications where surfaces of
solid materials are to be treated. The implantation
process requires a source of ions and a means to
accelerate them towards the target surface [1-2].
The ablation of a solid target produces a plasma
plume which acts as an ion source. The emitted ions
are accelerated towards the biased (either negative
or positive) substrate. Use of lasers for plasma
implantation has made the technique
comparatively simpler as compared to the
traditional ones [3]. There are many advantages of
ablation plasma ion implantation (APII) over the
conventional plasma immersion ion implantation
1.e., there is no toxic gaseous produced by this

technique [4-5].
pressure inside the chamber used for the process of

It is required to have a low

implantation to minimize the collisions between
Metal
nanoparticles formation of polymers [6], low energy

charged particles during ablation.

negative ion implantation [7-8] and introduction of
metal atoms into polymers to enhance cohesive
nature of polymers [9-11] are some ongoing
research lines.

Synthetic organic polymers have developed a
diverse class of materials with tunable properties
for desired applications. Modifications of polymers
can be divided in two main categories based on ion
energy. High energy ions (100 keV to 10 MeV) and
the low energy ions range in several tens keV. High
energy lons 1impinge deeply in polymers but can
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damage the polymers inducing some chemical
reactions [12]. The low energy ions are used in
impurity doping. Ions can impinge in polymers'
surface without damaging on main chains of
chemical bonding in polymers [13-14]. Low energy
ions are preferable mode for surface modification.

Laser processing of polymers was first reported in
1982 since then, 1t is an attractive field both for
fundamental and applied material science. Laser
irradiations lead to irreversible changes on
polymers' surfaces . Many polymers lose their
mechanical properties and they form molecules of
lower weights suffering chain degradation [15].
Irradiation of polymers induce small chemical
changes in them but physical modifications are
larger [16]. The surface morphology of polymers
change forming cone like features and spikes [17].
Moreover, optical [18], and electrical properties [19-
20] of polymers are also changed under the effects of

ions.

Specifically talking about PVC, the processing
requires stabilizers to prevent their decomposition
into its constituents; oxygen and chlorine by
thermal or chemical radiations and mechanical
stresses. The stabilizers improve influence on the
physical properties of the PVC formulation by
improving the resistance, weathering and heat
ageing and extends the life of PVC products. Lead
compounds are widely used elements as stabilizers
in polymers, include the applications in PVC pipes
and cables [21]. It has been found with some
controversy that lead may cause extensive changes
in physical and chemical properties of PVC and
raises questions on PVC recycling. In a recycled
material, lead and tin stabilizers may react to form
some residues of lead sulphide [22].

This work presents the morphological effects of
laser produced lead ions on polyvinyl chloride
(PVC). In a previous study, the laser induced ions on
PVC are addressed at voltages of 100 V and 300 V
[23]. The effects produced by accelerated and non-
accelerated lead ions change the PVC surface
topography. These morphological changes on PVC
help to understand the strong radiation effects of
lead ions on PVC. The observed changes include
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chain scission, chain degradation, cross-linking,

collisional sputtering, cone formation, cluster

formation, fractures, cracking, burning, sputtering
andion dragging.

2. Experimental:

A pulsed Nd: YAG laser (1.064 pm, 10-14 ns, 1.1
MW) was employed to irradiate the lead target. The
tight focusing of laser requires the use of Plano
convex lens on the target and setting the angle of
laser with respect to target to be 45° to avoid the
aberration defects and laser plasma interaction.
PVC was used as a substrate. A high voltage power
supply was used, positive potential was connected
to lead target and negative terminal of battery was
connected to a common ground. Samples of
polyvinyl chloride were exposed at accelerating
potentials of 500 Volts and non-accelerating mode
(at 0 Volts). The four samples of the PVC were
irradiated by laser generated lead ions at 0 V and
500 V. To get maximum ion flux, the optimized
distance between the target and the sample was
taken to be 3 cm. Equal numbers of shots were taken
for each sample. A small pause was taken after each
50 shots with total shots of 300. In this way, ions
from laser may have nearly uniform energy
distribution. A rotary pump was connected to the
port of chamber fixed for creation of vacuum ~10°
Torr. After irradiating samples at accelerating
voltage of 500 V and non-accelerating potential of 0
V, the samples were analyzed by transmission
optical microscope (Motic DMB series). The details
of experimentation using laser system effects are
published somewhere else [24].

