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The investigations of the surface physicochemical properties of polylactic acid (PLA) modified by argon, carbon
and silver ion implantation to fluences of 1-10'*, 1.10'® and 1-10'® cm™2 and energies of 20 keV, 20 keV and
42 keV respectively are described. The projected ion ranges in the polymer matrix are estimated by the computer
simulation with the TRIDYN code, as well as energies of electron and nuclear stopping are assessed according to
the SRIM modelling. The microhardness and elastic modulus are established to be dependent on the degree of
crystallinity of the material. It was found that the microdistortions and strains of the PLA crystal lattice increase

after ion implantation due to the structural alteration and defect formation. Long-range effect expressed as bigger
depth of modified surface layer than the ion range in the material is suggested as a result of the radiation-
stimulated diffusion and thermal restructuring of the material.

1. Introduction

Polylactic acid is a biodegradable polymer used in biomedicine as
wound healing bandage, membrane systems, fasteners, surgical sutures,
and pins. This material is of great interest for study, in particular, after
modification by various methods of surface treatment. In our early
works, we have presented the results of the polylactic acid surface
property investigation after treatment with ion [1-3] and electrons [4]
beams, as well as with plasma flows [5]. Some polymer properties such
as wettability and surface energy are described in details [6,7], but the
mechanical characteristics such as microhardness and elastic modulus
are insufficiently studied. Mechanical properties of polymers are
important factors for their practical application. It is known that the
increase of amorphous regions in polycrystalline polymers promotes the
degradation rate of the implants in cellular medium [8].

Measurement of microhardness is one of the most easily and quickly
implemented methods of mechanical testing, which help to control the
product characteristics and study structural transformations. In addi-
tion, it can be used to indirectly assess other mechanical characteristics
in the presence of appropriate correlations. Mechanical properties are
also functionally important, and understanding the patterns of their
change under surface treatment conditions is necessary to further
expand the possibilities of the practical application of this material. In
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addition, it is important to understand what effect changes in the surface
layer structure have on these properties.

The aim of this work is to identify the regularities of modification of
physical and mechanical characteristics and their relationship with
structural changes in the polylactic acid surface layer under conditions
of ion-beam treatment.

2. Materials and methods
2.1. Preparation of PLA samples

Synthesis of the polylactic acid ([-OCH(CH3)-CO-],,) was carried out
according to the procedure [9], where 1-lactide was used as the initial
monomer. The experimental samples were prepared from the 7% solu-
tion of polylactic acid (MW = 250 000 g/mol) in chloroform dried at
room temperature in a Petri dish. The size of PLA samples was 10 x 10
mmz, the thickness is ~1 mm.

2.2. Ion implantation

Implantation of Ag, Ar and C ions was carried out using MEVVA-V.
Ru vacuum arc ion source [10] to fluences of 1-1014, 1-1015, and
1.10% em™2 at the accelerating voltage of 20 kV. Charge state
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Table 1
Distribution of ion charge state Q in the beam of vacuum arc discharge.
Element Atomic number Z Q=1+ 2+ 3+ 4+ Qp Ugee, KV <Eo>, keV
Ag 47 13% 61% 25% 1% 2.1 20 42
Ar 18 100% 1 20 20
C 6 100% 1 20 20
distributions of the ion beams were measured by a time-of-flight mas- modulus E [16]:
s-to-charge spectrometer [11,12]. Argon and carbon ions were singl
ge 5p [11,12]. Arg 8Y 5= <Adjd> E 3)

ionized (Ar*, C"); therefore their energy was 20 keV. Silver ion beam
contains ions with 1+, 2+, 3+, 4+ charge states; since we consider the
mean charge state of the extracted beam is 2.1+ (Ag<?1">), the average
energy of silver ions was 42 keV. The PLA samples were mounted on a
water-cooled target holder and the temperature of them during the ex-
periments was keep at 20 °C. A working pressure of 1-107° Torr was
maintained by an oil-free high-vacuum cryogenic pump. Current density
of jons in the place of sample location was 3 mA cm™2 at the pulse
duration of 250 ps and pulse frequency of 0.1 s~ . In this case, the ion
flux density was 2:10'' ecm™2s™L. For silver and carbon generation a
vacuum arc discharge with cathodes from the corresponding materials
was used. The working pressure in this case was 1-10~° Torr. Argon ions
were extracted from the plasma of glow discharge with the hollow
cathode. For its functioning, the ion source discharge system was filled
with the corresponding gas (argon). The working pressure in the area of
the experimental sample location was 2:10~* Torr.

