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Abstract: Plasma treatment of soft polymers is a promising technique to improve biomedical
properties of the materials. The response to the deformation of such materials is not yet clear.
Soft elastic polyurethane treated with plasma immersion ion implantation is subjected to fatigue
uniaxial loading. The influence of the strain amplitude and the plasma treatment regime on damage
character is discussed. Surface defects are studied in unloaded and stretched states of the material.
As a result of fatigue loading, transverse cracks (with closed overlapping edges as well as with open
edges deeply propagating into the polymer) and longitudinal folds which are break and bend inward,
appear on the surface. Hard edges of cracks cut the soft polymer which is squeezed from the bulk to
the surface. The observed damages are related to the high stiffness of the modified surface and its
transition to the polymer substrate.
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1. Introduction

Surface modification by plasma methods improves various material properties: corrosion and
wear resistance [1], hardness, adhesion characteristics. Metals, ceramics and stiff polymers are
widely used materials for such applications. Considerable applied studies are focused on the plasma
modification of products with complex three-dimensional shape [2] and/or small size. One of the
most important areas of research is the effect of plasma treatment on the biomedical characteristics of
materials (antibacterial properties, thrombogenesis, biocompatibility, friction, drug transport) [3].

Depending on the composition and manufacture conditions, the mechanical properties of the
polyurethane are varied in a wide range: from soft elastomers to hard plastics. Polyurethanes are
suitable for creating catheters, cardio- and breast-implants, interphalangeal endoprostheses, etc.

Plasma treatment of the polymers changes the relief, physico-chemical and mechanical properties
of the surface. In particular, surface energy, i.e., wettability, changes significantly, which affects the
interaction with biological objects [4]: an increase of surface energy decreases the number of platelets
adsorbed onto the surface [5,6]. Certain treatment regimens allow creating discontinuous cluster-like
carbon coatings [7] with selective adsorption of blood proteins. As a result of ion-plasma implantation
free radicals appear in the treated surface layer [8], some authors suppose that it makes the surface more
favorable for the proteins [9]. The usage of silver [10] or copper [11] ions improves the antimicrobial
properties. The plasma is used control of the drug release rate [12] and affects hardness [13], adhesion
and friction coefficient [14] of the treated polymers.
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Treatment of soft polymer leads to the formation of a pronounced wrinkled texture on the
surface [15], the peculiarities of surface texture affect the antibacterial properties of the coating [16,17].
The wrinkling phenomenon is related with the loss of stability of the hard layer on the soft substrate
due to thermal-induced deformation [18].

In all the known works devoted to plasma treatment of polymers, the materials are tested and
studied in a relatively immobile state, even in the case of implantation of samples into the body. The real
conditions for exploitation of elastomeric implants imply the presence of large cyclic deformations.
The stiffness of the plasma-modified layer could be many times greater than the elastic modulus of the
soft polymer “substrate” [19]. As a result, even simple uniaxial deformations fracture the modified
surface [17,20] and could damage of implant and body tissues.

This work is devoted to the study of the effect of fatigue uniaxial deformation on the surface of
soft elastic polyurethane treated with plasma immersion ion implantation. The formation of cracks
(including bulging of the polymer), folds and the areas with an exfoliated surface layer are investigated.
The results depend both on the energy and fluence of treatment as well as the strain amplitude.

2. Materials and Methods

2.1. Manufacturing of Materials

A polyurethane composition (PU) was investigated. The material was prepared from commercial
ready to use ingredients according to datasheet. Urethane prepolymer (NCO/OH ratio is 100:43.3,
Mw = 2300) based on a simple polyether (by Mitsubishi Chemical Corporation, Tokyo, Japan) and
toluene diisocyanate (by Bayer International C.A., Leverkusen, Germany) was heated to 50 ◦C and
vacuumed for 7 min. Then the remaining components (per 100 wt.% parts of prepolymer): 9.6 wt.%
parts of hardener MOKA (4.4′-Methylenebis (2-Chloroaniline)) and 34.2 wt.% parts of plasticizer
polyfurite (polyoxytetramethylene glycol) were heated to 60 ◦C and mixed with the polymer for 3 min.
The mixture was again vacuumed at 50 ◦C for 5 min. The composition was press-molded and cured in
the vacuum oven at 100 ◦C for 18 h. The thickness of the plates was 2 mm. Dogbone samples were cut
from the plates (working dimensions 25 × 4 mm2) for the mechanical tests.

