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An investigation about the effect of boron conteartd heat treatment on the corrosion resistanee of
Ni-Ti alloy in simulated human body fluid environnie has been carried out using electrochemical
techniques. Tested alloys included 55 (wt %) Ni-Abith 250, 500 and 1000 ppm B with and without
heat treatment at 990 during 4 h. Electrochemical techniques includeteptiodynamic polarization
curves and electrochemical impedance spectrosdyition of either 200 or 500 ppm B decreased
the corrosion rate, but with the addition of 20@@pB or thermal annealing the alloy increased it.
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1. INTRODUCTION

Corrosion of human body metallic implants is caticbecause it can adversely affect
biocompatibility and mechanical integrity [1]. Cosion and surface film dissolution are two
responsible mechanisms for introducing ions inltbdy from the implants. Extensive release of metal
ions from human body implants can result in adveistgical reactions and even lead to mechanical
failure of the device. Most of the used materialsHuman implants include 316L type stainless steel
[2, 3], titanium-base alloys [4-12], or cobalt-badlys [13-15]. For instance, Shukla [16] studikd
effect of surface treatment on electrochemical bienaof Ti, Ti-6Al-4V and Ti-13Nb-13Zr alloys in
simulated human body fluid. For untreated alloygré was a minimal change in the passive film
resistance, but when they were treated, there tveveadditional layers. Li et al. [17] studied the
corrosion behavior of TiNis7Nbg alloys in simulated human body fluids at differgritl values,
finding that the pH value had different effects thie corrosion resistance of these alloys, but the
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addition of Nb improved the corrosion resistancehef TiNi alloy. In a different work, Wong et al.
[18] studied the effect of laser oxidation of Nifir improving its corrosion resistance in Hank’s
solution, finding that laser oxidized samples dat show pitting type of corrosion up to an applied
potential of 1550 mV SCE and the passive currensithiewas one order of magnitude lower than that
for the untreated alloy. Oliveira et al. [19] deygéd Ti-(10-20 wt. %)Mo alloys for biomedical
applications and studied their corrosion resistamc&®inger solution. They found that the alloys
exhibited good corrosion resistance. However, Belolaalloys are still the most widely used alloys fo
their corrosion resistance and the biocompatibilityhas been shown that by adding elements ssich a
B, V, Zr and Ti to memory shape alloys or to Tiéslloys, helps to refine the grain size [20-22] i
such a way that both their mechanical properties@nrosion resistance are affected. Thus, the goal
of this work is to investigate the effect of B aulehis to a Ni-Ti alloy on its corrosion resistarioe
human body solutions for their potential use asnaiterials

2. EXPERIMENTAL PART

The Ni-Ti alloys were produced by the induction-timg technique under argon atmosphere
(99.99% purity) with a constant Ni content of 55 % and Ti 45 wt. %, and various levels of B
addition, namely 200, 500 and 1000 ppm. The alogee drop-casted into water-cooled copper molds
to form the cast bars with a diameter of 12.5 mmpofJcasting, the specimens were annealed in a
vacuum of 1¢ Pa during 4 h at 900°C, and then furnace coolestalldgraphic specimens were cut
from the cast bars, ground, polished, and theredte¥ith Murakami’s reagent during 1-2 s. Analysis
of the microstructures was performed in a scanmilegtron microscope (SEM) equipped with an
energy dispersive spectroscopy (EDS) analyzer.ifgestolution was the Hank’s solution, with a
chemical composition as given on table 1. Specimeits an exposed area of 1.0 Trwere
encapsulated in epoxy resin and polished with dianpaste to a 1.0 um finish. Electrochemical
experiments were performed using an ACM Instrumgmb$entiostat controlled by a personal
computer. Potentiodynamic polarization curves wartained by varying the applied potential from —
500 mV with respect to the free corrosion potentigb:, up to +600 mV at a scan rate of 1 mV/s.
Before the experiments, thedk value was measured during approximately 30 minutes! it was
stable. All potentials were measured using a Stadr@alomel Electrode (SCE) as reference electrode.
The counter electrode was a platinum wire. Allsesere performed at 3% 2 °C. Electrochemical
impedance spectroscopy tests, EIS, were carriedtdu$, by using a signal with amplitude of 10 mV
and a frequency interval of 0.1 Hz-30 kHz everyhddrs during 16 days.

