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The surface morphology evolution of polypropylene (PP) irradiated with an Ar ion beam was explored using
a hybrid ion beam system. PP formed the emboss-like nanostructure of ∼50 nm induced by the Ar ion beam
treatment for shorter ion beam treatment times, while the emboss-like structure was transited into a 3-D
long nanofiber-like nanostructure for longer treatment times. The Fourier transform infrared spectra
revealed that the polymer chain cross-linking increased with increasing ion treatment time, while the Raman
analysis showed that the conducting amorphous carbon increased on the surface of PP. The surface hardness
and plane strain modulus of the PP decreased from 0.11 to 0.07 GPa and from 1.75 to 1.26 GPa, respectively,
with respect to the Ar ion beam treatment time due to the surface nanostructures formed by the Ar ion beam.
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1. Introduction

Surface treatment has been adopted to improve the important
surface properties of polymers, such as adhesion, friction, wetting and
biological compatibility, which are mainly influenced by the surface
composition and structure rather than the bulk properties of the
polymer. Also, the ability to fabricate nanostructures using surface
treatment is essential in the development of devices that incorporate
nanoscale functionality for mechanical, chemical and optical features
[1–4]. The fabrication methods of the nanostructures on polymers
have been developed in various ways including semiconductor
processes such as a lithography and etch processes, embossing
techniques with hot and UV embossing, nanoimprint lithography,
soft lithography, and injection molding, and plasma/ion beam
processes. Among these techniques, dry plasma/ion beam treatment
processes have been developed in order to transform these inexpen-
sive materials into highly valuable products [3,4]. Different plasmas
have been used to modify the structural, mechanical, and chemical
properties [5–7], but the interest has been more focused on Ar ion
plasma because Ar is an inert gas and, therefore, does not chemically
react with the organic surface.

The effects of Ar plasma on the wettability, surface chemistry and
surface morphology of polymers, especially polypropylene, were
studied [6]. The roughness and surface energy of polypropylene
increased as a result of the Ar plasma treatment [6]. While Kwon et al.
reported that themorphology of the PPfilmwasdifferent after theAr/O2

plasma treatment, the surface roughness was similar [7]. Formation of
free radicals, recombination and scissionof bonds, cross-linking, and the
different oxidation reactions take place during ion the beam irradiation
process on PP and are closely related to the different forms of radiation
[4]. Therefore, the proper estimation of the structural and mechanical
properties of PP is underway for further application of PP associated
with the irradiation using Ar plasma or an ion beam.

However, no reports have discussed the detailed effects of the ion
beam on the evolution of the emboss-like nanostructure of PP. This
work examined the evolution of the surface morphology for the PP
nanostructure and the change in the mechanical properties with
increasing Ar ion treatment time at a low energy using a hybrid ion
beam system. The PP used in this work was chosen because of its use
in a variety of application fields such as aerospace, microelectronics,
optoelectronics, composites and fiber optics due to its low cost,
desirable mechanical properties, versatile electronic properties, good
chemical resistance, biodegradability, easiness of processing and the
absence of toxic byproducts [3,8,9]. Observation revealed that PP
formed 3-D long fiber-like nanostructures at different ion exposure
times. Alternations of the chemical bonds using ion irradiation was
explored by chemical analysis and the observation of the ion beam
treated surfaces, revealing that chain cross-linking in PP increased
with increasing Ar ion treatment time. The decrease in the hardness
and plain strain modulus of PP was explained in terms of the changes
in the nanostructures induced by the Ar ion treatment.
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2. Experimental

The Ar ion beam treatment of PP (LG Chem) was carried out in a
hybrid ion beam system. The sample coupons with dimensions of
10 mm×10 mm×2 mm were placed in the ion beam chamber, and
the chamber was evacuated to a base pressure of 2×10−5 mbar. The
distance between the ion source and the substrate holder was
approximately 15 cm. Ar gas was introduced into the end-Hall type
ion gun to obtain Ar ions with a flow rate of 8 sccm, and the anode
voltage was kept at a constant value of 1 kV with a current density of
50 μA/cm2. A radio frequency (r.f.) bias voltage was applied to the
substrate holder at a bias voltage of−600 V and ion current of 44 mA.
Ar ion beam was irradiated with exposure time varying from 5 to
50 min.