2.2. Plasma Treatment

The samples were treated from both sides with plasma immersion implantation of N2
+ ions.

A source of electrons with a plasma cathode based on a glowing discharge was used to generate
plasma in the vacuum chamber [21]. The chamber was filled with nitrogen at a rate of 20 mL/min
and the working gas pressure was 0.2 Pa. The electrons were accelerated up to the energy of 10–20 eV
in the region of the plasma cathode grid. An electrically isolated sample holder cooling by running
water to a room temperature was located inside the chamber at a distance of 150 mm from the grid
of the electron source. The samples were placed inside the holder and covered with a metal mesh
with a mesh space of 10 mm. A constant negative bias voltage of 1 or 3 kV was applied to the holder.
Plasma ions were generated by the electron beam and accelerated in the layer of a space charge region
created near the mesh. The treatment modes were determined from the condition that the average
intensity of the ion flow to the sample surface does not exceed 15 mW/cm2. This allowed maintaining
the sample at a temperature ≤80 ◦C. Three different treatment modes were applied: energy 1 keV
(fluence 2 × 1016 or 2 × 1017 ion/cm2) and energy 3 keV (fluence 2 × 1017 ion/cm2). These regimes
will be shortly named as 1-16, 1-17 and 3-17 in further discussion.

2.3. Mechanical Fatigue Tests

Mechanical fatigue tests were carried out on the Bi 00-100 (by Bangalore Integrated System
Solutions, Bangalore, India) servo-hydraulic free standing 2-column tension/compression testing
machine with a frequency of 1 Hz (related with a heart pulse) and strain amplitude ε of 10%, 20%
or 40%. The frequency and strain were selected from considerations of possible real exploitation
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conditions of the implants. The lowest value of strain was fixed at 10% due to residual deformations of
the polymers, and the highest corresponds to the estimated maximal deformation of interphalangeal
joint endoprosthesis [22]. The samples were remained preloaded to deformation of 2%, 5% or
10%, respectively to prevent bending of the samples due to residual strain. The stiffness (stress,
corresponding to strain amplitude) of the samples was decreased and after about 50,000 cycles (~14 h of
testing) stabilized, i.e., approached the asymptote. It was assumed that the sample reached steady
working mode and could operate during a considerable number of cycles in this load range. After that,
the surface of the sample was examined by optical and atomic force microscopy. The mechanical
tests were repeated on several samples under the same loading conditions and the similar results
were achieved.

2.4. Microscopy

An optical 3D-microscope (Hirox KH-7700, Tokyo, Japan) was used to obtain information on
the microstructure of the surface at the scale of tens of microns. The detailed analysis of the surface
was conducted by an atomic force microscope (Dimension Icon, Bruker, Billerica, MA, USA) in the
semi-contact mode as well as in the nanomechanical mapping regime (PeakForce Capture, Bruker,
Billerica, MA, USA). In the latter mode, together with the relief capturing, an indentation of the
surface occurs. As a result, each point of the relief has its own force-displacement curve F(z), which
is expressed as: F(z) = kd, where k and d are the stiffness and deflection of the AFM-cantilever.
The obtained curves F(z) were processed by the Maugis-Dugdale model [23]. Two types of probes
were used: (1) k ~3–6 N/m, radius R of the tip is ~10 nm; (2) k = 0.5 N/m, R ~4 nm. The stiffness was
calibrated by the method of free thermal oscillations (built in the microscope software). The geometry
of the probe tip was estimated by the blind estimation method [24] using the calibration grating of
porous aluminum (PA01, manufactured by MikroMash, Tallinn, Estonia).

The surface structure of stretched materials is of particular interest. In this case, the samples
that passed the fatigue tests were fixed in a miniature tensile device and stretched to the amplitude
of previously applied fatigue load. After completion of the relaxation processes the surfaces were
examined by optical and atomic force microscopy.

