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Abstract Once placed in a magnetic field, smart mag-

netic materials (SMM) change their shape, which could be

use for the development of smaller minimally invasive

surgery devices activated by magnetic field. However, the

potential degradation and release of cytotoxic ions by

SMM corrosion has to be determined. This paper evaluates

the corrosion resistance of two SMM: a single crystal

Ni–Mn–Ga alloy and Tb0.27Dy0.73Fe1.95 alloy. Ni–Mn–Ga

alloy displayed a corrosion potential (Ecorr) of -0.58 V/SCE

and a corrosion current density (icorr) of 0.43 lA/cm2.

During the corrosion assay, Ni–Mn–Ga sample surface was

partially protected; local pits were formed on 20% of the

surface and nickel ions were mainly found in the electro-

lyte. Tb0.27Dy0.73Fe1.95 alloy exhibited poor corrosion

properties such as Ecorr of -0.87 V/SCE and icorr of 5.90

lA/cm2. During the corrosion test, this alloy was contin-

uously degraded, its surface was impaired by pits and

cracks extensively and a high amount of iron ions was

measured in the electrolyte. These alloys exhibited low

corrosion parameters and a selective degradation in the

electrolyte. They could only be used for medical applica-

tions if they are coated with high strain biocompatible

materials or embedded in composites to prevent direct

contact with physiological fluids.

1 Introduction

Smart magnetic materials (SMM) by changing their shape

in a magnetic field are very attractive materials for the

development of smaller and more accurate minimally

invasive surgery devices such as catheters, stents, and

endoscopic robots [1]. In fact, a magnetic field can be used

to activate parts of devices made of SMM such as tweezers,

sensors, and release systems [2–4]. The magnetic activa-

tion avoids embedding batteries limiting the microdevices

to several millimeters in size. In this context, medical

microdevices propelled in the blood vessels by magnetic

gradients generated by a clinical magnetic resonance

imaging (MRI) system is currently in development by our

team [5, 6]. The principle of magnetic propulsion has

already been validated during in vivo assays [7]. This

achievement reinforces our motivation to use SMM for the

design of medical microdevices. However, the biocom-

patibility of SMM was not intensively investigated. The

degradation of SMM by corrosion in physiological solution

and the release of cytotoxic ions can limit their use for

medical applications. In this paper, the corrosion resistance

of two SMM, a single crystal Ni–Mn–Ga alloy, a magnetic

shape memory alloy, and a giant magnetostrictive

Tb0.27Dy0.73Fe1.95 alloy is evaluated.

Ni–Mn–Ga alloys are thoroughly studied because of

their magnetic shape memory properties [8, 9]. In a mag-

netic field, the strain can reach 6 to 10% depending of the
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alloy structure [10, 11]. This property makes this alloy an

ideal candidate for the realization of tweezers for autono-

mous medical microdevices. The corrosion behaviour of

this alloy was previously investigated by three different

teams [9, 12, 13]. Three main results were achieved: Ni–

Mn–Ga alloys corrosion resistance depends on their

structure [9]; the immersion of a single crystal Ni–Mn–Ga

alloy in Hank’s balanced salt solution for 12 h resulted in

pits on the alloy surface [13]; the corrosion parameters of a

polycrystal Ni–Mn–Ga alloy after a potentiodynamic cor-

rosion assay in Hank’s balanced salt solution were low and

the sample surface was seriously impaired by cracks [12].

However, from our knowledge, no study has been done yet

on the corrosion of the single crystal Ni–Mn–Ga alloys by

potentiodynamic polarization assay and analysis of the

corrosion electrolyte to identify the degradation products.

Moreover, this work investigates the corrosion resistance

of the single crystal Ni–Mn–Ga alloys because the single

crystal structure could improve the corrosion properties in

physiological solutions compared to those of polycrystal

Ni–Mn–Ga [9]. Tb0.27Dy0.73Fe1.95 alloy, known as Terfe-

nold-D, is considered as the best giant magnetostrictive

materials [14]. The magnestostriction, which is the natural

strain of the alloy in a magnetic field can reach 2200 ppm

[15]. For the medical applications, the magnetostrictive

effect could be used for the development of sensors and

drug release systems. From our knowledge, no study has

been done yet on the corrosion behaviour of this alloy in

physiological solutions.

In this paper, the corrosion resistance was studied by

potentiodynamic polarization assay, surface analysis by

atomic force microscopy (AFM), scanning electron

microscopy (SEM) and corrosion electrolyte analysis by

inductively coupled plasma time of flight mass spectrom-

etry (ICP-TOF–MS). The results obtained in this pre-

liminary study will be used to discuss the stability of these

SMM in physiological solutions and their potential cyto-

toxic effects due to their degradation.

