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Chapter 1

UHMWPE/OPA Composite Coatings
on Ti6Al4V Alloy as Protective Barriers
in a Biological-Like Medium

K. Anaya-Garza, M. A. Dominguez-Crespo, A. M. Torres-Huerta,
S. B. Brachetti-Sibaja, and J. Moreno-Palmerin

Abstract The formation of coatings onto the surface of Ti alloys has been used to
enhance their corrosion resistance. Dip-coating is a method that can produce con-
trollable coatings using a wide variety of molecules. Coatings based on ultra-high-
molecular-weight polyethylene (UHMWPE or PE) have exhibited low friction
coefficients and long wear life. It has also been reported that the formation of octa-
decylphosphonic acid (OPA) coatings onto the surface of various alloys prevents the
corrosion process. In this work, Ti6Al4V alloy substrates were coated with
UHMWPE/OPA films using the dip-coating method to evaluate their performance
as protective barriers against the corrosion process in phosphate-buffered saline bio-
logical medium, to evaluate their potential application in medical implants. An
analysis of the film structure and electrochemical characterizations were carried out
in the as-obtained coatings. The best performance was achieved in samples immersed
during 40 s (UHMWPE) followed by a most prolonged immersion in OPA (30 h).
In this system, the corrosion rate was reduced up to 0.000053 pm year~! with an
estimated efficiency of 100%. The synergy of UHMWPE/OPA coatings displays an
adequate adherence with a considerable increase in the properties against corrosion.

Keywords Ti6Al4V substrates - Biomaterials - UHMWPE/OPA films -
Mechanical properties - Properties against corrosion

K. Anaya-Garza
CICATA-Altamira, Instituto Politécnico Nacional, Altamira, México

M. A. Dominguez-Crespo (P<) - A. M. Torres-Huerta (0<1)
UPIIH, Instituto Politécnico Nacional, Hidalgo, México
e-mail: mdominguezc @ipn.mx

S. B. Brachetti-Sibaja
IT de Ciudad Madero, Tecnoldgico Nacional de México, Tamps, México

J. Moreno-Palmerin
Universidad de Guanajuato, Guanajuato, México
e-mail: jmoreno@ugto.mx

© The Author(s), under exclusive license to Springer Nature 1
Switzerland AG 2022

D. K. Ashish, J. de Brito (eds.), Environmental Concerns and Remediation,
https://doi.org/10.1007/978-3-031-05984-1_1


mailto:mdominguezc@ipn.mx
mailto:jmoreno@ugto.mx
https://doi.org/10.1007/978-3-031-05984-1_1#DOI

2 K. Anaya-Garza et al.
1.1 Introduction

Currently, medical implants with the greatest demand are those that aid in the alle-
viation of degenerative and inflammatory diseases that affect the bone and joints.
These diseases include degenerative osteoarthritis, degenerative arthritis, rheuma-
toid arthritis, osteonecrosis, congenital hip conditions, neoplasia, and osteoporosis.
All these conditions generate pain or loss of mechanical properties of the bone and/
or joint, resulting in the removal of the orthopedic devices [1-3]. The characteristics
necessary for a material to be used as a medical implant are those that possess bone-
like, mechanical properties, which are neither toxic nor carcinogenic, and will not
elicit an immunological response, being biocompatible, and have high corrosion
resistance. Moreover, they are also known as biomaterials and can be produced
from ceramic, metallic, polymer, glass, cell, or living tissue materials. Biomaterials
are mainly used as plates, screws, joint replacements, orthodontic cables, femoral
stems, supports for heart valves, and dental implants [4, 5].