The cross-sections of the treated polyurethanes were studied to estimate the thickness of the hard
modified layer. The PIII-treated surface was coated with the same polyurethane (~1 mm thick).
Some portion of the material was then removed from the side surface of the sample by the
cryo-ultramicrotome (Leica UC7, Vienna, Austria) at −100 ◦C using a diamond knife. By this way,
the surface containing the cross-section of modified layer in the middle was prepared and its thickness
was measured by the AFM [19].

3. Results and Discussion

Depending on the energy and fluence, the relief acquires a wrinkled structure and surface becomes
harder. Detailed analysis of structural-mechanical properties of the treated surfaces (roughness, fractal
and wave properties, elastic modulus) and the cross-sections of the modified layer are given in the
work [19]. In particular, the elastic modulus of the surface, determined by the AFM nanoindentation,
increases with the plasma energy and fluence and was 20 MPa for the untreated PU, 125 MPa (PIII 1-16),
254 MPa (1-17) and 1900 MPa (3-17).

The AFM images of untreated and treated materials are shown in Figure 1. The surface roughness
rises with the treatment. After PIII 3-17 the surface has wrinkled structure.
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Figure 1. AFM images 15 × 7.5 μm2 of untreated (a) and treated with 1 keV, 2 × 1016 ion/cm2 (b); 1 keV, 
2 × 1017 ion/cm2 (c); 1 keV, 3 × 1017 ion/cm2 (d) surfaces. 

As a result of ion implantation, a hard layer is formed on the surface of the material. Its thickness 
was estimated experimentally: 25, 30 and 50 nm [19]. 

The treated surfaces after fatigue loading are covered by cracks orthogonal to the strain direction 
and by folds (parallel to the loading)—a result of material compression. In the material subjected to 
PIII 3-17 these cracks and folds are clearly visible in the optical microscope (Figure 2). Hereinafter 
(Figure 2) the strain direction is vertical. 

(a) 
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Figure 2. Optical images of PU after PIII 3-17 and fatigue loading (ε = 10%, 20%, 40%) in the unloaded 
(a) and stretched (b) states. The strain direction is vertical. 

Non-orthogonal cracks (Figure 2) are visible after ε = 10%, this is due to bending/torsion of the 
samples caused by the residual deformation. 

Let us investigate the damage of modified surface in greater detail. The surface after the 1-16 
treatment and the fatigue loading 10%, in the unloaded state covered by straight open cracks (Figure 3a) 
with a depth of 10–100 nm and a width of 50–700 nm (the average values are given below in Table 1). 
Such a spread is related to an inhomogeneous deformation at small ε. The profile of such crack is 
shown in Figure 3a. The edges of the cracks are always located at different heights relative to each 
other. The depth of the crack is measured from the lowest one edge. 

Figure 1. AFM images 15 × 7.5 µm2 of untreated (a) and treated with 1 keV, 2 × 1016 ion/cm2 (b);
1 keV, 2 × 1017 ion/cm2 (c); 1 keV, 3 × 1017 ion/cm2 (d) surfaces.

As a result of ion implantation, a hard layer is formed on the surface of the material. Its thickness
was estimated experimentally: 25, 30 and 50 nm [19].

The treated surfaces after fatigue loading are covered by cracks orthogonal to the strain direction
and by folds (parallel to the loading)—a result of material compression. In the material subjected to
PIII 3-17 these cracks and folds are clearly visible in the optical microscope (Figure 2). Hereinafter
(Figure 2) the strain direction is vertical.
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Figure 2. Optical images of PU after PIII 3-17 and fatigue loading (ε = 10%, 20%, 40%) in the unloaded
(a) and stretched (b) states. The strain direction is vertical.

Non-orthogonal cracks (Figure 2) are visible after ε = 10%, this is due to bending/torsion of the
samples caused by the residual deformation.