The surface morphology of the Ar ion beam treated PP was studied
using a scanning electron microscope (SEM, NanoSEM, FEI Company)
and an atomic force microscope (AFM, XE-70, Park Systems Corp.). To
make direct observation of the cross-section of the nano-embossed
pattern, the Ar PP treated for 50 min was explored using a dual-beam
focused ion beam system (FIB, Nova 600, FEI). The chemical
composition and bonding characteristics of the untreated as well as
the Ar ion treated PP were analyzed using the Fourier transform
infrared spectra (FTIR) spectra and the Raman spectra. The FTIR
spectra were recorded using a FTIR spectrometer (FTIR, Infinity Gold
FTIR, ThermoMattson) in reflectance mode with a nominal resolution
of 4 cm−1, and the Raman measurements were made in a backscat-
tering geometry with a Raman spectrometer (LabRAM HR, HORIBA
Jobin-Yvon Inc.). A nanomechanical testing instrument (Triboinden-
tor, Hysitron Inc.) was adopted to estimate the mechanical properties
Fig. 1. SEM images of the PP surfaces (a) untreated, (b) 5 min, (c) 30 min and (d) 50 min trea
of the scale bar in the insets is 200 nm.
of the Ar ion beam treated PP surfaces. A Berkovich diamond tip with
an approximate radius of curvature of 150 nm was used as the
nanoindentation tip. Nanoindentation in the continuous stiffness
measurement (CSM) mode was chosen to characterize the depth
profiles of the hardness and elastic modulus of the PP with and
without the Ar ion beam treatment. For four cases of Pristine PP, and
10, 30 and 50 min treated PP, nanoindentation was performed with a
careful approach to the surface, followed by loading for 1 s, holding
the indenter at a peak load for 0.5 s, unloading 90% of the peak load for
1 s, and holding the indenter after 90% unloading for 1 s. This cycle
was continued until the maximum load of 150 μN was reached, and
then the sample was unloaded completely. The single indentation
mode was adopted in order to estimate the average values of the
hardness and elastic modulus for each of the samples, Pristine PP, and
5, 10, 30 and 50 min treated PP. The load and displacement curves
were recorded continuously up to a maximum load of 275 μN where
the sample was loaded for 5 s, held for 5 s, and unloaded for 5 s. The
hardness and plane strain modulus were evaluated from the load–
displacement data using the well-known Oliver–Pharr method [10].
The measurement of the hardness and plane strain modulus was
carried out at 6 different positions for each sample using indentation
and calculated for the average value.

3. Results and discussion

3.1. Surface morphology studies

Fig. 1 shows the SEM images of the top view of the PP samples
treated with the Ar ion beam for different irradiation times. The
ted with an Ar ion beam and the insets corresponding to the 50° tilted view. The length
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pristine PP substrate showed no specific pattern on the surface
(Fig. 1(a)), while a certain fiber-like nanoscale pattern formed after
5 min of Ar ion beam irradiation in Fig. 1(b). Fig. 1(c) shows the
emboss-like nanostructure of ∼50 nm formed over the surface of
the PP after the 30 min treatment, whereas PP formed 3-D long
chain-like nanostructures i.e., nanofiber after 50 min of irradiation
in Fig. 1(d). The morphology changed with increasing Ar ion
treatment time even though the energy of the incident Ar ions was
the same as the anode voltage of ion gun at 1 kV. The morphology
induced by the noble gas plasma treatment was not only due to the
ion species of the plasma but also depended on the total energy
deposited by all of the species contained in the plasma and on the
rate of the energy deposition [11]. The cross-sectional analysis in
Fig. 2(a) and (b) revealed that the height of the nanofiber-like
pattern formed after 50 min of Ar ion beam irradiation is measured
as 80 nm which is relatively larger than the width of 50 nm. The
AFM topography of the Ar ion beam treated PP surface after 30 min
in Fig. 2(c) shows the root mean square (RMS) roughness, which
increased with respect to the Ar ion treatment time in Fig. 2(d).
These results were consistent with the report that stated that the
roughness and surface energy of PP increased due to the low
pressure Ar plasma treatment using radiofrequency discharge [6].
The Ar plasma treatment promoted the etching process and the
impact of active species generated in Ar plasma, which increased
the roughness with increasing treatment time in Fig. 2(d). Though
different gases exhibit different etching rate of polymers, Ar was
Fig. 2. (a) 50° tilted view SEM image of the PP surfaces treated Ar ion beam for 50 min, and (b
Ar ion beam treated PP surfaces with 30 min and (d) variation of the surface roughness wi
reported to be more powerful in roughening the surface through
physical etching under the strong ion bombardment [12].