Table 1.Chemical composition of the Hank’s solution.

NaCl | CaC} |KCI |Glucose | NaHC® | MgCl,.6H,O | NgaHPO,2H,0O KH,PO, | MgSQ,7H,0O
g/l |8 014 | 04| 1 0.35 1 0.06 0.06 0.06
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Figure 1. Microstructure of the samples with a) 0, b) 2@),500, and d) 1000 ppm B in the annealed
condition.
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Figure 2. Effect of B addition on the polarization curves fbe as-received NiTi alloy in the Hank’s
solution
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Figure 3. Effect of B addition on the polarization curves tbe annealed NiTi alloy in the Hank’s
solution

3. RESULTS AND DISCUSSION

Fig. 1 shows the microstructures of the Ni-Ti adloyith the different boron additions in the
annealing condition. For alloy with no boron adutis (which was present at higher magnifications),
Fig 1a, it can be seen in that the matrix consistadhly of the NiTi phase, while the secondary ghas
was NgTi, as expected from the binary alloys phase diagmahere a eutectic reaction was produced
at this Ni content. In this figure, highly alignptiases array with some preferential symmetry cbald
observed on the alloys surface. For alloys with 206600 ppm B, Fig. 1 b and c, no remarkable
difference could be observed, assuming that, aethevels of boron additions, there were not any
visible changes in the microstructure, however, ghases homogeneity along the surface samples
could be seen. On the other hand, a coarse nricchste was observed on the sample with 1000 ppm
B, perhaps this boron levels produced a distomiothe lattice, generating the development of defec
observed on the surface sample.

The effect of B addition and heat treatment ongbérization curves for NiTi alloy in the
Hank’s solution is shown on Figs. 2 and 3 respelstiiFig. 2 shows that the unalloyed NiTi alloy
showed an active-passive behavior with ag, Ealue of -466 m¥ce and a corrosion current density
value, Lo close to 6.8 1® mA/cn?. As soon as either 200 or 500 ppm B were addedith became
nobler, -354 and -251 m¥e respectively, but with the addition of 1000 ppnth® E.. value, -425
mVscg Was very close to the obtained for the unallopeti alloy. The Lo value was increased with
either addition of B, obtaining the highest valughwb00 ppm B. The passive current density value
was decreased also by adding B, increasing this ¥plX10* mA/cnf. When the alloys with B were
annealed, Fig. 3, all the.k values increased, the.Jg values practically did not change, remaining
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very close respect to the alloys without this heaatment, but the alloys did not show an active-
passive behavior, except the alloy containing 190 B, which exhibited a passive region with an
Ipassvalue of 1.7 168 mA/cn?, very similar to that for unalloyed NiTi interméta alloy. Table 2
summarizes the electrochemical parameters obt&ioadpolarization curves for all specimens. Thus,
by adding B or heat treating the alloy, the cownsiate always increased for the NiTi alloy.

Table 2. Electrochemical parameters obtained from polaoraturves

Alloy Ecorr leor (MA/CNT) | by(mV/dec) | R(mV/dec) | lpass(MmA/cnT)
(mVsce)
NiTi -466 681°0 | - | 1.9 10°
NiTi+200 ppm B -354 251H 111.28 337.91 3.810°
vy
Annealed 200 353 5.510 90.97 68.47
ppm B
NiTi+500 ppm B -251 4110 152.24 114.56 2.510°
vy
Annealed 500 402 6.6 10 11535 915
ppm B
NiTi+1000 ppm B -425 2.11D 88.59 73.71 1.210°
Annealed 1000 | - 9.310° 108.31 171.72 1.7 10°
ppm B
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Figure 4. Nyquist diagrams for the NiTi+200 ppm B alloy thre Hank’s solution.

