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Abstract: Biomedical alloys in general, except for the biodegradable type, exhibit passive
behavior in neutral chloride solutions. Two commonly used biomedical alloys are nitinol
(NiTi) and Co-35Ni-20Cr-10Mo (CoNiCrMo). In this work, the passive behavior of elec-
tropolished NiTi and CoNiCrMo in a simulated physiological solution (phosphate-buffered
saline) was compared using data largely obtained from our previous studies involving
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The po-
tentiodynamic results showed a marked difference in passive behavior between the alloys,
with NiTi remaining completely passive up to the oxidation of water and CoNiCrMo, in
contrast, undergoing solid-state oxidation and then transpassive dissolution. Both alloys
exhibited Tafel-type behavior over the initial part of the passive range. A small but distinct
difference in the apparent Tafel slopes was found between the two alloys and can be at-
tributed to the difference in their predominant oxide; that is, TiO, versus Cr,O3. The EIS
results also showed marked differences between the alloys in terms of the oxide thickness
and resistivity. The thickness was greater for NiTi—consistent with surface analytical
results—and differed in potential dependence between the two alloys in the passive region.
The oxide resistivity, conversely, was substantially lower for NiTi and showed a similar
potential dependence for the two alloys.

Keywords: biomedical alloys; NiTi; Co-35Ni-20Cr-10Mo; passive film; cyclic potentiody-
namic polarization; electrochemical impedance spectroscopy

1. Introduction

Biomedical alloys used for implantable medical devices are exposed to physiological
liquids that all contain chloride. These alloys, except for the biodegradable type, exhibit pas-
sive behavior in neutral and near-neutral chloride solutions such as simulated physiological
solutions; for instance, Hanks solution and phosphate-buffered saline (PBS). Some type
of surface treatment, such as electropolishing, is commonly used to enhance the passive
behavior of the alloys [1-3].

Most of the biomedical alloys fall into two groups: Ti and its alloys, and CoCr alloys.
Two commonly used alloys in these groups are nitinol (NiTi) and Co-35Ni-20Cr-10Mo
(CoNiCrMo). Both alloys are used in certain applications where they are exposed to blood.
Nitinol is a nearly equiatomic alloy of Ni and Ti but can be viewed as a Ti alloy because
its surface oxide is predominantly TiO, [4]. Of the various CoCr alloys used for medical
implants, interest has largely focused on Co-28Cr-6Mo (CoCrMo) and Co-35Ni-20Cr-10Mo
(CoNiCrMo). Although their composition differs, the passive film is predominantly Cr,Os
in both cases, and the two alloys exhibit the same essential features in their electrochemical
behavior in simulated physiological solutions [5].
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In this work, the passive behavior of electropolished (EP) NiTi and CoNiCrMo in PBS
was compared using data largely obtained from our previous studies involving potentiody-
namic polarization and electrochemical impedance spectroscopy (EIS) [1,6,7]. Each alloy
was investigated separately in those studies, and a comparison of their passive behavior
has not been made until now. Both alloys have thin passive films, but the composition
and other characteristics of these films are quite different. This work was focused on
contrasting the passive behavior and characteristics of the passive film on the two alloys,
thereby providing further insight into the nature of the film on biomedical alloys under
physiological conditions.

Potentials in corrosion studies of biomedical alloys are generally reported with respect
to a saturated calomel electrode (SCE) or silver/silver chloride electrode. Unless otherwise
stated, the potentials cited in this work are referenced to an SCE.

2. Surface Analysis
2.1. Oxide Film Composition

Studies using X-ray photoelectron spectroscopy (XPS) have indicated that the passive
film on EP NiTi is predominantly TiO, with a small amount of nickel oxide [2,4]. Electropol-
ishing was shown to increase the TiO, content and decrease the Ni concentration in the
oxide, resulting in a large increase in the Ti:Ni ratio for the oxide [3,4]. The composition of
the oxide was found to be unaffected by potential during a potentiodynamic scan [2].