3.2. Chemical composition and boding analysis

The FTIR spectra of the Ar ion beam treated PP samples were
analyzed at different treatment times in Fig. 3(a). The broad peaks at
approximately 2950 cm−1 and 2920 cm−1 were assigned to the CH3

and CH2 asymmetric stretching modes, respectively, 2870–2880 cm−1

to the CH3 and CH symmetric stretching, and 2836 cm−1 to the CH2

asymmetric stretching vibration modes [13]. The prominent band was
observed because of the symmetric and asymmetric vibrations of the
methyl group near 1376 cm−1 and 1458 cm−1, respectively, which
were characteristic of PP [14]. The peak intensity at 1376 cm−1

increased with the treatment time due to the formation of additional
CH2 groups via radiation induced cross-linking mechanisms [14]. A
broad absorption band between 1650 and 1720 cm−1, assigned to the
C O and C C stretching vibrations, was observed after the Ar ion beam
treatment [13]. However, the most remarkable difference between the
FTIR spectra before and after Ar treatmentwas seen in the region 2800–
2950 cm−1 where the different CH2 peaks increased as the Ar ion beam
treatment time increased. Bhat et al. observed a similar effect during
modification of PPwith air, nitrogen, oxygen and ammonia plasma [13].
In general, scissioning and cross-linking occurred during irradiation of
the polymer. Depending upon the type of radiation, dose rate and
environment, either cross-linking or scissioningmaydominate [7,13]. In
) cross-sectional image sectioned on the red-dotted region of (a). (c) AFM images of the
th respect to the Ar ion beam treatment time.

image of Fig.�2


Fig. 3. (a) FTIR spectra and (b) Raman spectra of PP treated with respect to the Ar ion
beam treatment time.
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this case, the FTIR analysis also indicated that the amount of CH3 groups
decreased with increasing Ar ion treatment time and transformed into
CH2 groups inducing cross-linking in PP, which may be associated with
the dominating nature of cross-linking over scissioning.

The Raman spectra of the Ar ion treated PP samples were
measured at different treatment times in Fig. 3(b). The Raman
peaks at 810, 842 and 1330 cm−1, were assigned to the CH2 rocking,
C–C stretching and CH2 twisting modes [15]. Several medium peaks
decreased with treatment time such as the peak at 972 cm−1 for the
asymmetric rocking CH3 mixed with the CH2 rocking and C–C
stretching modes, 1154 cm−1 for the CH bending, and 1170 cm−1

for the CH3 rocking and C–C wagging modes [16]. There was a
significant change in the Raman spectra near 1200–1700 cm−1 after
the Ar ion beam treatment on PP, and the broad dominant peak
observed around 1200–1700 cm−1 increased with the Ar ion
treatment time. In these Ar ion treated PP samples, a broad peak
was observed in the region 1200–1700 cm−1 of the amorphous
carbon materials, which exhibit two Raman modes known as the D
(disorder graphitic) peak around 1365 cm−1 and the G (crystalline
graphitic) peak around 1540 cm−1 [17]. The G mode has been
observed at about 1535–1580 cm−1 in amorphous graphite (a-G) as
well as in amorphous diamond (a-D, with a high degree of sp3

hybridization) or at 1530–1550 cm−1 in sp3 hybridized a-C:H [17].
The ion irradiation is known to produce a very high temperature
(transient thermal spike) for a short time (∼ pico-second) along the
ion path. The high temperature generation along the ion path leads to
the breaking of different bonds and the release of hydrogen from the
polymer, which results in the chain-scission of the C–H bonds to form
hydrogen free radicals that cross-linkwith each other [18]. The Raman
analysis showed that amorphous carbon formed as an sp2 and sp3