EIS data in the Nyquist diagram format for the tmad NiTi intermetallic alloy is shown on
Fig. 4, which shows that the data display a capaelike semicircle with its center in the real svat
high frequency values, and a second semicircl®wen frequencies. The first semicircle has been
related to the charge transfer reaction from thieyato the electrolyte through the double
electrochemical layer, whereas the second, the flequency semicircle has been related to the



Int. J. Electrochem. Sci., Vol. 5, 2010 59¢

formation of a passive layer, probably Fi@nd some NiO oxide layer. The charge transfestastce,

Re, was obtained by extrapolation of the charge tearsemicircle corresponding to the diameter of
the semicircle. A similar process can be done ttainbthe corrosion products or surface film
resistance, RThe diameter of the first, high frequency sencieidoes not a have a constant behavior
as time elapses, since sometimes it increasesoane sther times it decreases, reaching the maximum

value after seven days of exposure to the correamgronment. This erratic behavior of thg fRalue
probably means that the passive layer increastscikness, but after some time, this layer is detdc
from the alloy surface, decreasing the film layer.
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Figure 5. Nyquist diagrams for the annealed NiTi+200 ppmiByain the Hank’s solution.

When 200 ppm B were added to the NiTi alloy, Fig.ttse data displayed a depressed,
capacitive-like semicircle at high frequency valuwath its center in the real axis, indicating thia¢
corrosion process is under charge transfer cofiool the alloy to the electrolyte through the d@ubl
electrochemical layer, but at low frequency valtles data described a straight line, indicatirgt th
now the corrosion process is under charge trarafdrdiffusion control, diffusion of the reactants
through the passive layer. This type of diffusisrcalled Warburg type of diffusion. The diameter of
the semicircle, the charge transfer resistance.QisRowed the highest value around 2 or 3 days, and
after that, it had an erratic behavior, but it lsattndency to decrease towards the end of theReist.
the rest of the alloys, regardless of the B costentheat treatment, the EIS data described a skguie
semicircle at high frequency, representing the gddransfer from the alloy to the solution, follave
by a straight line at low frequency values. Thenditer of the high frequency semicircle reached a
maximum value during the early stages of the poeesl then decreased towards the end of the test,
as can be seen, as example, on Figs. 6 and 7.
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Figure 6. Nyquist diagrams for the NiTi+1000 ppm B alloy tire Hank’s solution.
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Figure 7. Effect of B and heat treatment on the Bode diagrlamhliTi alloy after 1 day in the Hank’s
solution.

Fig. 8 shows the Bode diagrams after one day obs&x@ to the Hank’s solution for the
different alloys, where it can be seen that the mhaglof the impedance for alloy containing 500 ppm
of B was higher than that for NiTi alloy, where&gs towest impedance modulus was shown by alloys
containing 1000 ppm of B with or without thermahaaling. On the other hand, Bode-phase diagrams
for the different alloys after one day of expostaeéhe Hank’s solution is shown on Fig. 9. Thedarg
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phase angle peak could be indicative of the intenacof at least two time constants; a highly
capacitive behavior, typical of passive materigsjndicated from medium to low frequencies by
phase angles approaching *98uggesting that a very stable film is formed briested alloys in the
used electrolyte, which is consistent with the Very corrosion rates obtained from polarizatioriges
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Figure 8. Effect of B and heat treatment on the Bode-phasgrams for NiTi alloy after 1 day in the
Hank’s solution.
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Figure 9. Electric circuits used to simulate the EIS dataafjoNiTi and b) NiTi+B alloys.

Equivalent electric circuits to simulate the ElSadtor the different alloys are shown on Fig.
10. On these circuits Represents the solution or electrolyte resistafGeis the charge transfer
resistance associated to the double electrochetaigal andCy its capacitance is the resistance of
the barrier layer associated to the participatibadsorbed intermediates a@its capacitance. When
a non-ideal frequency response is present, it mnoonly accepted to employ distributed circuit
elements in an equivalent circuit. The most widedgd is constant phase elemé@®E), which has a
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non-integer power dependence on the frequency. ifipedance of a CPE is described by the

expression:
Zepe= Y1 ()" 1)

whereY is a proportional factor, j is-1, is the frequency and <In< 1 has the meaning of a phase
shift. Often aCPE is used in a model in place of a capacitor to aamspte for non-homogeneity in the
system. To describe the behavior of impedance spatiow frequencies an exponents introduced

in the expression for the Warburg impedance. Séweodels and expressions are used to describe this
characteristic behavior, but the finite—element Bag impedance is expressed by:

=Ru(j ) (2)

were R, is the modulus of the Warburg or diffusion resise and is the Warburg coefficient.
Calculated parameters to simulate the EIS datdiffarent alloys are shown on tablelBcan be seen
that the lowest R value , and thus, the highest corrosion rate, faathe two alloys containing 1000
ppm B, especially the thermally annealed, wherbashighest R value was for the alloys containing
500 ppm B regardless the heat treatment. Theseadlatan agreement with the data obtained from
polarization curves shown on table 2 and with éhsisown by Bode data shown on Fig. 8.
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Figure 10. Effect of B and heat treatment on the changeoWith time for NiTi alloy in the Hank’s
solution.

