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The aim of this research was to study the stability of plasma-sprayed coated metal systems
and to evaluate their susceptibility to the occurrence of corrosion fatigue. Hydroxylapatite
plasma-sprayed coated samples of Ti-6Al-4V were studied under cyclic bending. During
fatigue testing samples were immersed in a simulated physiological solution and mechanical
and electrochemical degradation were monitored. Applied loads were intended to crack the
ceramic coating and not the metal substrate. Electrochemical impedance spectroscopy was
used to further characterize the electrochemical behaviour. No increase in tendency to corrode
was detected in open-circuit corrosion fatigue testing. It appears as if the coating cracking
does not increase metal substrate corrosion susceptibility. The coating integrity has been
seriously affected, with marked decrease in thickness, due to the synergistic effect of load and
presence of simulated body fluids environment. Impedance results, however, show a general
tendency to an increase in corrosion kinetics after corrosion fatigue testing.

1. Introduction

Hydroxylapatite (HA) coatings are porous to permit
bone ingrowth [1, 2] and attachment [2, 3]. However,
HA coatings may easily crack under load [4], and the
eventual effect of such fracture on metal substrate
passive behaviour might induce some danger if these
materials are used as implants. Combination of cyclic
loading, in service conditions, and aggressive species
present in the body fluids [5], could cause a synergistic
effect. The aim of this work was to simulate these
conditions and assess the stability of HA-coated
Ti—6Al-4V.

The clinical application of bioactive hydroxylapa-
tite coated implants is attracting considerable interest,
with emphasis on the use of plasma-sprayed coatings
to combine the superior mechanical performance of
the metal component with the excellent biological
responses of HA [6]. Some authors [6, 7] claim that
HA should act as a biological barrier to reduce toxic
responses caused by the release of metallic ions from
metal substrate into the bone. Some doubts remain as
to what might be the long-term stability of the coating
[8]. Studies on the behaviour of metal substrate under
cyclic loading may be found in the literature [9-12]. In
all the listed references, high loads have been applied,
with the intention of causing fracture and set typical
S—N curves. In many cases, simulated physiological
solutions were used [9, 10], but coated metal electro-
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chemical behaviour is not highlighted. Fundamental
studies of the stability of coating itself are rare [5, 8,
13], and have generally been performed under static
load conditions [5, 13] or in dry conditions [14].

In this work a new approach to the characterization
of coated metal systems is presented. The testing
method has been described elsewhere [15]. Loads aim
at cracking the ceramic without leading to substrate
fatigue failure. Both electrochemical corrosion suscep-
tibility and mechanical degradation levels are follow-
ed during test under real-time conditions. After tes-
ting, metal ion release levels, solution pH, coating
thickness and microstructure, were analysed. To com-
plete the electrochemical characterization, samples
were tested using electrochemical impedance spectro-
scopy, both before and after corrosion fatigue testing.
This technique is still unusual for biomaterials and
coated systems interface characterization [16, 17].

2. Materials and methods

2.1. Materials

Ti-6Al-4V hydroxylapatite plasma-sprayed coated
samples, beam shaped with 180 x 30x 6 mm, were
tested. At this stage only 50 pm thick coatings (one
side) were studied. All coatings were performed by
Plasma Biotal Company, Tideswell, UK, using an
atmospheric plasma-spraying unit and with the same
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coating parameters as used for commercial coatings.
Metal substrate was annealed at 750°C, for 2 h, and air
cooled. An o—f acicular microstructure was produced,
presenting a yield strength of 865 MPa and an clonga-
tion of 16%. Then the substrate was alumina grit
blasted to a surface roughness R, (mean roughness,
DIN 4762) = 1.66 um and R, (roughness depth, DIN
4768) = 5.61 pm and passivated in nitric acid (HNO,)
prior to coating.