Figure 1 shows a schematic diagram of the
experimental setup.

3. Results and Discussion:

Figure 2 shows an un-irradiated piece of
polyvinylchloride (PVC) sample. The sample looks
very clean and there are no defects and damages on
the sample. Figure 3 (a - ¢) shows the morphological
changes on PVC materials after irradiation with
lasers at 0 V at different magnifications. Damages
event in the form of ionization and recoil
displacement that can modify the structure of
polymers. In these images the induced effects by
lead ions in the PVC are chain scission and chain
degradation [25-26]. The breaking of a molecular
bond by energetic ions cause the chain scission at
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the surface of PVC. The overall chain is also
shortening due to the loss of side groups. All these
changes cause the PVC as low weight molecules by
losing of their mechanical properties [27].

Figure 4 (a) shows the formation of the stabilizing
ligands cluster induced by ions in PVC sample due
to lead ions at magnification 40 at 0 V. In Figure 4
(b), micrograph shows the same effect on the
structure of PVC at higher magnifications 400. The
clusters are formed in the polymers due to high
degradation of polymers by ions. Laser radiation
may produce non-uniform energy distribution

ILM. Dildar, A. Saleem 17

which produces defects. These defects in the
molecular structurelose some HCl. Removal of HCI
forms polyene, a different polymer but longer in
length. The elimination of HCl is called
dehydrochlorination which lowers the resistance of
original polymers and they become thermally
unstable. The successive removal of hydrogen and
chlorine atoms increases the concentration of
carbon atoms in the structure of PVC. This forms
the carbon networks in the form of clusters as
shown in micrographs [25].

Table 1: The table shows the effects of laser irradiation on PVC by lead ions. The reasons for these

effects are described relatively referring specific figures

Effects Reason Fi;ﬁ lslleow
these effects
Non-irradiated chain scission and chain degradation |Breaking of a molecular bond by | Figure3
Sample energeticions
ALOV Cluster formation Non-uniform energy distribution/high| Figure 4
degradation of energeticions
Cone formation Angular distribution of sputtering yield | Figure 5
Collisional effects Energeticincident ions Figure5
Ion dragging Low energy ion effect Figure 6
Lradiated Parallel chains/ Cross linking Deep penetration of high energeticions | Figure7
Samples Fractures Transfer of stress through and the| Figure$8
At 500V breaking of secondary bonds
burning Accumulation of energetic ions at| Figure9
certain level
Sputtering Blow off due to high energetic ions Figure 9
cracking A stress along the depth of sample Figure 9

Figures 5 (a) and 5 (b) show the collisional effects in
two different samples of PVC at magnification 1000
at 0 V. The collisional affects and cones formation
are very clear in these micrographs. Cone formation
occurs due to the fact that the ions escape from the
plasma plume in the form of cones when they are
accelerated to fall on other material surface [28].

Ion-implanted surface will go through a cone
formation due to either the angular variation of the
sputtering yield, cracking of PVC, during ion
bombardment from impurities or from scattering.
The ions with very high energy scattered at larger
angles whereas the ions with appropriate low
energy moved in a straight line, resulting in a
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forward peaked angular distribution of laser-
generated flux[29-30].

It is obvious from figure 5 that the displacement of
the atoms of the sample has resulted due to the
collisional sputtering of sample surface caused by
the energetic incident ions. The high-energy
particles produce knock-on atoms and vacancies.
This gives rise to a cascade defect and cracking. The
high-energy particles cause large variations in
nearby atoms. Some of the incoming energetic ions
might have gone in ionization and excitation of the
electrons, the rest into kinetic energy of the atoms.
This disturbance continues till the energy becomes
less than the minimum energy required to displace
a surface atom, termed as displacement energy
threshold for that particular material. In figure 5 (a)
and (b), there are circular regions that are more
damaged as compared to its surrounded area,
represent the cones. Hence the process of fracturing
and cone formation is produced in PVC sample due
toits low melting point [26-31].

Figure 6 (a) and (b) show the ion induced effects on
the surface of PVC at zero potential. This shows
that ions moves through the surface of the polymer
without producing damages in the structure of the
PVC i.e. ions drag on the surface instead of
impinging into the structure of polymer. The energy
of these impacting ions is not high enough so that
they can burry below the polymer's surface and
Interact with its atoms to produce the structural
changes [27].