2.3. Characterization techniques

Depth ion distributions were calculated by the projected range
simulation in a polymer matrix by the TRIDYN code [13], based on the
mathematical modelling of the ion transition in a substance by the
Monte Carlo method [14]. In addition, SRIM-2013.00 modelling was
used for the calculations of electron and nuclear mass stopping power
[15].

Ions in the beam have different charge states; their energy Ey changes
depending on them. Hence, the whole ion flow should be divided on
parts according to the charge states and percentage of ions in each
charge state (Table 1).

The average energy in the ion beam:

< Ey>=Usc- Qp7 (l)

where Q, — mean charge state for the average energy calculation in the
ion beam, Uy — accelerating voltage, kV.

The stresses of the PLA crystal lattice were determined from the X-
ray diffraction (XRD) patterns from Ref. [1] using the half-width of the
main lines. Plotting the dependence £-<*? = f(4-sin0) for the main lines
allows us to determine microdistortions of the crystal structure. The
relative error of interplanar distance <Ad/d> was determined according
to the straight-line slope for the main PLA lines [16]:

< Ad/d > = ctg-0 -AD )

Stresses ¢ in the material was calculated taking into account Young’s

Table 2

Nanotest 600 hardness testing instrument was used for microhard-
ness of PLA samples measurements. With using Berkovich tip (truncated
trihedral diamond pyramid, apex angle is 142°) with a varying load of
0.5; 1; 2; 3 mN, the indenter penetration depth reached 1200 nm.

3. Results
3.1. Ranges of Ag, Ar, C ions in polylactic acid

The ion range in a surface layer is an important characteristic of the
ion-implanted materials, which determines the depth and area of
propagation of the ion treatment effects. The projected ion ranges in the
PLA surface layer obtained by the TRIDYN code are presented in Table 2.
The silver ion beam consists of the ions with different charge states (1+,
2+, 34, 44), and, accordingly, with different energies (20; 40; 60; 80
keV) (Table 1). Thus, the projected Ag ion ranges in the PLA surface
layer are 57.5; 87.5; 117.5; 122.5 nm for four ion charge states
respectively at the fluence of 1-10'® cm™2. The total calculated pene-
tration depth of silver ions with the average charge state of <2.1+> and
the energy of 42 keV Ag<>1*> into the PLA is 82.5 nm (Fig. 1, a). It was
shown that argon ions can penetrate in the PLA surface layer depth up to
87.5 nm at the fluence of 1-10'® cm ™2 with depth of the maximum Ar*
concentration ~37.5 nm, and the carbon ions C™ — up to 176 nm with the
maximum of 97.5 nm (Fig. 1b and c).

It was found that the light ions deeper penetrate into the bulk of the
material, while the heavy ions are deposited on the top-surface [17].
Carbon ions have the greatest value of the ion path since carbon atomic
number Z is 6 and it has the smallest atomic mass among the investi-
gated substances (Table 2). Silver ions penetrate deeper than Ar ions
despite their higher atomic mass, since the silver beam contains ions of
three charge states: Ag'™, Ag?" and Ag®*. Hence, the average energy in
silver ion beam at the average charge state Ag<>!*> is higher than the
initial energy of carbon and argon ions. Most of the silver ions have
initial energy more than 20 keV; therefore their energy is higher than
that for Ag'™ ions. Ions with a charge of 3+ and 4+ have the highest
energy and minimum mass; therefore, they penetrate deeper into the
surface of the material. Thus, the mass of silver ions with charge state 2+
and higher become comparable with the mass of Ar ions, consequently,
their ranges are in the almost similar values (82.5 nm for Ag ions and
87.5 nm for Ar ions).

Using the SRIM software [18] the electron S, = dE, /dx and nuclear
Sn = dE,/dx mass stopping power in the matrix surface at the Ag, Ar, C

Projected ion range in polylactic acid calculated by TRIDYN code [8] and electron and nuclear mass stopping power according to SRIM modeling [15].