Most of the metals used as medical implants are stainless steel, magnesium, tita-
nium, cobalt, and their alloys. Ti6Al4V alloys can present three different phases a,
B, and a“martensite; this alloy is not only used in orthopedic applications, but it has
also been used in other applications such as automotive, aerospace, and chemical
industries [6, 7]. Ti6Al4V has been employed as an orthopedic material mainly due
to its characteristically excellent biocompatibility and adequate corrosion resistance
[8, 9]. Nonetheless, it has been shown that Ti6Al4V presents considerable disadvan-
tages such as unreliable friction coefficient and low load-carrying capacity. Thus, its
mechanical integrity and superficial function are compromised, producing biologi-
cal reactions and the release of vanadium, leading to the aseptic loss of the implant
[10-12]. Titanium can generate reactive oxygen species by adsorption process, for
example, the radical’s superoxide (O?") and hydroxyl (OH"); these radicals can
induce damage to biomolecules inside the host (DNA, proteins, lipids, among oth-
ers). The metallic particles released by metallic biomaterials can cause osteolysis
due to an immune reaction related to hypersensitivity [13—15]. Titanium particles
released by orthopedic implants have been reported to invade lung, liver, and spleen
triggering, an immune response, pain, and implant failure [16, 17]. Metal-on-metal
joints can release between 6.7 x 10'2 and 2.5 x 10" particles per year; most of these
particles displayed a particle size lower than 50 nm, but they can also achieve
dimensions above 150 nm. In this context, the acceptable limits in the body for
food-grade materials are from 0.4 to 5 mg/kg body weight per day of TiO, particles.
Consequently, regarding these liabilities, there have been proposed surface modifi-
cations to metals and alloys, including coatings, thus improving their wear condi-
tions and corrosion resistance [18, 19]. Coating treatments must meet the
corresponding requirements of a biomaterial and, at the same time, increase the
barrier properties avoiding a loss of the mechanical properties, present high adhe-
sion and roughness, and avoid excessive weight in the final device, and the cost-
benefit ratio must be much higher than the one presented by an implant without a
surface modification process. Wetting techniques have been used due to their
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simplicity and low cost, as well; through them, surface coatings can be achieved
with suitable packaging, and these can be controllable using a wide variety of mol-
ecules, especially through the dip-coating method [18].

Therefore, with these disadvantages, there have been proposed surface modifica-
tions to metals and alloys, including coatings, thus improving their wear conditions
and corrosion resistance [18, 19]. Coating treatments must meet the corresponding
requirements of a biomaterial and, at the same time, increase the barrier properties
avoiding a loss of the mechanical properties, present high adhesion and roughness,
and avoid excessive weight in the final device, and the cost-benefit ratio must be
much higher than the one presented by an implant without a surface modification
process. Wetting techniques have been used due to their simplicity and low cost, as
well; through them, surface coatings can be achieved with suitable packaging, and
these can be controllable using a wide variety of molecules, especially through the
dip-coating method [18].

To improve the mechanical properties of Ti6Al4V alloy, the application of poly-
mer coatings has been used particularly in coatings of ultrahigh-molecular-weight
polyethylene (UHMWPE, also referred as PE). This polymer has a carbon back-
bone that can fold into ordered crystalline chains (lamellae) embedded within amor-
phous regions. This polymer is typically employed to manufacture total joint
replacements since it possesses desirable characteristics such as high abrasion and
wear resistance, chemical inertness, structural strength, and biocompatibility [19—
21]. Used as a coating on various alloys, UHMWPE has been reported to exhibit
low friction coefficients and a long wear life [21-23]. Notwithstanding all the char-
acteristics before mentioned, the wear properties of this polymer once it coats the
surface of metallic materials present the opportunity to improve the interaction of
UHMWPE/metal interphase, the resulting wear debris by friction between the two
components triggers inflammatory reactions, which leads to implant failure [24—
26]. Another solution to improve the corrosion resistance of metallic substrates is
alkyl phosphonic acid (R-PO(OH)2) coatings. These are formed by linear amphi-
philic chains that can form M-O-P bonds with various metals such as Ti, Zr, Zn, and
Al, among others [27]. The formation of octadecylphosphonic acid (OPA) films
onto the surface alloys has prevented the corrosion process, increasing their wear
resistance [28, 29]. It has also been reported that OPA coatings have a lubricant
effect, decreasing the friction coefficient of metallic surfaces [30-32].

Metallic biomaterials are used as orthopedic implants due to their excellent
mechanical properties; however, they have low wear and corrosion resistance; these
drawbacks can lead to implant failure. In the present work, employing the dip-
coating technique, Ti6Al4V substrates were coated with UHMWPE and OPA films.
To improve the adhesion and electrochemical properties of these films in a
biological-like medium (phosphate-buffered saline), the synthesis parameters were
optimized [33]. Those coatings with the best corrosion resistance properties were
applied to produce a composite UHMWPE/OPA coating. The UHMWPE, OPA, and
UHMWPE/OPA coatings were evaluated through structural (XRD, X-ray diffrac-
tion) and electrochemical characterizations.
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1.2 Materials

Disc-shaped samples of Ti6Al4V alloy (diameter of 20 mm and 2 mm of thickness)
were used in this study. The titanium alloy was acquired from a local Mexican com-
pany, and the nominal composition contains V (~4.0 wt.%), Al (6.0 wt.%), Fe (0.04
wt.%), C (0.08 wt.%), N (0.05 wt.%), O (0.2 wt.%), H (0.014 wt.%), and Ti
(balance).