Figure 7 (a - b) shows the morphological changes
after the irradiation of laser generated accelerated
lead ions at +500 volts. Figure 7 (a) shows the long
parallel chains induced by the ions at potential 500
V at magnification 100. Micrographs in figure 7 (b)
shows the same long parallel chains at higher
magnifications 400. It is clear from the micrographs
that these long parallel chains cover almost the
whole sample which shows that ions are very
energetic that's why they produce the long chains.
Ions cover a long distance inside the polymer
structure. They penetrate deeply in PVC instead of
stopping after transfer their energy to the target
atoms [27]. At lower potentials (Figure 3 at 0 V), ion

Vol. XXXXVII

irradiation has induced the chains in PVC but they
are not long enough like the chains formed at 500V.
Figure 7 (b) also shows the formation of a short
chain while dragging of ions is induced by the ions
between these two parallel chains [25-31].

In Figure 8, micrograph shows the fracture
produced by the energetic ions. There is chain
formation along with this fracture induced by ions.
In fracture through crack propagation of a solid
polymer, chains must be disengaged from each
other across the fracture plane. In thermoplastic
solids, where chains cohere through van der Waals
forces, this involves several terms, which all depend
on the stress transfer through and the breaking of
secondary bonds. The relative contributions of the
different mechanisms are well reflected by the
fracture energy plot as a function of chain length
(molecular weight). In a solid, where cohesion
occurs more or less exclusively through the lateral
van der Waals interaction betweenchain segments,
the fracture energy levels off for very long chains.
Most of the fracture energy is loss of elastic energy
when the highly loaded chains are discharged; the
chemical surface energy of breaking primary bonds
(chain scission) is compared with the elastic term.
Weak dependence of chain length is also obtained
for the elastic and an elastic property of glassy
polymers, which are cohesive in nature [30,32].

In Figure 9, micrograph shows the different effects
at higher potential there is cross linking, burning
effects and also sputtering are clear in the
micrograph. The effects are shown at magnification
400. These surface changes may also induce some
microstructural changes. As cross-linking and
chain scission is proportional to ion dose so it is
observed that at higher potentials cross-linked
chains are induced by ions instead of chains
scission. This shows that at higher potential ions
are more energetic than at lower potential that's
why cross linking and other effects like fracturing
and craze are also observed. These high-energy ions
produce a stress on the outside of the sample and
initially a craze is produced along the depth of the
sample and then crack is produced [33,34].
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Figure 1: A schematic diagram of experimental setup

Figure 2: Micrograph of non-radiated piece of PVC sample at magnification of 50.
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Figure 3: Micrographs of PVC irradiated by laser produced lead ions show chain scission

at 0V (a) at magnification 100, (b) at magnification 400, and (c) at magnification 400.

Figure 4: Micrographs of PVC irradiated by laser produced lead ions at 0 V

show cluster formation (a) at magnification 40 and (b) at magnification 400.
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Figure 5: Micrographs of PVC irradiated by laser produced lead ions at 0 V show

collisional effects at two different samples of PVC at magnification of 1000.

Figure 6: Micrographs of PVC irradiated by laser produced lead ions at 0 V show
ion dragging at two different samples of PVC at magnification 400.

Figure 7: Micrographs of PVC irradiated by laser produced lead ions at 500 V show the chain

formation at different magnifications (a) at magnification 100 and (b) at magnification 400.
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Figure 8: Micrograph of PVC irradiated at 500 V by lead ions at magnification of 400 show fracture and cracks
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Figure 9: Micrographs of PVC irradiated by laser produced lead ions at 500 V,

cross-linking, burning and sputtering at magnifications of 400.
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4. Conclusions:

When polymers are exposed to radiation, they suffer
main-chain scission, cross-linking and many other
morphological changes. The chains formed at zero
potential are straight chains induced by lead ions in
PVC sample. However no cross-linking is observed
at this potential. Thus incident ions have no
sufficient energy so that they enhance the process of
cross-linking after the chain scission. At 500 V,
same long parallel chains are formed. These long
parallel chains cover almost the whole sample
which shows that ions are very energetic that's why
they produce the long chains. They cover a long
distance inside the polymer structure and penetrate
deeply instead of coming at rest after transfer their
energy to the target atoms. At high potential,
fracture and cracks are also observed showing the
non-uniform distribution of energetic ions. The
dragging effect are observed only at 0 V because low
energy ions are unable to penetrate deeper into the
structure so they produce only drags on the
substrates surface.
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