Let us investigate the damage of modified surface in greater detail. The surface after the
1-16 treatment and the fatigue loading 10%, in the unloaded state covered by straight open cracks
(Figure 3a) with a depth of 10–100 nm and a width of 50–700 nm (the average values are given below
in Table 1). Such a spread is related to an inhomogeneous deformation at small ε. The profile of such
crack is shown in Figure 3a. The edges of the cracks are always located at different heights relative to
each other. The depth of the crack is measured from the lowest one edge.
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Figure 3. AFM images of PU after the PIII 1-16 and fatigue loading to 10%: open cracks are visible in 
the unloaded (a) and stretched (b) states. Longitudinal folds appear on the stretched surface. The 
width and depth (in nm) of the cracks are indicated. The arrows in (b) indicate the bending of folds 
and the circle marks the crack tip stopped by the fold. 

Apart from the cracks, the longitudinal folds appear on the surface after loading, which are the 
result of compression of the material in the transverse direction. In some cases, such folds break 
(shown by the arrows in Figure 3b) and bend inward. Note, that the folds stop the propagation of 
transverse cracks (marked by the circle in Figure 3b). 

The depth of the cracks is more than order of magnitude greater the thickness of the modified 
surface layer. It means that cracks are generated on a hard surface and then propagate deep into the 
material. 

With an increase of the fatigue deformation to 20% (Figure 4a), cracks with overlapping edges 
were observed on the 1-16 treated surface. In the stretched state some longitudinal folds break and 
bend inward. The map of the elastic modulus (Figure 4b) shows contrast between soft PU and hard 
coating. The hard edges of the bent folds destroy the polymer and squeeze it out to the surface (shown 
by the arrow in Figure 4b). 

During the fatigue loading, the hard crack edges cut soft polymer in the crack zone, which causes 
its partial detachment from the rest of the matrix and squeezing out of the crack edges (denoted by a 
rectangle in Figure 4b). 
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Figure 3. AFM images of PU after the PIII 1-16 and fatigue loading to 10%: open cracks are visible in
the unloaded (a) and stretched (b) states. Longitudinal folds appear on the stretched surface. The width
and depth (in nm) of the cracks are indicated. The arrows in (b) indicate the bending of folds and the
circle marks the crack tip stopped by the fold.

Apart from the cracks, the longitudinal folds appear on the surface after loading, which are the
result of compression of the material in the transverse direction. In some cases, such folds break
(shown by the arrows in Figure 3b) and bend inward. Note, that the folds stop the propagation of
transverse cracks (marked by the circle in Figure 3b).

The depth of the cracks is more than order of magnitude greater the thickness of the modified
surface layer. It means that cracks are generated on a hard surface and then propagate deep into
the material.

With an increase of the fatigue deformation to 20% (Figure 4a), cracks with overlapping edges
were observed on the 1-16 treated surface. In the stretched state some longitudinal folds break and
bend inward. The map of the elastic modulus (Figure 4b) shows contrast between soft PU and hard
coating. The hard edges of the bent folds destroy the polymer and squeeze it out to the surface
(shown by the arrow in Figure 4b).

During the fatigue loading, the hard crack edges cut soft polymer in the crack zone, which causes
its partial detachment from the rest of the matrix and squeezing out of the crack edges (denoted by a
rectangle in Figure 4b).
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rectangle in (b) indicate polymer squeezed from the cracks. 

After higher strain, ε = 40%, irregular cracks occur on the surface of the 1-16-treated material 
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irregularities. That the outer hard part of the modified layer is partially destroyed in plane: in the 
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Figure 5. AFM images of PU after the PIII 1-16 and fatigue loading to 40% in the unloaded (a) and 
stretched (b) states. The stepped surface in (b) indicates the in plane fracture of the modified layer. 
The height of steps is shown (in nm). 

The surface of the material treated with higher fluence (PIII 1-17) after the fatigue tests is more 
uniform. The loading up to 10 and 20% causes only straight closed cracks with the edges bent inward 
(Figures 6a and 7a). The profile of one of these cracks is shown in the inset in Figure 7a. No open 
cracks were detected. After ε = 10% there are predominantly separate, short cracks (see the inset in 
Figure 6a), which are opened in stretched state (Figure 6b). 