2 Materials and methods

2.1 Materials and sample preparation

The single crystal Ni–Mn–Ga samples with the following

composition: 48.6 at% Ni, 31.5 at% Mn, 19.9 at% Ga, were

provided by Dr Farrell (Defense Research Department and

Development Canada) [16, 17]. The single crystal structure

and the chemical composition were confirmed by X-ray

diffraction (X’PERT, Philips) and energy dispersive spec-

trometry (EDS) (Inca, Oxford Instrument). The polycrystal

giant magnetostrictive Tb0.27Dy0.73Fe1.95 samples with the

following composition: 67 at% Fe, 9 at% Tb, 24 at% Dy,

were purchased from Gansu Tianxing Rare Earth Func-

tional Material (China). All samples were mechanically

polished with SiC wet paper (240 and 400 grits). Mirror

finishing was obtained with alumina paste (15, 1, and

0.5 lm). Tb0.27Dy0.73Fe1.95 cylinder samples (diameter

5 mm, height 5 mm) were placed directly after polishing in

the sample holder of the corrosion setup. The dimensions

of Ni–Mn–Ga samples, 8.14 9 7.46 9 4.75 mm (height 9

width 9 thickness), did not allowed the use of the sample

holder. One surface of the sample was connected to a

copper wire by a conductive tape. The wire and the sample

were embedded in epoxy resin. The exposed surface of the

sample was polished. The sample was then connected by

the copper wire to the corrosion setup. The electrical

contact was checked throughout all the steps of the sample

preparation and the corrosion setup. Before the corrosion

assay, the sample surface was cleaned with acetone, then

with methanol.

2.2 Potentiodynamic polarization assay

This assay was done according to G5-94 standard of the

American Society for Testing and Materials (ASTM) [18].

Cyclic polarization measurements were done using a stan-

dard three-electrode cell, a platinum grid as counter-elec-

trode, and a saturated calomel electrode (SCE) as reference,

with a microprocessor-controlled electronic potentiostat

(model EG&G, Princeton Applied Research, model 273).

The electrolyte was 500 mL of Hank’s physiological solu-

tion (Sigma–Aldrich) with the following composition:

NaCl: 8 g/L, KCl: 0.4 g/L, NaHCO3: 0.35 g/L, KH2PO4:

0.006 g/L, Na2HPO4: 0.0475 g/L, glucose: 1 g/L, HEPES:

3.75 g/L. For 60 min, the solution was de-aerated with a

strong flow of nitrogen gas. During the potentiodynamic

polarization assay, the solution was maintained at 37�C

under slow agitation and de-aerated by nitrogen gas bub-

bling. The sample was immersed in the Hank’s solution and

for 60 min the open circuit potential (Eocp) was monitored.

The potential scan was started at -250 mV under Eocp

value. The anodic potential value was increased at a con-

stant rate of 0.17 mV/s up to 0.8 V/SCE. Then, the anodic

potential value was decreased to Eocp value at the same rate.

The corrosion current density (icorr, A/cm2) at the corrosion

potential (Ecorr, V/SCE) was determined by Tafel extrapo-

lation (CorrWare Version 2.9, Solartron Analytical). All

potentials were expressed with reference to SCE. All the

values were the mean of three measurements.

2.3 Surface analysis

The sample surface was characterized before and after the

potentiondynamic polarization assays by several systems.

SEM images were done using a Hitashi S-3500 N SEM.
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AFM scans were done with a PicoSPM (Molecular imag-

ing) to determine the sample topography. The tips were

made of standard silicone. The surface analysis area was

30 lm 9 30 lm and the surface was analysed three times.

The average roughness was determined using the software

embedded within the AFM system.

2.4 Inductively coupled plasma time of flight mass

spectrometry

The supernatant and the precipitates taken from the cor-

rosion solution were used for these analyses. Environ-

mental grade HNO3 (metals ions less than 100 ppb) was

provided by Anachemia and 5% HNO3 matrix was pre-

pared with deionised ultra pure water (18.2 MX.cm). To

insure the dissolution of any solid particles, 1.0 mL of

concentrated nitric acid was added to 0.5 mL of each

supernatant. Also, 0.2108 g of Ni–Mn–Ga precipitate was

dissolved in 1.75 mL of concentrated nitric acid and

0.1623 g of Tb0.27Dy0.73Fe1.95 precipitate was dissolved in

1.0 mL of concentrated nitric acid. The resulting solutions

were diluted with 5% HNO3 for the analysis. Ni, Mn, Ga,

Tb and Dy were analyzed under hot plasma while, for Fe,

cool plasma was preferred to minimize the interference of

the ArO? at m/z 56. The analysis was performed with an

ICP-TOF–MS model Renaissance axial from LECO [19].