By using electric circuits shown on Fig. 9, the mipa of the R value with time for the
different alloys can be calculated as given on Ri@. This figure shows high:Rvalues, which
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represent very low corrosion rates, and justifyube of these alloys in this environment, and oindy
the alloys with the addition of either 200 or 500np B showed a higher .Rand, thus, a lower
corrosion rate than that for unalloyed NiTi alldyt only during the first days. After a few dayls o
exposure to the corrosive solution, thg Walue for all the alloys doped with B, heat trelate not,
decreased, showing practically similar values antbegn, always lower than that for unalloyed NiTi
alloy, which showed the highest corrosion resistaaicthe late stage of the test.

Table 3.Fitting parameters to simulate the EIS data.

Wo
G Ret R
(Farads/cr) Ca Ru a (Ohms crf) (Ohms crf)
(Farads/cr) (Ohms crf)

0 ppm B 29 X10° 5.6 X 10° L . 3.6 X 10 45
200 ppm B - 7.9x 10 1.14 X 16 0.9 8.5x16 —
Annealed L 7.1x10 55X 16 2.9 1.2 X 16 L
200 ppm B
500 ppm B L 8.3x10° 1.3X 10 2.6 1.7 X 16 —_—
Annealed L 1.3x10° 5.4 X 10 0.9 1.1 X160 —
500 ppm B
1000 ppm L 1.2x10 3.2X 10 1.1 5.6 X 16 —_—

B

Annealed L 2.4X10° 2.4X10 0.9 1.3X 10 —

1000 ppm
B

A micrograph of the corroded surface of the NiTsdalloy is shown on Fig. 11, whereas that
for the NiTi+200 ppm B alloy is shown on Fig. 120tB figures show the presence of a layer of
compact, adherent, insoluble corrosion productschviare responsible of the high corrosion rates
exhibited by this type of alloys. The presence ofns spherical particles, which look like
microorganisms was evident in both cases, whigmigvidence of the biocompatibility of the alloys.

The difference in corrosion protection by the additof B has to be considered as an effect on
the anchoring of any protective film by the additiof B and thermal annealing. It was observed that
boron additions up to 500 ppm improved the cooosesistance, which can be explained in terms of
film formation on the surface sample which is gewed by the boron presence on the matrix metal and
specially (as it is well known) along the grain bdaries, generating a strong cohesion of the grains
fulfilling the groves between the grains, allowiagbetter anchoring of the formed passive film.
Beyond this boron concentration, the corrosiorstasice decreased, perhaps due to an over saturation
of grain boundaries by boron, which produces aet&pi of the corrosion passive products. It is very
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highly that the corrosion resistance decreaselderheat treated samples due to the boron volaidiza
during the heating process, where the rate of Maktion increases dramatically with increasing
partial pressure of oxygen in the atmosphere sating the alloy at constant temperature [16]. When
boron is removed from the surface, the surfacevaiitin is enhanced, leaving it exposed to the
electrolytic solution.

Figure 11.Micrograph of NiTi exposed during 16 days alloythe Hank’s solution.

Figure 12.Micrograph of NiTi +200 ppm B exposed during 16 slajloy to the Hank’s solution.
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4. CONCLUSIONS

A study on the effect of B contents on the cormdi@havior of a NiTi alloy in the Hank’s
solution has been carried out. The main resulte saown that by adding either 200 or 500 ppm B the
corrosion rate of NiTi alloy decreased, but witle @ddition of 1000 ppm B it increased. When the
alloys with B were thermally annealed at 900during 4 h, the corrosion rates were increaseaul|
cases, the passive current density was decreasedhwi addition of B regardless the heat treatment.
For long time tests, regardless the heat treatnaelalitions of B increased the corrosion rate ofiNiT
alloy after a few hours of testing. The corrosiangess was under charge transfer control for NiTi
alloy, whereas it was under a mixed charge traresfer diffusion control for alloys with B. Results
were discussed in terms of the stability and ariogoof the protective formed passive film on the
different alloys.
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