Figure 4. AFM images of PU after the PIII 1-16 and fatigue loading to 20%: open cracks in the unloaded
(a) and stretched (b) states. Cracks with overlapping edges are also observed on the unloaded surface
(shown by arrow in (a)). The height differences in the cracks are indicated (in nm); arrow and rectangle
in (b) indicate polymer squeezed from the cracks.

After higher strain, ε = 40%, irregular cracks occur on the surface of the 1-16-treated material
(Figure 5a). The propagation of these cracks is hampered by the longitudinal folds and surface
irregularities. That the outer hard part of the modified layer is partially destroyed in plane: in the
stretched state the damaged surface takes a step-like form (Figure 5b).
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Figure 5. AFM images of PU after the PIII 1-16 and fatigue loading to 40% in the unloaded (a) and
stretched (b) states. The stepped surface in (b) indicates the in plane fracture of the modified layer.
The height of steps is shown (in nm).

The surface of the material treated with higher fluence (PIII 1-17) after the fatigue tests is more
uniform. The loading up to 10 and 20% causes only straight closed cracks with the edges bent inward
(Figures 6a and 7a). The profile of one of these cracks is shown in the inset in Figure 7a. No open
cracks were detected. After ε = 10% there are predominantly separate, short cracks (see the inset in
Figure 6a), which are opened in stretched state (Figure 6b).



Coatings 2018, 8, 75 7 of 11

Coatings 2018, 8, x 

(a) (b) 

Figure 6. AFM images of PU after the PIII 1-17 and fatigue loading to 10% in the unloaded state (a) 
the closed cracks are visible, which are open in stretched state (b). 

Amplification of strain to 20% increases the length of the cracks. The surface inhomogeneities 
inhibit the development of cracks (enclosed in frames in Figure 7a). In the stretched state, as in the 
previous case (see Figure 4b), the longitudinal folds break, and the dissected by the crack edges 
polymer rises on the surface in the middle of the cracks (see Figure 7b). 

A similar picture of the surface fracture is observed after ε = 40% (Figure 8). Figure 8a shows the 
unloaded state: clots of the polymer squeezed from the cracks are marked by the frames and polymer 
squeezed out of the broken longitudinal folds is shown by the arrows. Note, that raw polymer in the 
open cracks in the stretched state (Figures 7b and 8b) has an oriented structure along the axis of 
deformation. 
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Figure 7. AFM images of PU after the PIII 1-17 and fatigue loading to 20% in the unloaded (a) and 
stretched (b) states. Surface inhomogeneities stop propagation of cracks (marked by box in (a)). Stiff 
edges of the broken layer dissect polymer in the cracks, clots of it are visible above the cracks (b). The 
broken longitudinal fold makred in (b) by arrows. 

Increase of treatment energy results in the even more damaged surface. Closed cracks with 
overlapping edges, clots of polymer were observed after the PIII 3-17 and ε = 10%. In the stretched 
state the width and depth of these cracks reach 1 μm and ~350 nm, respectively. The surface of the 
polymer in the open cracks is quite rough; this is the result of its damage during fatigue deformation. 

Figure 6. AFM images of PU after the PIII 1-17 and fatigue loading to 10% in the unloaded state (a)
the closed cracks are visible, which are open in stretched state (b).

Amplification of strain to 20% increases the length of the cracks. The surface inhomogeneities
inhibit the development of cracks (enclosed in frames in Figure 7a). In the stretched state, as in the
previous case (see Figure 4b), the longitudinal folds break, and the dissected by the crack edges
polymer rises on the surface in the middle of the cracks (see Figure 7b).

A similar picture of the surface fracture is observed after ε = 40% (Figure 8). Figure 8a shows the
unloaded state: clots of the polymer squeezed from the cracks are marked by the frames and polymer
squeezed out of the broken longitudinal folds is shown by the arrows. Note, that raw polymer in
the open cracks in the stretched state (Figures 7b and 8b) has an oriented structure along the axis
of deformation.
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Figure 7. AFM images of PU after the PIII 1-17 and fatigue loading to 20% in the unloaded (a) and
stretched (b) states. Surface inhomogeneities stop propagation of cracks (marked by box in (a)).
Stiff edges of the broken layer dissect polymer in the cracks, clots of it are visible above the cracks (b).
The broken longitudinal fold makred in (b) by arrows.