The passive film on CoNiCrMo tends to be more complex, depending on the potential.
XPS showed that the film on both CoNiCrMo and CoCrMo in simulated physiological
solutions (buffered NaCl and Hanks solution) is predominantly Cr,O3 at lower potentials
with only small amounts of other metal oxides [5,8]. However, the fraction of oxidized Co
and Ni increases at higher potentials. The oxide formed on CoNiCrMo in Hanks solution
was shown to contain (i) a higher cationic fraction of Co and Ni at 0.6 V than at 0.1V,
and (ii) Co(III) at 0.6 V but not at 0.1 V (data were not obtained between these potentials).
Moreover, Cr(VI) was shown to be present in the oxide on CoCrMo and CoNiCrMo at 0.5 V
and higher [5,8]. X-ray near-edge spectroscopy indicated that it is trapped in the outermost
part of the Cr,Os film prior to transpassive dissolution [9].

2.2. Oxide Film Thickness

The passive film on NiTi and CoCr alloys is thin. Work involving Auger electron
spectroscopy (AES) found the oxide thickness on EP NiTi to be 3-4 nm [2—4,10]. In the
case of EP CoNiCrMo, the most applicable values from surface analysis appear to be
1.5 + 0.5 nm for mechanically polished (MP) CoNiCrMo in an acetate buffer solution [11]
and 0.8-1.0 nm estimated from AES together with film growth for MP CoCrMo in PBS [12].

3. Passive Behavior

Potentiodynamic polarization curves showing the dependence of current density (i) on
potential (E) for EP NiTi and CoNiCrMo in deaerated PBS at 37 °C are compared in Figure 1.
The two alloys show a marked difference in passive behavior. NiTi remained completely
passive up to the oxidation of water with no evidence of breakdown (localized or general)
of the oxide film. Although NiTi can be susceptible to pitting corrosion, depending on
various factors such as potential and test solution (Figure 2) [13], electropolishing has
been found to greatly enhance its resistance to pitting corrosion [1-3]. This enhancement
results primarily from the removal of surface inclusions that have been shown to act as
pit initiation sites [14]. CoNiCrMo can also contain inclusions, but no evidence of pitting
has been found either from cyclic polarization tests up to 1 V or from scanning electron
microscopy after the tests [7,15].
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Figure 1. Potentiodynamic polarization curves for EP NiTi and CoNiCrMo in deaerated PBS [1,7].
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Figure 2. Pitting on NiTi after potentiodynamic polarization in 0.9% NaCl; (a) 45X; (b) 500X [13].

CoNiCrMo, in contrast to NiTi, exhibited an increase in current density at about 0.4 V
that was identified with two solid-state oxidation reactions: Cr(III) to Cr(VI) and Co(II) to
Co(III) [7]. The second increase in current density for CoNiCrMo at about 0.7 V is associated
with transpassive dissolution [7]. Metal ion release has been found to increase in this region
for CoCrMo and CoNiCrMo [7,8]. Figure 3 shows the concentration of dissolved Ni and Cr
at selected potentials for CoONiCrMo in relation to the current density in the polarization
curve [7]. The metal ion concentrations were determined by using inductively coupled
plasma-mass spectrometry to analyze samples of the solution obtained after 1 h at each
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potential in separate potentiostatic tests. The Ni and Cr concentrations were low at 0.5V,
even though the current density had already increased by over an order of magnitude.
However, they exhibited a progressively sharp increase at 0.7 V and 0.9 V coincident with
the second increase in current density, reflecting the occurrence of transpassive dissolution.
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Figure 3. Concentration of total dissolved Ni and total dissolved Cr in PBS shown in relation to the
polarization curve for EP CoNiCrMo for the potential range of interest. The metal ion concentrations
were determined after 1 hat 0.5V, 0.7 V,and 0.9 V [7]. The data shown are the mean values for three
tests, with the error bars representing the standard deviation.

Both NiTi and CoNiCrMo exhibited a Tafel-type current-potential dependence over
the initial part of the passive range in PBS, as found in general for biomedical alloys in
buffered physiological solutions [16]. This dependence is represented by Equation (1) [16]:

E == bz (logl - log icorr) + ECOT‘V (1)

where E, is the corrosion potential, ¢y is the corrosion current density, and b, is the
anodic slope. Equation (1) is similar in form to the Tafel equation for corrosion processes
under charge-transfer control, so b, can be regarded as an apparent Tafel slope.

Values of b,’ and i, obtained from the polarization curves are given in Table 1. The
b, values showed a small difference between the alloys, but they were consistent with
those for Ti alloys (0.15-0.16 V) and CoCr alloys (0.17-0.19 V) [16]. For comparison, 316 L
stainless steel exhibits somewhat higher values of 0.24-0.27 V.