2.2. Open-circuit corrosion fatigue
experiments

An apparatus suitable for performing corrosion fa-
tigue experiments on ceramic coated biomaterials was
designed and built. The testing method used has
already been fully described [15]. Fig. 1 shows the
experimental set-up. All tests were performed in the
following conditions: four-point bending loading (con-
trolled deflection), sine wave, R(G,in/Omax) = 0, Omax
(for time =0)=80MPa or 40MPa, frequency
= 10 Hz, testing length = 106 cycles. Tests were al-
ways carried out in deflection-imposed conditions and
initial applied stress levels were chosen intending to
crack the coating and not the metal substrate. Applied
stress levels (for time = 0) were controlled by means of
changing imposed deflection and loading span. Open-
circuit corrosion potential was recorded with respect
to the standard calomel electrode with changing time.
Two different simulated physiological solutions:
Hank’s balanced salt solution (HBSS) and isotonic
saline solution (0.15 M NaCl) (ISS) were used as testing
environments. All tests were carried out at room
temperature (20 + 2°C). pH of the initial and final
solutions (after corrosion fatigue experiments) were
measured. Solution was in contact with air and was
agitated continuously due to the cyclic movement.
Test were always performed in oxygen saturation
conditions, at approximately 6 ppm of dissolved oxy-
gen. Tests for fatigue behaviour were also carried out
in air. Samples were supported by two load trans-

Data acquisition ¢
system P
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Figure 1 Experimental corrosion fatigue set-up: 1 — metal substrate;
2 — HAp coating; 1 + 2 — working electrode; 3 — counter electrode;
4 — reference electrode cell; 5 — salt bridge; 6 — loading points; 7 —
simulated physiological solution; 8 — load transducers; 9 ~ immer-
sion thermostatic circulator; C — corrosion current density signal;
P — corrosion potential signal; S — stress signal.
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ducers (in a four-point bending scheme) and only the
region between the inner rollers was in contact with
the testing solution. The coated face was always facing
the solution. Metal substrate uncoated sides were
always isolated using Lacomit varnish. A data acquisi-
tion system and a software package, BIOFATCOR®,
were developed and used to control all tests.

2.3. Complementary testing techniques

Sample degradation was characterized morphologi-
cally using scanning electron microscopy (SEM) in a
Jeol JSM 35C. Coating thickness was estimated, be-
fore and after the experiment, using optical micro-
scopy and SEM. Energy dispersion spectroscopy
(EDS), in a Noran Instruments device, was used to
look for variations in the Ca/P ratio. A semi-quanti-
tative procedure was used for computing results. For
further electrochemical characterization, a.c. electro-
chemical impedance spectroscopy was selected, this
being a very sensitive technique well-suited to coated
systems [18]. Bode—Nyquist impedance spectroscopy
was used and charge transfer resistance (R.) and
double layer capacity (C;) were calculated. This was
done before and after corrosion fatigue testing. Five
different d.c. potentials were applied: — 500, — 100, 0,
100 and 500 mV. Imposed a.c. sinusoidal wave was
10 mV, and frequency was scanned from 100 kHz to
0.005 Hz. Potentials that lay on the passive region of a
potentiodynamic anodic polarization curve were sel-
ected. Two symmetrical potentials in the cathodic
region were also selected. It was the intention to study
potentials that will keep samples in the passive state,
as expected in normal conditions in the human body,
and correlate results with those obtained in the main
experiments, i¢. the open-circuit corrosion fatigue
tests. These tests were aimed at obtaining some kinetic
information about the tested system in similar condi-
tions to those used in the corrosion fatigue experi-
ments. The first intention was to look for possible
detachments of the coating that might have been
induced by imposed potentials, and study in those
conditions the substrate electrochemical behaviour.
Ten points were acquired for each logarithimic decade
to define the impedance spectra. This was done using a
potentiostat and a frequency response analyser (FRA).
Only samples tested at o,,,, = 80 MPa (for time = 0)
have undergone this test and all the tests were carried
out in a ISS solution at room temperature. In-house
developed software, IMPFRA®, was used to control
testing parameters, acquisition steps and compute
results. The value for the charge transfer resistance
(R, was calculated by adjusting a semicircle to the
experimental points of the Nyquist plot (three points
lying for certain in the semicircle region are selected to
define the curve) and intercepting it with the Z'(X X)
axes. Then the value for the solution resistance (Rg)
was deducted and the R, value obtained. To compute
the value for the double layer capacity (C;) a linear
regression was applied to the experimental points
lying in the linear part of the Bode plots. Then C, was
calculated assuming that C; = 1/IZI(f—0) . This
means that we have calculated the interception of the



linear regression with the log IZI(YY) axes using [Z]
obtained in the expression referred to above.