Increase of treatment energy results in the even more damaged surface. Closed cracks with
overlapping edges, clots of polymer were observed after the PIII 3-17 and ε = 10%. In the stretched
state the width and depth of these cracks reach 1 µm and ~350 nm, respectively. The surface of the
polymer in the open cracks is quite rough; this is the result of its damage during fatigue deformation.
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Table 1. Surface morphology after the fatigue loading.

Treatment Regime 1 keV 2 × 1016 ions/cm2 1 keV 2 × 1017 ions/cm2 3 keV 2 × 1017 ions/cm2

Fatigue strain, % 10 20 40 10 20 40 10 20 40
Open cracks + + + - - + - + +

Closed cracks - + + + + + + + +
Overlapping of crack edges - + + + + - + + +

Clots of matrix - + + - + + + + +
Fracture of folds + + + - + + - + +

In plane fracture of the
coating - - + - - - - - -

Width of cracks, µm 0.67 0.96 1.61 0.42 0.75 1.2 0.9 2.9 4.5
Depth of cracks, µm 0.17 0.155 0.185 0.07 0.05 0.12 0.26 0.66 0.50

+: observed; -: not observed.

Regardless the loading and treatment regimes, the fatigue loading damages not only on the
treated surface layer, but affects the beneath polymer.

Judging by the width and depth of cracks, the most significant damage occurs in PUs treated with
the lowest (1 keV, 2 × 1016 ions/cm2) and the highest (3 keV, 2 × 1017 ions/cm2) regimes. From the
one hand, the observed fracture is related with the hardness of the layer, which is one (energy 1 keV)
or two (energy 3 keV) orders of magnitude higher than the polymer. Another point is the peculiarities
of the interphase between the stiff part of the modified layer and the bulk polymer. In the case of
low energy and fluence (1-16), a hard layer is formed in the material without pronounced gradient of
stiffness. The sharp transition from hard to soft materials reduces the compatibility of the modified
layer and the substrate. This layer breaks in plane (Figure 5b).

In the case of highest treatment, hardening takes place almost to the entire depth of ion
penetration in the material and the transition zone is also weak. In the intermediate treatment
(1 keV, 2 × 1017 ions/cm2), ions can penetrate to the same maximal depth as in the case 1-16; although
a higher fluence allows a smoother gradient from the bulk polymer to the treated surface.

The plasma treatment also affects the residual deformations of the modified surface: only closed
cracks were observed after the 1-17 treatment at ε ≤ 20%. In other cases, both open and closed
cracks were detected. Moreover, the width of cracks in the stretched 1-17-treated PU was smaller
in comparison with other regimes. This means, that in this coating the plastic contribution to the
deformation is the weakest.

4. Conclusions

The effect of fatigue loading on the surface of polyurethane treated with plasma immersion
ion implantation was investigated. It has been found that depending on the strain and treatment
parameters different types of damage occur on the surface of the materials after loading (see Table 1):
open and closed cracks transverse to the strain, longitudinal folds that can break and bend inward.
During the mechanical loading, the edges of the cracks cut the polymer, clots of the detached polymer
bugle and squeeze to the surface.

The lower is the strain amplitude; the less is the resulting damage. However, even at small stain
of 10% the depth of the cracks is an order of magnitude greater than the thickness of the modified
layer. The greater amplitudes lead to even more damages, like detachment of polymer from the cracks.

From the viewpoint of treatment the character of the damage is associated with the transition
region between the hard layer, which is formed near the surface, and the bulk polymer. Increase in
the ion energy and reduction of the fluence can facilitate the development of coatings with higher
fracture resistance. Another possible direction is the design of discontinuous cluster-like coatings [7],
which could be more stable to the external loading.

The usage of these materials in the present state in deformable biomedical products can lead to
damage of the implant and eventually of body tissues.
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