Table 1. Values of b, and iqs for NiTi and CoNiCrMo in deaerated PBS 1.

Alloy b, (V) icorr (NA/cm?)
NiTi 0.16 £0.1 4.7 +0.2
CoNiCrMo 0.19 £0.1 3.6 £0.1

! Mean = standard deviation for three tests with each alloy.

NiTi and CoNiCrMo also showed a small difference in i.,. In the case of NiTi, the
value compares well with values of 9 + 5 and 10 + 4 nA/cm? reported for EP discs
and wire, respectively, in deaerated Hanks solution [17,18]. Data do not appear to be
available elsewhere for EP CoNiCrMo (or CoCrMo) in a deaerated solution to allow a
similar comparison.

The Tafel-type dependence observed for the biomedical alloys in buffered physio-
logical solutions is in sharp contrast to the more limited potential dependence typically
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observed for the alloys in unbuffered chloride solutions. This dependence may be as-
sociated with the buffering capability of these solutions or the presence of phosphate.
Phosphate is known to adsorb on the surface of NiTi [3,19] and CoCr alloys [12,20], and it
appears to hinder the normal aging of the passive film in the case of TiO, [21]. Phosphate
adsorption probably has a similar effect on other oxides such as Cr,O3, and would be
expected to restrict film growth during a potentiodynamic scan. The absence of phosphate
in an unbuffered solution could well enable sufficient growth of the oxide film such that
the current becomes limited at lower potentials in the passive region.

4. Model for Film Growth and Dissolution

NiTi and CoNiCrMo appear to have the same corrosion mechanism, based on the fact
that their b,’ values are close. In both cases, the anodic reaction is considered to be controlled
by migration through the oxide film with limited growth, because (1) the passive film is
thin (~1-4 nm), (2) migration of charged species through thin films is considered generally
to be rate-controlling [22,23], and (3) film growth is likely impeded in buffered solutions.

The Tafel-type dependence and associated b,’ values were analyzed using the Gener-
alized Growth Model (GGM) developed by Marcus and coworkers for passive film growth
and dissolution [22,24]. The GGM gave rise to equations for the film growth rate and
dissolution rate, based on the assumption that transport of charged species through the
film is the rate-controlling step under most conditions. The dissolution current density
(igiss) for thin films is expressed by [16]

neAVa ) 2

ijiss = R’exp( T

where R’ is a multicomponent parameter containing constants such as Boltzmann’s constant
(k) and Faraday as well as variables such as pH and activation energy of the dissolution
reaction, T is the absolute temperature, ¢ is the elementary charge, AV is the variation in the
potential drop (V) across the metal/oxide/solution, n relates to the metal oxide (MO, ;)
undergoing dissolution, and « is the fraction of AV that is imparted to the film/solution
potential drop. The parameter of particular interest in this work is &, since (1 — o) is the
fraction of AV imparted to the potential drop in the film and so can be expected to differ
between alloys with different oxides.

The measured anodic current density (i,) is the sum of ij;5; and the film growth current
density (if). Since film growth appears to be impeded by the adsorption of phosphate,
ir was assumed to be small enough that i, can be approximated to iy;;s. As discussed
previously, AV was taken to be E — Ey, and Equation (2) can then be rearranged to yield
in logarithmic form [16]:

E—Ecorr = %(log igiss — 108 icorr) 3)

Equation (3), as with Equation (1), is similar in form to the Tafel equation for corrosion
processes under charge-transfer control. In this case, the apparent Tafel slope is given by
b, =2.303kT/nex.

For both NiTi and CoNiCrMo, i; could be equated to iy, as the rate of film growth
can be neglected [16]. Dissolution was considered to involve only Ni, Co, and Mo ions,
where appropriate. Ti and Cr ions were viewed as making negligible contributions to
dissolution and being involved only in oxide formation. Studies have shown that Ni is
released without any detectable Ti from NiTi in a buffered (Hanks-type) solution [25], and
that Co and Mo are released without any detectable Cr from CoCrMo in PBS [26].
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The behavior predicted by the GGM through Equation (3) is consistent with the log i—E
dependence exhibited by NiTi and CoNiCrMo. The value of « could therefore be obtained
from b, to determine the fraction (1 — «) of AV applied across the film. Based on the
values of b,” in Table 1, o« was calculated to be 0.19 for NiTi and 0.16 for CoNiCrMo at 37 °C,
indicating that the majority of the potential drop (81-84%) resulting from AV occurs across
the oxide in both cases. Although the values are similar for the two alloys, some difference
is to be expected in « (and therefore b,") because of the difference in the predominant oxide
on each alloy.