Table 1 summarizes the conditions of cool and hot plasma

experiments. To avoid detector overload under hot plasma

conditions, ion deflection for N?, O?, H2O?, H3O?, N2
?,

O2
?, O2H?, Ar?, ArO?, and Ar2

? were made. The liquid

standards of Ni, Mn, Ga, Tb, Dy, and Fe were provided

by Inorganicventures� and were used for the calibration.

Before the calibration and the analyses, indium ion

(contained in a so-called MassCal 10 standards) at a

signal equal to m/z 115 was used in both plasma condi-

tions (hot and cool) to optimize the system. Each analysis

was repeated four times in order to insure its

reproducibility.

3 Results

3.1 Potentiodynamic polarization assay

Figure 1 and the data extracted from it (Table 2) show that

the single crystal Ni–Mn–Ga alloy exhibited a corrosion

potential of -0.58 ± 0.04 V/SCE and a corrosion current

density of 0.43 ± 0.16 lA/cm2. On the forward scan, the

alloy exhibited passivation behavior between -0.431 and

-0.184 V/SCE (Fig. 1). The breakdown potential (Eb) was

-0.2 V/SCE. On the reverse scan, the curve displayed a

hysteresis indicating pit formation on the sample surface

[20]. The protection potential (Ep) was -0.4 V/SCE. For

Tb0.27Dy0.73Fe1.95 samples, the polarization curve started at

very low potential, e.g. around -1.2 V/SCE (Fig. 1). Ecorr

was -0.87 ± 0.05 V/SCE and icorr was 5.90 ± 0.41-lA/cm2

(Table 2). During the forward scan, the curve had no

passivation interval (Fig. 1). As a result, the sample did not

form a protective layer on its surface. Moreover, the curve

had a hysteresis on its reverse scan. During the reverse

scan, the oscillations on the curve were attributed to the

instability of the surface (Fig. 1). After a short decrease

during the first 500 s, Ni–Mn–Ga Eocp stayed stable at

-0.63 V/SCE (Fig. 2). However, this value remained low.

For Tb0.27Dy0.73Fe1.95 alloy, Eocp continuously oscillated

due to the instability of the surface (Fig. 2). Eocp

Table 1 ICP-TOF–MS parameters

ICP source Hot plasma Cool plasma

Forward Power (kW) 1.4 0.75

Plasma flow (L mn-1) 14.2 15.8

Auxiliary flow (L mn-1) 0.8 1.1

Nebulizer flow (L mn-1) 0.9 1.1

Detector (V) -2300 -2200

Fig. 1 Single crystal Ni–Mn–Ga alloy and Tb0.27Dy0.73Fe1.95 alloy

polarisation curves. Arrows indicate the increase and the decrease of

the applied potential during the potentiodynamic polarization assay

Table 2 Corrosion parameters for the single crystal Ni–Mn–Ga alloy

and Tb0.27Dy0.73Fe1.95 alloy from the potentiodynamic polarization

assay

Corrosion parameters Single crystal

Ni–Mn–Ga alloy

Tb0.27Dy0.73Fe1.95

alloy

Ecorr (V/SCE) -0.58 ± 0.04 -0.87 ± 0.05

icorr (lA/cm2) 0.43 ± 0.16 5.90 ± 0.41
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oscillations occurred on every assay and they cannot be

attributed to problems related to the experimental corrosion

setup. This Eocp instability indicated that this alloy did not

form a protective layer. Table 2 summarizes the corrosion

parameters measured during the potentiodynamic polari-

zation assay. The corrosion current density was much

higher for Tb0.27Dy0.73Fe1.95 alloy than the one for Ni–Mn–

Ga alloy. Accordingly, Tb0.27Dy0.73Fe1.95 alloy was very

sensitive to the degradation. The corrosion rate was not

determined for both alloys because these materials exhib-

ited pitting corrosion behavior.

3.2 Surface analysis

After the corrosion assay, 80% of Ni–Mn–Ga alloy surface

was not degraded and the surface has kept a mirror fin-

ishing as seen on SEM image (Fig. 3a). However, localised

pits were formed and pits area represented approximately

20% of the sample surface. The width of the pits varied

between 1.8 and 0.2 lm (Fig. 3b). The pits density in the

attacked area reached 80 pits/lm2. Before the corrosion

assay, Ni–Mn–Ga sample surface was uniform without

defects as confirmed by AFM image (Fig. 4a) and SEM

images (images not shown). After the corrosion assay, the

morphology of the sample surface has partially changed

(Fig. 4b) and it was characterized by localised roughness.