3. Results and discussion
Corrosion fatigue results established that there was no
tendency for local activation in the metal substrate,
even for the 80 MPa initial stress levels. For tests
carried out in HBSS solution, initially open-circuit
potential was slightly decreased and then stabilized. In
contrast, in ISS solution behaviour was much more
unstable and after 10° cycles no rest potential was
achieved. However, it was decided to consider the final
potential (after 10° cycles) as the corrosion potential
(E...;) for the testing period. E.,. values were
— 120 mV for HBSS solution and — 90 mV for ISS,
as plotted in Fig. 2 and Fig. 3. The E = f(t) curves
were almost coincident for 80 MPa and 40 MPa, and
as a consequence only the higher stress level curves are
presented. Mechanical degradation levels were not
significantly increased by the presence of the simu-
lated body fluids as compared to the results obtained
in air (Fig. 4). No trace of an increase in tendency to
corrode was detected in open-circuit fatigue-corrosion
testing. It seems that coating cracking did not change
metal substrate passive state or at least did not in-
crease its corrosion susceptibility, for the conditions
used.

Coating integrity (Table I) was strongly affected by
cyclic loading, reducing its thickness. Fig. 5 presents
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Figure 2 Corrosion fatigue results obtained in HBSS solution.
Stress (a) and corrosion potential (b) were monitored simultan-
eously as a function of the number of cycles.
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Figure 3 Corrosion fatigue results obtained 1n ISS Stress and
corrosion potential were monitored simultaneously as a function of
the number of cycles
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Figure 4 Fatigue results obtained 1n air {(dry test). Stress was ac-
quired as a function of the number of cycles.

an example of a degraded surface. An “as-received”
surface is presented in Fig. 6 allowing for easier cor-
relation. HBSS solution provoked a greater mechan-
ical degradation of HA coatings. No significant varia-
tion in Ca/P ratio was found by EDS analysis (see
Table 1) after fatigue experiments, but in the case of
HBSS, values tend to the equilibrium ratio for HA
(1.67), while 1.70 was obtained after spraying. Cyclic
loading associated with chemical attack was disad-
vantageous to the coating integrity. ISS solution was
responsible not only for mechanical degradation but
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Figure 5 An example of a degraded surface. Sample tested in HBSS
for 24 h

Figure 6 An “as-received” coated sample surface.

TABLE I Coating thickness, solution pH and Ca/P ratio before and after fatigue testing, in HBSS and ISS, with two different initially

imposed stress levels

Coating thickness Initial pH Final pH Ca/P ratio
(um)
Control samples 50+ 10 - - 1.70
(non-tested)
Tested in HBSS 35+ 12 7.433 + 0.002 6.679 + 0.002 1.67
Gy = 40 MPa
Tested in HBSS 28 + 11 7.433 + 0.002 6.649 + 0.002 1.67
Gy = 80 MPa
Tested in ISS 38 4+ 13 6.300 + 0.002 7.701 £+ 0.002 1.70
6, = 40 MPa
Tested in ISS 32114 6.300 + 0.002 7.896 + 0.002 1.71
o, = 80 MPa

also for coating dissolution as may be confirmed by
the calcium-released levels presented in Table I1.

Table 1 also presents pH results. pH of HBSS
solution tended to decrease after testing as opposed to
that of ISS solution. These pH variations must be
related to different levels of Ca, P and metal (Ti, Al, V)
ions released in the two solutions. Impedance spectra
were drawn to obtain information on kinetics without
disturbing the sample surface state (after fatigue-
corrosion testing). This technique may be used for
rapid corrosion screening in poorly defined systems.
Figs 7 and 8 show, respectively, Nyquist plots for a
control sample and a sample tested for corrosion-
fatigue in HBSS. As may be seen in the Nyquist plots,
the system, presents a pseudocapacitance. This beha-
viour is displayed only for the lower frequencies and
may be associated with an analogue circuit in which R
and C, (in parallel) are in series with another capaci-
tance (C,). This second capacitance represents the
adsorption of species on the porous electrode, which is
responsible for the Bode plot slopes (all laying be-
tween — 0.5 and — 1). Due to coating porosity the
influence of the adsorbed species over the electrode
behaviour is weil marked, particularly, as expected, in
the lower frequency range. After corrosion-fatigue
testing the coating is smoother and thinner and as a
consequence the influence of the pseudocapacitance
decreases (Bode slope increases).