Ions  Depth of the maximum ion Maximum depth of ion

Electron mass stopping power, dE./dx, keV/

Nuclear mass stopping power, dE,/dx, keV/

concentration, nm penetration, nm (pg{m’z) (pg-cm’z)
Ton charge state/energy
1+ 2+ 3+ 4+
20 40 60 80
keVv keVv keVv keVv
Ag 325 47.5 67.5 72.5 82.5 1.320 9.322
Ar 37.5 87.5 1.052 3.828
C 97.5 176.0 0.914 0.635
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Fig. 1. Projected ion range in PLA calculated by TRIDYN code: a) silver, b) argon, c) carbon.

Table 3
Microdistortions and strains of the PLA crystal lattice.

Sample Microdistortions of the crystal Strains of the crystal
lattice, Ad/d-10~3 lattice, 6, MPa

PLA initial 2.58 24.460

PLA + Ag 4.76 39.841
1-10" em™2

PLA + Ag 4.62 24.965
1-10"% ecm2

PLA + Ag 13.57 101.405
1.10% ecm™2

PLA + Ar 21.82 199.034
1.10' cm ™2

PLA + Ar 11.23 82.096
1-10"% ecm2

PLA + Ar 20.36 151.478
1.10'® cm ™2

PLA 4+ C1-10"  20.58 170.608
cm ™2

PLA + C1-10'° 21.98 187.726
cm ™2

PLA 4+ C1.10"®  23.15 212.998
cm 2

ion bombardment were found (Table 2). The total ion range with the
initial energy Ey is described by the formula [19]:

Eoy

dE
R= X
/ Sy +Se @

0

It was shown from Table 2 that transfer of energy from implanted
silver and argon ions occurs predominantly due to nuclear collisions,
and when carbon ions implanted due to electronic excitations. This is
due to the fact that carbon ions have a low atomic mass and, accord-
ingly, their velocity is higher than other ions at the same accelerating
voltage. On the contrary, silver ions have the highest atomic mass, and
the difference between the electron and nuclear mass stopping powers is

large for them. Thus, during the implantation of silver and argon due to
nuclear collisions and the formation of a region with a high density of
defects, the processes of the polymer chain scission and the formation of
low-molecular-weight fragments and radicals prevail. Electronic in-
teractions lead to the excitation and ionization of molecules. The energy
transfer from the interaction place leads to the excitation of neighboring
parts of the polymer chain and the formation of displacement cascades
(the so-called penambres, with a characteristic size of the order of
100-1000 nm) [17]. Moreover, heavy Ag ion transfers its energy mostly
to target atoms thus forming recoils in collision cascade. However, recoil
atoms are much lighter (C, O, H) and also interact with electrons in the
target. Thus, amount of energy deposited into electronic subsystem is
influenced by recoils.

3.2. The correlation of the surface layer structure modification in the ion
implantation conditions and mechanical properties of polylactic acid

The change in the surface structure after ion implantation affects the
mechanical properties (microhardness, elastic modulus) of polymers,
which also depend on the thickness of the polymer modified layer, the
parameters and methods of treatment. Polymers with a low etching rate
and a high degree of crosslinking are characterized by an increase in
strength and elastic modulus due to surface carbonization. The me-
chanical properties of materials with a high etching rate and a tendency
to depolymerization (bond breaking) do not change significantly [20].
Polylactic acid, due to its heterochain structure, belongs to the type of
polymers with predisposition to destruction and rupture of macromol-
ecules upon irradiation with ion beams.

Crystallographic parameters (coherent scattering region and degree
of crystallinity) as well as mechanical characteristics (microhardness
and elastic modulus) of polylactic acid were established in our previous
work [1]. It was found that degree of crystallinity decreases and affects
the mechanical characteristics of the material. According to the obtained
in Ref. [1] results, here we consider influence of ion-beam surface
treatment on the internal microdistortions and strains of the PLA crystal
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Fig. 2. Microhardness along the depth of the PLA surface layer after implantation with a) silver, b) argon, c) carbon ions.
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Fig. 3. Load-displacement curves at the lowest indentation loads (0 <+ 0.5 mN) for PLA after implantation with a) silver, b) argon, c) carbon ions.

lattice (Table 3).