The localized roughness is attributed to the pits seen on

SEM image (Fig. 3a). The AFM image (Fig. 4b) confirmed

the distribution of localized pits. At the end of the corro-

sion assay, the sample roughness has increased to 168 nm

(Table 3).

Before the corrosion assay, Tb0.27Dy0.73Fe1.95 samples

were polished several times to obtain an acceptable mirror

finish surface. However, the morphology of the polished

surface did not remain perfectly uniform as shown on AFM

image (Fig. 6a). After the corrosion assay, the whole sur-

face of Tb0.27Dy0.73Fe1.95 alloy was seriously degraded and

was characterized by the presence of pits and cracks

(Fig. 5). The pits measured around 37 lm long and 18 lm

deep (Fig. 5b). The length of the cracks varied from 500 to

100 lm and the width was between 71 and 30 lm

(Fig. 5a). Moreover, the surface morphology has changed

and exhibited various irregularities resulting from the

degradation of the alloy (Fig. 6b). Accordingly, after the

corrosion assay, the sample roughness of Tb0.27Dy0.73Fe1.95

alloy has increased to 1410 nm (Table 3). This confirmed

the high degradation of the surface.

3.3 ICP-TOF–MS analysis

Because of the sample fixture in the corrosion assay and the

sample preparation, it was not possible to weight the

sample at the end of the corrosion assay and then determine

the sample weight loss. The chemical analysis of the

electrolyte after the corrosion assay, using ICP-TOF–MS

can be a good method to evaluate the degradation products

of the two alloys. According to the ICP-TOF–MS analysis

(Table 4), the single crystal Ni–Mn–Ga alloy dissolution

Fig. 2 Eocp variation with time for single crystal Ni–Mn–Ga alloy

and Tb0.27Dy0.73Fe1.95 alloy

Fig. 3 Single crystal Ni–Mn–Ga SEM observations after the corro-

sion assay (a 92000, scale bar 20 lm; b 96000-Region of interest of

image (a), scale bar 5 lm)
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was not uniform. The manganese concentration in the

supernatant was very high compared to that for Ni and Ga.

Furthermore, the precipitates were mainly made of nickel

(426 ppb) and gallium (293 ppb) and the manganese con-

centration remained very low (49 ppb). Accordingly, the

single crystal Ni–Mn–Ga samples had released preferen-

tially these two elements during the corrosion assay. As a

consequence, the dissolution of the single crystal Ni–Mn–

Ga did not occur according to the stochiometric propor-

tions of the bulk alloy.

The concentration of iron found in Tb0.27Dy0.73Fe1.95

alloy precipitates and the electrolyte supernatant remained

much higher than the dysprosium and terbium concentra-

tions (Table 5). Also, the dissolution of Tb0.27Dy0.73Fe1.95

alloy did not occur according to the stochiometric

proportions of the bulk alloy and iron was mainly released.

The very low concentrations of iron, terbium and dyspro-

sium measured in the electrolyte supernatant compared to

those measured in the precipitates indicate that the

Tb0.27Dy0.73Fe1.95 degradation products remained princi-

pally as precipitates.

4 Discussion

Usually a metallic biomaterial exhibits the four following

corrosion properties. A small passivation density current

ensures the formation of an oxide layer on the surface. A

low current density in the passive state induces a slow rate

of metallic ion release. A high potential of pit formation

indicates the resistance of the protective layer to the attacks

from aggressive species. And finally, a large passivity

interval indicates the stability of the protective layer on a

large potential interval [21].

Fig. 4 Surface morphology obtained from AFM analysis of single

crystal Ni–Mn–Ga sample a polished surface, b surface after the

corrosion assay. The scale is in nm

Table 3 Surface average roughness increase of the single crystal Ni–

Mn–Ga alloy and Tb0.27Dy0.73Fe1.95 alloy after the potentiodynamic

polarization assay

Sample Roughness

increase (nm)

Single crystal Ni–Mn–Ga alloy 168

Tb0.27Dy0.73Fe1.95 alloy 1410

Fig. 5 Tb0.27Dy0.73Fe1.95 SEM observations after the corrosion assay

(a 9100, scale bar 500 lm; b 91500-Region of interest of image (a),

scale bar 30 lm)
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4.1 Ni–Mn–Ga alloy

Based on the above experimental results, single crystal Ni–

Mn–Ga samples exhibited passivation behaviour on a short

range of potential. Hence, this passivation was not enough

to avoid surface degradation during the corrosion test, and

localised pits were formed (Figs. 3, 4). The pit formation

here may be attributed to the nickel which is known for its

aptitude in creation of pits [22]. Furthermore the

heterogeneous pitting behavior may be attributed to local

martensite variants [16, 17] or to the presence of few twin

boundaries [13] in the single crystal structure which

exhibited poor corrosion resistance properties [9]. At the

end of the corrosion assay, the small increase of the surface

roughness confirmed the slight degradation of the surface.