5. EIS Characterization

Impedance spectra for EP NiTi and CoNiCrMo in deaerated PBS at 37 °C are compared
at different potentials in Figure 4. The comparison was limited to potentials up to 0.2 V
because of the changes in the passive film on CoNiCrMo at higher potentials. Both alloys
exhibit near-capacitive behavior over a wide frequency range, irrespective of the potential.

® NiTi ® NiTi
® CoNiCrMo @ CoNiCrMo
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—~ -40
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S 3
c -2
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N 10° -60
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Figure 4. Impedance spectra for NiTi and CoNiCrMo in deaerated PBS at 37 °C: (a) Ecor; (b) 0.0 V;
(¢)0.2V [6,7]. 121 is the impedance magnitude, 6 is the phase angle, and f is the frequency.

The spectra reflect an equivalent circuit with a single time constant and indicate
that the impedance of NiTi and CoNiCrMo under passive conditions can be adequately
represented by a simple equivalent circuit involving a parallel combination of the resistance
of the oxide film (R,x), and a constant phase element (CPE,,) associated with the oxide film
(Figure 5) [6,7,27].

A constant phase element was used in place of a capacitance (Coy) to account for the
nonideal capacitive behavior of the oxide. The impedance associated with a CPE is given
by Equation (4):
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Zcpe = {YO(]lw)”} (4)

where Y| is the constant-phase-element parameter, j = \/ — 1, w is the angular frequency,
and a is equal to 1 for an ideal capacitor. Values of R,y, Yy, and a were obtained by using a
curve fitting procedure. Figure 6 shows the close fit between the calculated and experimen-
tal data that was typical for NiTi and CoNiCrMo in PBS. The value of 2 was found to differ
slightly between the two alloys—0.97 for NiTi [6] and 0.88-0.91 for CoNiCrMo [7]—but
was close enough to 1 in both cases for C,y to be taken as the value of Y.

CPE,,

—

ROX

1 —

Rsol

Figure 5. Equivalent circuit for EP NiTi and CoNiCrMo in deaerated PBS. R,y and CPE,y are the resis-
tance and constant phase element associated with the oxide film, and Ry, is the solution resistance.

107 0

Experimental data: ® NiTi ® CoNiCrMo
Fitted from circuit: — NiTi CoNiCrMo
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100 -100
10-3 102 10 100 10° 102 10° 104
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Figure 6. Comparison of fitted and experimental data for EP NiTi and CoNiCrMo in PBS at 0.0 V [6,7].

5.1. Oxide Thickness

The oxide thickness (d,x) was calculated from C, (normalized to area) using
Equation (5):

dox - (5)

COX
where ¢ is the dielectric constant of the oxide and ¢y is the permittivity of free space. The
passive film formed on NiTi and Cr-containing alloys exhibits semiconducting proper-
ties [28,29], and the capacitance of a semiconducting oxide is typically associated with the
space charge layer in the oxide. Equation (5), however, can be used for semiconducting
oxide films if they are thin [7]. Surface analytical studies, as discussed above, have shown
that the oxide on NiTi and CoCr alloys is in fact thin (~1-4 nm). Accordingly, dox can be
calculated from C,y for these alloys.

Values of d,y obtained from the EIS data at Eo are given in Table 2. The value for NiTi
is substantially greater than that for CoNiCrMo, which is consistent with values obtained
through surface analysis, as shown in Figure 7.
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Table 2. Values of dyy and poy for NiTi and CoNiCrMo in deaerated PBS at Eor [6,7] 1

Alloy dyy (nm) Pox (102 QY m)
NiTi 40+04 0.16 = 0.02
CoNiCrMo 08=+0.1 222 +0.11
1 Mean + standard deviation for three tests with each alloy.
5.0
o M EIS
g s Surface analysis
40 | _
3
30t
3 o
20 | 8 s g
s ] § S
BERE
1.0 I -
0.0 l

EP NiTi CoCrMo/CoNiCrMo

Figure 7. Comparison of d,y values obtained for EP NiTi and CoNiCrMo from EIS and surface analysis.
Surface analytical data: EP NiTi stent [2] and disc [3,10]; MP CoNiCrMo [11] and CoCrMo [12]. Error
bars show the standard deviation for NiTi and CoNiCrMo and the range of values for CoCrMo.