UHMWPE powder with a particle size of 125 pm (Mw 3x106—6 x 106 mol.wt.),
octadecylphosphonic acid (97%), decahydronaphthalene (99% purity), and
phosphate-buffered saline solution were purchased from SIGMA-Aldrich Inc; etha-
nol (96%) from FERMONT.

1.3 Experimental Methods

1.3.1 Surface Preparation

The process of surface preparation of the substrates begins by polishing them using
grit SiC emery paper grade from 400 to 1500; then, they were washed in an ultra-
sonic bath with distilled water, ethanol, and acetone solutions; finally, the samples
were dried at room temperature.

1.3.2 Synthesis of UHMWPE Coatings

The Ti6Al4V substrates were coated with UHMWPE films using a UHMWPE solu-
tion prepared with 2.3 g of UHMWPE powder dissolved in 50 mL of decalin
(5 wt.%) inside a three-necked flask. Subsequently, the three-necked flask was
placed connected to a reflux condenser and placed into a sand bath. The solution
was heated until the solution reached 80 °C (20 min), followed by heating up to
185 °C (2 h). The coated samples were obtained using various immersion times (20,
30, and 40 s); immediately thereupon, these samples were dried at 100 °C (20 h).
Finally, the samples were cooled down at room temperature.

1.3.3 Synthesis of Octadecylphosphonic Acid Coatings/
UHMWPE-OPA Coatings

The formation of the OPA films deposited onto the Ti6Al4V alloys and UHMWPE-
coated Ti6Al4V alloys were realized using a solution of octadecylphosphonic acid
which was prepared with 0.1724 g of octadecylphosphonic acid powder dissolved
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in 50 mL of ethanol to reach a balance of 1 mM inside a three-necked flask.
Afterward, the three-necked flask was connected to a reflux condenser and placed
into a sand bath, and the solution was heated up to 40 °C (2 h). Subsequently, this
solution was placed in a beaker of the model Dip Coating WHL-30B immersion
equipment. The coated samples were settled on a controlled speed arm. To acquire
the OPA-coated samples, various immersion times were used (20 and 30 h); then
those samples were dried at 80 °C (4 h) and then cooled down at room temperature.
The UHMWPE-OPA coatings were realized using 40 s and 30 h of immersion time
in UHMWPE solution and octadecylphosphonic acid solution, respectively.

1.3.4 Structural Characterization

The structural characterization of the UHMWPE, OPA, and UHMWPE/OPA sam-
ples was evaluated through X-ray diffraction (XRD), using a Bruker D8 advanced
diffractometer (LYNXEYE detector). The XRD patterns of all the samples were
collected using CuK radiation (4 = 0.15406 nm) within a range of 5-90° (20) at a
scan rate of 2°min~!. Employing an elcometer tester (Elcometer E456), the dry
thickness of these coatings was evaluated.

1.3.5 Electrochemical Characterization

Electrochemical measurements were realized in a typical three-electrode cell using
a Gamry reference (600 series) potentiostat/galvanostat. The analyses were carried
out using a work electrode area of 0.7 cm~2. Saturated calomel electrode (SCE) was
used as reference electrode and a graphite bar as counter electrode. All the samples
were stabilized for 30 min in the PBS electrolyte before the evaluations. All mea-
surements were conducted by triplicate. Tafel plots were evaluated using a potential
range of +250 mVcp by applying 1 mV s~! of scan rate at room temperature. Gamry
Instruments DC105™ DC corrosion technique software was used to determine the
kinetic parameters of the as-prepared samples. The corrosion rate was computed
from Faraday’s law using the following equation:
CR=(i,, KEW)/d

corr

(1.1

In the formula, the corrosion rate is represented by CR (pm year), d represents the
density (gcm~?), EW represents the equivalent weight, 3.272x 106 pm A~ cm~! year™!
is the constant in the equation (K), and i, is the corrosion current density (A cm=).

The protection efficiency percentage estimation was also calculated using the
classical relation between the corrosion current densities of the uncoated (ico) and
coated samples (icr;), with UHMWPE, OPA, and UHMWPE/OPA:
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PEF% = ([icorr, 0-icorr, i] /icorr, i)x 100% (1.2)
Similarly, the estimation of the porosity of each system (UHMWPE, OPA, and
UHMWPE/OPA) was calculated using the following equation:

P=(R,, /R, ) 10(-AE,, I B,)x100%

P (1.3)
where P is porosity and R, and R, are the polarization resistances of the bare sub-
strate and the resistance of the UHMWPE-, OPA-, and UHMWPE-/OPA -coated
samples, respectively. AE,,, is the difference of the corrosion potentials between the
bare substrate and the coated samples, and /5, characterizes the anodic Tafel slope of
the Ti6Al4V.