The semicircles of the Nyquist plots were depressed
when the applied potential diverged from the open-
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TABLE II Atomic absorption spectroscopy results on Ti, Al, V
and Ca amounts before and after cyclic testing at different imposed
stress levels for the HBSS and ISS solutions

Ti (ppm) Al (ppm) V (ppm)  Ca (ppm)

HBSS solution <5 <5 <1 73
(control)

HBSS after test <5 <5 <1 76
o, = 40 MPa

HBSS after test <5 <5 <1 78
o, = 80 MPa

ISS solution <5 <5 <1 430
(control)

ISS after test <5 <5 <1 1150
Gy = 40 MPa

ISS after test <5 <5 <1 1200
o, = 80 MPa

circuit potential. A much clear depression was found
for the more anodic potential ( — 500 mV). If one
compares the curves of Fig. 7 and Fig. 8 it is clear that
after corrosion-fatigue tests the samples present a
similar behaviour but a large depression of the semi-
circle (note scales) was detected after testing, which
indicates a smaller resistance to charge transfer.
Ti-alloy substrate corrosion was ruled by charge
transfer, with the Bode plot tending to — 1 (Fig. 9),
however, for the lower frequency range a typical Ran-
dles IT response with a Warburg impedance was detec-
ted. Results (derived parameters) are not presented
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Figure 7 Nyquist plot for a control coated sample A d.c. potential
of — 500 mV was applied.
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Figure 8 Nyquist plot for a sample tested for corrosion-fatigue in
HBSS. A clear depression in the semicircle was detected. A d.c.
potential of — 500 mV was applied

because, since the porosity of the coated and uncoated
systems differ significantly, they are not comparable.

A solution resistance around 60 kQcm? was found
in almost every test. R, and C; results (Table III)

iog 1Z1, {Q cm?)

-3 -2 -1 0 1 2 3 4 5
log frequency, (Hz)

Figure 9 Bode plot for: (—M-) control sample; (—-O-) sample tested
for corrosion-fatigue in HBSS: (—<¢-) sample tested for corrosion-
fatigue m ISS; (x) Ti-6Al1-4V substrate sample. A d.c. potential of
— 100 mV was applied.

indicated a tendency for an increase in the corrosion
kinetics after fatigue-corrosion testing. R, values were
always smaller after fatigue-corrosion testing than
prior to testing, for all imposed potentials. The charge
transfer resistance was drastically decreased on sam-
ples which were tested for corrosion fatigue in HBSS.
The lowest values for R, were obtained for the more
anodic potential, — 500 mV, as expected. C, results
tended to confirm these results as C; values were
consistently higher after cyclic testing. Again HBSS
was the more detrimental to coating stability. After
fatigue testing Bode plot slopes (Table I11) were al-
ways higher, particularly in the samples which were
tested in ISS solution, indicating that sample behavi-
our tends to become charge transfer controlled, in-
stead of being ruled by oxygen diffusion in the catho-
dic areas. This clearly indicates that, although not
detected by atomic absorption spectroscopy (AAS)
results presented in Table II, the samples have shown,
for most of the applied d.c. potentials, higher corro-
sion rates after testing. It must also be stressed that

TABLE IIf Bode-Nyquist impedance results for samples tested in HBSS and ISS and control samples (before any testing)

Sample reference Applied d.c. potential

Charge transfer R,

Double layer Bode plot slopes

(mV) resistance (kQ cm?) capacity, C,
(0 Fem™?)
— 500 218 238 —0.711
Control — 100 617 159 —0.708
0 512 136 —0.729
100 575 175 —0.747
500 623 175 —-0.750
— 500 19 1386 —0.721
Tested in HBBS — 100 107 936 —0.758
0 132 777 —0.755
100 107 1019 - 0.757
500 27 1010 —0.758
— 500 207 379 - 0827
Tested 1n ISS — 100 507 316 —0.819
0 434 303 —0.839
100 407 338 —0.820
500 427 299 —0.871
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during test in HBSS some kind of hydrogel containing
Ti, Al and V, together with elements of the saline
solution, seemed to be formed. X-ray diffraction stud-
ies are in progress to identify this solid product. These
results must be confirmed with extended testing and
with potentiostatic corrosion fatigue results. Table 11
shows that there was no real meaning in the metal ion
release levels. On the other hand, the coating, as
confirmed by SEM micrographs, has shown degrada-
tion. This degradation was not only mechanical
(loosening of solid particles from the substrate) but
also chemical, as there seems to be a dissolution of
calcium which is much more clear in ISS solution.

4. Conclusions

Hydroxylapatite coatings are not stable under the
synergetic action of cyclic loading and chemical attack
by simulated body fluids. Coating degradation is not
only due to loosening of solid particles but also to
coating dissolution. Metal substrate ion released levels
appear to be insignificant and no surface activation
was detected in corrosion-fatigue testing. However,
Bode-Nyquist impedance results clearly show that
after corrosion fatigue testing, samples corrode at
higher rates. HBSS, the more complex solution, was
the most aggressive to coating stability.
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