The EIS values for both alloys are shown to compare well with the surface analytical
results. The NiTi match with wire is notable for both the disc [3,10] and stent [2] form of
the alloy. In the case of CoNiCrMo, the most applicable values from surface analyses were
for MP CoNiCrMo in an acetate buffer (phosphate-free) solution and MP CoCrMo in PBS,
as noted above. Even so, the EIS value for EP CoNiCrMo compares particularly well with
the AES-estimated thickness of 0.8-1.0 nm for MP CoCrMo in PBS at E,; [12].

The effect of potential on d, for NiTi and CoNiCrMo is compared in Figure 8. In the
case of CoNiCrMo, d,y showed little change over the potential range of interest [5], whereas
it was found to increase linearly for NiTi [6]. An EIS study of Ti in a simulated physiological
solution (Ringer’s solution with phosphate) showed a small decrease in C,, over the same
potential range, indicating an increase in d,y corresponding to that for NiTi [30]. In addition,
the linear dependence observed for NiTi has also been reported for Ti in acidified 0.6 M
NaCl [31].

8.0
6.0
= Nitinol
E
\':: 4.0
s
2.0
CoNiCrMo
L 9 =
0.0 A A -
-0.4 -0.2 0.0 0.2 0.4

E (V vs. SCE)

Figure 8. Dependence of d,y on E for EP NiTi and CoNiCrMo from Er to 0.2 V [6,7].
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5.2. Oxide Resistivity

The oxide resistivity (p,x) was determined from R, (normalized to area) using Equa-
tion (6), based on the assumption that the oxide resistance was a linear function of thickness:

ROX
Pox = dox (6)

The value of p,y at Eq+ was found to be on the order of 101! O m for NiTi versus
1012 ) m for CoNiCrMo—that is, an order-of-magnitude difference—as shown in Table 2.
The value for NiTi was consistent with the range (10! to 10'® Q) m [32]) given for bulk
TiO,. In contrast, the value for CoNiCrMo was higher than that reported for bulk Cr,O3
(~10'9 Oy m [33]), and Cr,Oj films can have even lower values; for example, ~5 X 108 Om
was obtained for a 440 nm film [34]. In the case of CoNiCrMo, the phosphate layer on the
oxide film may have had a relatively large influence on the p,, value obtained using EIS
because of the film being so thin (<2 nm).

The dependence of pyx on potential for the two alloys is compared in Figure 9. In
both cases, p,x decreased as the potential was increased, suggesting that the oxide becomes
increasingly defective. Comparable behavior has been found for Ti in acidified 0.6 M
NaCl [31]. The similarity in the potential dependence between the alloys is striking since
the oxide is a semiconductor in both cases but TiO; is an n-type [35,36] whereas Cr,O3 is a
p-type [37]. Notwithstanding this difference, the respective charge carriers are evidently
influenced in a similar manner by the electric field across the oxide film.

101

1012 |
B
e
a CoNiCrMo

1011 -

a
@ NiTi
1010 X : .
-04 -0.2 0.0 0.2 0.4

E (V vs. SCE)

Figure 9. Dependence of p,y on E for EP NiTi and CoNiCrMo from E+ to 0.2 V [6,7].

6. Summary

EP NiTi and CoNiCrMo are characterized by a thin (~1-4 nm) passive film in PBS
and other buffered physiological solutions. Both alloys exhibit Tafel-type behavior con-
sistent with that predicted by the GGM for dissolution in the case of thin films where the
rate-controlling step is cation migration through the film. Values of x obtained from the
apparent Tafel slopes indicate that the corrosion mechanism is similar for NiTi and CoNi-
CrMo. A small but distinct difference in « (and therefore the apparent Tafel slopes) was
found between the two alloys and can be attributed to the difference in their predominant
oxide; that is, TiO, versus Cr,O3. Moreover, the oxide film on each alloy showed marked
differences in thickness and resistivity. The thickness was greater for NiTi—consistent with
surface analytical results—and differed in potential dependence between the two alloys
in the passive region. The oxide resistivity, conversely, was substantially lower for NiTi
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and showed a similar potential dependence for the two alloys, even though the oxide is an
n-type semiconductor in one case and p-type in the other.
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