The polymer crystal lattice microdistortions and strains increase
when the processing time and, accordingly, the radiation fluence in-
crease, which results in other parameters and properties in the PLA
surface layer alteration. Namely, the PLA microhardness and elastic
modulus decrease by the factor of 1.4 and 1.75 respectively [1]. Under
the ion-beam treatment conditions of the polymer, there are processes,
such as ion penetration, polymer bond rupture, polymer atom
displacement cascade initiation, radical formation, crosslinking of
macromolecules, etc., leading to the defect formation and the PLA sur-
face layer structure change.

The graph of the PLA microhardness change over the depth of the
surface layer with change in the load on the indenter (0.5; 1; 2; 3 mN)
before and after ion implantation is shown in Fig. 2. It was found that the
microhardness of the initial PLA sample decreases to 40% at a depth of
~800 nm. After ion-beam treatment, the PLA microhardness decreases
with increase of the load on the indenter, while the penetration depth of
the indenter increases in comparison with the initial sample. This effect
can be explained by the PLA surface softening during the indenter
penetration [21].

It should be noted that at the 1-10** and 1-10'° cm 2 Ag and Ar ion
irradiation, the microhardness decreases, and then, with the fluence
increase to 1-10'° cm’z, it increases (Fig. 2a and b). Probably, the
fluence of 1-10%® cm™2 is the threshold fluence for the impurity accu-
mulation in the surface layer and the strengthening carbonized phase
formation. This effect is also characteristic when carbon ion irradiation
(Fig. 2, ¢), however, the threshold fluence in this case is 1- 10'° em ™2,
since at this fluence the microhardness of the PLA increases. The mini-
mum microhardness (150 MPa) is characterized to the 1- 10'° ¢cm—2 Ag-
implanted PLA sample at a depth of 1170 nm (Fig. 2, a).

Fig. 3 represents the load-displacement curves at the lowest inden-
tation loads (up to 0.5 mN). As it can be seen from Fig. 3, at the
maximum load (0.5 mN) the material undergoes the plastic deformation
due to its plasticity, but it recovers due to elasticity and temperature
effect when unload. First, at the depth of the indenter penetration
growing the PLA become softer, then the hardness returns to the original
values with the reduction of the depth of the indenter penetration.

It should be noted that the projective range of ions in polylactic acid
does not exceed 100 nm, and the depth of the modifying effect of ion-
beam surface treatment on the mechanical properties of the PLA rea-
ches 1200 nm. Therefore, under the ion implantation conditions, a long-
range effect occurs due to radiation-induced diffusion and thermal
restructuring of the material [22,23]. Also, the changes in the degree of
crystallinity of the PLA surface layer testify in favor of the long-range
effect, since the diffraction patterns for polymers were taken in graz-
ing incidence diffraction regime with the grazing angle of 3° [1], the
investigated depth in this case was up to ~1 pum [24], which is bigger
than the projected range. Hence, we concluded that structural alter-
ations occur deeper than ions stop and long-range effect take place.

4. Conclusions

A detailed study of the dependence of the polylactic acid structure
and mechanical characteristic changes after ion implantation has been
carried out. The relationship between the decrease of the mechanical
characteristics and the degree of crystallinity of the PLA has been
established: with increase of amorphous regions, the values of micro-
hardness and elastic modulus decrease. As a result of intense thermal
action in the track of ions, as well as radiation-stimulated diffusion,
polymer macromolecules can vibrate relative to their initial state that
leads to their conformation change, distortions of the crystal lattice, and
the defectiveness of the material increasing. Due to the rupture of some
bonds, the proportion of regions with ordered arrangement of macro-
molecules decreases. This phenomenon affects the mechanical charac-
teristics of the material: decrease in the degree of crystallinity leads to
the microhardness (the ability of the material to resist the penetration of
the indenter) and the elastic modulus (the ability of the material to re-
turn to its original state when removed load) reduction.

It is shown that the energetic exposure on the PLA surface with Ag,
Ar, C ion beams results in the microdistortions and strains of the PLA
crystal lattice increase when the treatment condition changing. It was
found that the effect of PLA surface modification extends much deeper
than the projective ion range in the material — up to 1 pm, which is
recorded by measuring the microhardness at a varying load up to 50% of
the microhardness values for the initial material at the same depth as
well as the degree of crystallinity alterations measured in the grazing
angle mode. Consequently, structural changes and mechanical property
modification under the ion implantation conditions exceed the ion
penetration depth value that is why long range effect takes place.
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