hybridized mixture in the ion treated PP.
The high-energy ion irradiation induces ionization and excitation

of the polymer molecules, which leads to different reactions between
the excited and ionized species and creates more unsaturated sites
involving conjugation or double bonds [18]. The Ar ion beam
irradiation increased the formation of carbon double bonds (as
confirmed by FTIR) and the carbon and hydrogen ratios and generated
several carbon-enriched clusters in the polymer matrix (as confirmed
by Raman analysis). The displacement of the target atoms through
energetic collisions can cause permanent damage to the polymer, and
the electronic excitation or the removal of valence electrons
(ionization) can result in the formation of free radicals that may
readily cross-link the polymer chains [19,20].

3.3. Mechanical properties

Fig. 4(a) and (b) show the change of the reduced modulus and
hardness of the ion beam irradiated PP with respect to the indentation
depth under the continuous stiffnessmeasurementmode. For the Ar ion
treated PP and the pristine PP, the hardness and plain strain modulus
near the surfacewere higher than those below100 nmdue to roughness
effect. The hardness of PP estimated with the continuous stiffness
measurement mode increased near the surface due to roughness effect
[21], and the hardness of the PET film increased due to the indentation
size and crystallinity effect [22]. In Fig. 4(a) and (b), the hardness and
modulus for the Ar ion treated PP barely changed until about 70 nm in
penetration depth, which indicated that the ion beam affected the
depth, while those for the pristine PP decreased gradually and became
saturated. During the nanoindentation tests, the force (P) and
displacement (h) curves in Fig 4(c) were obtained on the PP surfaces
at different ion exposure times. The P–h curve indicated full elastic
deformation in PP during indentation under this load condition.
Increasing the Ar ion beam irradiation time increased the contact
stiffness (S=d p /d h). Fig. 4(d) shows the relationship between the Ar
ion beam treatment time and the hardness and plane strain modulus
with a 275 μN load. The hardness of PP decreased from 0.11 to 0.07 GPa
with increasing Ar treatment time, while the plain strain modulus
decreased from 1.75 to 1.26 GPa. The estimated range for the hardness
for the untreated PPwas comparable to the PP thin film [23]. The results
frombothmodes of the continuous stiffnessmeasurement (Fig 4(a) and
(b)) and the single stiffness measurement (Fig. 4(c) and (d)) were
consistent for the behaviors of the hardness and plain strain modulus
with respect to the Ar treatment time. The results in Fig. 4(d) suggested
that the nanostructures evolved after Ar ion beam irradiation, which
reduced the contact area against the indentation tip (see Fig. 1) and
played a role in reducing the surface strength or hardness.

4. Conclusion

The morphological evolution and mechanical properties of the
polypropylene surface were studied after Ar ion beam treatment from
5 to 50 min. SEM and AFM studies revealed that PP formed an emboss-
like nanostructure of ∼50 nm at the surface at lower Ar ion beam
treatment times and 3-D long nanofiber-like nanostructures at higher
treatment times. The chemical composition of the untreated and Ar
ion treated PP was analyzed using the FTIR spectra and the Raman
spectra. The FTIR analysis showed that the polymer chain cross-
linking increasedwith increasing Ar ion beam treatment time, and the
Raman analysis indicated that the conducting amorphous carbon
increased on the surface of PP. The nanoindentation revealed that the
surface hardness and plane strain modulus of the PP decreased from
0.11 to 0.07 GPa and from 1.75 to 1.26 GPa, respectively, as the Ar ion
beam treatment time increased, which would be due to the surface
nanostructures formed by the Ar ion beam.

image of Fig.�3


Fig. 4. Variation of the reduced modulus (a) and hardness (b) with respect to the indentation depth for the Ar ion treated PPs using the continuous stiffness measurement mode,
(c) the force–displacement curve of the nanoindentation at an applied load of 275 mN and (d) change in the hardness and plain strain modulus of PP with respect to the Ar ion beam
irradiation time.
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