Finally, the barrier properties were analyzed by electrochemical impedance
spectroscopy (EIS) measurements. The spectra were acquired within the frequency
range 100 kHz—10 mHz (with 10 mV of a sinusoidal voltage signal applied). The
experimental data of each spectra were fitted through equivalent circuits using the
Zview?2 version 3.3 program. The equivalent circuit models of the plots reported
were considered acceptable when the »* values were lower than 1072,

1.4 Results and Discussion

1.4.1 Structural Characterization

The XRD patterns of UHMWPE and OPA powders, as well as bare and coated
Ti6Al4V substrates (OPA, UHMWPE and UHMWPE/OPA) are shown in Fig. 1.1.
Based on the XRD patterns, the as-prepared UHMWPE and UHMWPE/OPA coat-
ings show classical peaks of polyurethane located at 21.32° (110) and 23.5° (200)
in the 6-26 region, PDF # 53-28-59 chart.

Although the OPA XRD pattern has not been found indexed in literature, the rise
of new peaks in the OPA and UHMWPE/OPA XRD patterns between ~10 and 20°
(6-20) are representatives of the presence of OPA on the surface of the bare and
UHMWPE-coated Ti6Al4V alloy [33-35]. According to the PDF #44-1294 file, all
XRD patterns showed the orientation of the Ti6Al4V in the cubic f-Ti phases and
hexagonal a-Ti, between ~35-41° and 77° (0-20) [36].

1.4.2 Electrochemical Measurements

In the Tafel plots shown in Fig. 1.2, displacements in the corrosion potential to more
positive values are observed in the polarization curves for all the coated samples.
OPA-coated samples exhibit a corrosion potential of —0.022 Vgc; it heightened up
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to similar values as the bare samples (0.074 Vcg), 0.067, and 0.051 Vg for PE 40
s and UHMWPE/OPA, respectively. Based on the mixed potential theory, due to the
attack of the electrolyte (phosphate-buffered saline solution) charged particles in the
anodic region, a change in the number of the corrosion potential can be seen [33].
The plot shows a clear displacement toward lower corrosion current density values
after coating the Ti6Al4V alloys, particularly with the UHMWPE/OPA coatings.
The diminishing of the corrosion rate is correlated with the reduction of the charge
transfer resistance between the coated metal and the electrolyte. Then, the decrease
of the corrosion current density values seen in the polarization curves of the coated
samples indicates a lower charge transfer resistance and, accordingly, a slower cor-
rosion rate.

The cathodic Tafel slopes were calculated employing the polarization curves; a
reduction from —458 mV decade™' reaching values between 45 and 292 mV
decade™! for the UHMWPE, OPA, and UHMWPE/OPA coatings (Table 1.1) can be
observed. Contrary, the anodic Tafel slopes were not calculated since they tend to
form a pseudo passive region. The UHMWPE/OPA coatings presented the lowest
corrosion densities (3 E-6 pA cm™2), almost six orders in magnitude lower than the
bare alloy (2.371 pA cm™2). While UHMWPE and OPA coatings acted as good bar-
riers against the corrosion process on their own, once the UHMWPE/OPA coating
was formed, the barrier properties were enhanced, and the corrosion rate exhibited
a considerable deceleration from 41.26 to 5.3 E-5 pum year™.

The estimation of the protection efficiency (Pgr %) of the UHMWPE, OPA, and
UHMWPE/OPA coatings was calculated, from the polarization curves and Eq. (1.2)
(using the corrosion current density values). The coatings present efficiencies from
97 for OPA coatings up to ~100% for the UHMWPE/OPA coatings, whereas
UHMWPE coatings achieved 99.9%. From Eq. (1.3), the porosity of the coatings
was estimated; the UHMWPE/OPA composite coatings presented a noteworthy
diminishing of the porosity compared to the individual coatings; this indicates a
uniform coating with fewer defects (Table 1.1).

Figure 1.3 shows EIS plots of the bare and coated Ti6Al4V alloys immersed in a
PBS solution. The Nyquist plot (Fig. 1.3a) shows that the semicircle of the imped-
ance of the bare specimens was around 24 kQ cm~2and increased up to ~1.§ MQ cm ™2,
24.8 MQ cm MQ cm~2, and 400 MQ cm~? when coated with OPA, UHMWPE, and
UHMWPE/OPA films, respectively. The size of the radius of the semicircle in the
Nyquist plots is associated with the charge transfer resistance; the increase of the

Table 1.1 Kinetic parameters of the bare substrate and (UHMWPE, OPA, and UHMWPE/OPA)
coated samples in PBS

Ecorr Icorr pc (mV/ % CR
Sample (VSCE) (A cm™2) dec) Porosity | Pge% | (pm year™")
Bare 0.074 2371 —458 - 4128
Ti6Al4V
OPA 30 h —-0.022 6.8E-2 -292 7.11 97 1.19
PE40s 0.067 3E-3 -279 0.17 99.9 10.05
PE/OPA 0.051 3E-6 —45 2E-3 100 | 5.3E-5
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Fig. 1.3 (a) Nyquist and (b—c) Bode plots of bare substrate and (UHMWPE, OPA, and UHMWPE/
OPA) coated samples in PBS

charge transfer resistance observed is related to the coatings formed onto the surface
of the Ti6Al4V alloys. Figure 1.3b,c (Bode plots) show two-time constants for all
the coated samples, one attributed to each coating and the other related to the charge
transfer resistances.

Table 1.2 shows the values obtained from the simulation of the experimental
data; two equivalent circuits were proposed. The model proposed was comprised of
the resistance solution (R;); the coating contribution was modeled, with a coating
resistance (R..,) in series with a coating capacitance simulated with a constant
phase element (CPE,,) The metal contribution consisted of the charge transfer
resistance (R, and its constant phase element (CPEy) that simulates the double-
layer capacitance. The sum of the resistances of the model (R, R...., and R.,) reflects
the polarization resistance (R,) of the equivalent circuit proposed. A suitable fitting
of the model was accepted when the »* values were lower than 1072

The fitting of these parameters confirms that the OPA, UHMWPE, and
UHMWPE/OPA coatings diminished the charge transfer resistance, which can be
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Table 1.2 Values obtained from the modeled circuit of the bare substrate and (UHMWPE, OPA,
and UHMWPE/OPA) coated samples in PBS

CPE, .y CPE, Equiv.
7

Rs Yolcoal Rcoal YOZdI Rcl (10_%) circuit

«Q (Q ' cm? Q' cm?
Sample cm?) | sn) nl | (Qcm?) |sn) n2 | (Qcm?
Bare 59.24 |- - - 4.73E-5 0.87 | 24.43E3 | 2.49 a
Ti6Al4V
OPA 30 h 55.93 | 1.66E-8 0.92 | 17.19E3 | 5.44E-6 0.59 | 1.84E6 |13.41 |b
UHMWPE | 412.1 |29IE-8 0.85 | 741 4.04E-8 0.85 | 2.48E7 |0.62 b

40s

UHMWPE/ | 137.5 |11.5E-9 094 |1.12E3 |4.33E-12 |0.45 | 811.5E9 | 6.37 b
OPA

seen by a deacceleration of the corrosion rate of the Ti6Al4V alloys, especially
when coated with the UHMWPE/OPA film.

1.5 Conclusions

In this study, the dip-coating technique to optimize the process of coating Ti6Al4V
substrates with OPA and UHMWPE films in order to improve its corrosion resis-
tance properties in a biological-like medium (phosphate-buffered saline) was used.
From the above results, the following conclusions were obtained: whereas all the
coatings delayed the interaction between the alloy surface and the ions in the elec-
trolyte, the performance of the barrier properties of the composite coating as a result
of combined adding of the OPA coating over the UHMWPE coating is enhanced,
which can be potentially favorable for biomedical applications. An estimated effi-
ciency of ~100% accompanied by a reduction in the porosity percentage values was
observed for the coated Ti6Al4V/UHMWPE/OPA systems. The barrier properties
that showed these samples reduced the corrosion rate up to 5.3 E-5 pm year~!, which
was much better than the electrochemical performance of individual systems
(Ti6A14V/OPA or Ti6Al4V/UHMWPE). An important drawback to consider is the
long immersion time that is required for OPA deposition, but it is believed that cost-
benefit is still adequate for biomedical applications. In order to confirm this assump-
tion, the evaluations of biocompatibility and bioactivity as well as in vitro and
in vivo studies are in progress.
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