As a result, the main surface degradation mechanism for

the single crystal Ni–Mn–Ga alloys is related to pit

formation.

Corrosion assays were carried out on the single crystal

alloy to evaluate the effect of the crystallography on the

corrosion properties of Ni–Mn–Ga alloys in physiological

solutions. In this work, three different results have con-

firmed that the single crystal Ni–Mn–Ga alloy exhibit

better corrosion resistance than the polycrystal Ni–Mn–Ga

alloy [12]. Firstly, the corrosion parameters determined on

the single crystal Ni–Mn–Ga such as Ecorr and icorr were

better than those obtained with the polycrystal Ni–Mn–Ga

alloy (Table 6). Secondly, contrary to the single crystal

Ni–Mn–Ga alloy, after the same corrosion assay, the entire

surface of polycrystal Ni–Mn–Ga samples was seriously

impaired by several cracks [12]. Thirdly, as shown in the

results section, Eb and Ep for the single crystal Ni–Mn–Ga

alloy were higher than those obtained with the polycrys-

tal Ni–Mn–Ga alloy (Eb of -0.35 V/SCE and Ep of

-0.7 V/SCE) [12]. The difference between Eb and Ep can

be used to investigate the pitting corrosion resistance

between two alloys [23]. In this case, the material exhib-

iting the smallest difference possesses the best pitting cor-

rosion resistance. In our work, Eb-Ep was smaller for the

single crystal Ni–Mn–Ga alloy (Eb-Ep = 0.2 V/SCE) than

for the polycrystal Ni–Mn–Ga alloy (Eb-Ep = 0.35 V/SCE).

This result confirmed that the single crystal Ni–Mn–Ga

exhibited better pitting corrosion resistance than the poly-

crystal Ni–Mn–Ga as found in [9]. Despite the partial

protection of the single crystal Ni–Mn–Ga surface, its

corrosion potential was lower than those of the current

metallic alloys used in medical applications such as tita-

nium or NiTi alloys (Table 6) [23]. Moreover, the sus-

ceptibility of the Ni–Mn–Ga alloy to form pits constitutes a

Fig. 6 Surface morphology obtained from AFM analysis of

Tb0.27Dy0.73Fe1.95 sample a polished surface, b surface after the

corrosion assay. The scale is in nm

Table 4 ICP-TOF–MS analysis of corrosion electrolyte for the single

crystal Ni–Mn–Ga alloy

Chemical element Ni Mn Ga

Precipitates (ppb) 426 48 293

Corrosion electrolyte supernatant (ppb) 13 11 2

Table 5 ICP-TOF–MS analysis of corrosion electrolyte for

Tb0.27Dy0.73Fe1.95 alloy

Chemical element Fe Dy Tb

Precipitates (ppb) 981 103 42

Corrosion electrolyte supernatant (ppb) 31 2 1
Table 6 Corrosion parameters of different materials tested in a

Hank’s solution

Materials Ecorr (V/SCE) icorr (lA/cm2) Reference

NiTi MPa -0.19 0.07 [23]

Ti–13Nb–13Zr -0.374 0.028 [20]

Ti–6Al-4 V -0.407 0.019 [20]

SmCo5 -0.650 246.3 [29]

Polycrystal Ni–Mn–Ga -0.760 4 [12]

Nd–Fe-B -0.822 5361 [29]

a NiTi MP NiTi mechanically polished
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major limitation for biomedical applications because the pit

formation is associated with a dissolution of the alloy in the

body [12]. As a consequence, ICP-TOF–MS analysis was

done to identify and quantify the ions released by the pit

formation in the electrolyte. It was found that nickel ions

were mainly released compared to gallium ions and man-

ganese ions. For the duration of the reverse scan of the

potentiodynamic polarization assay, pits were not passiv-

ated throughout a large potential range (Fig. 1) allowing a

high rate of localized metal dissolution [24]. The high

concentration of nickel ions measured in the electrolyte

confirmed that this element might play a major role in the

pit formation as it was also previously mentioned.

Before this corrosion study, a cell viability assay

((3-(4,5-dimethylthiazote-2yl)-2,5-diphenyl tetrazodium bro-

mide) (MTT) assay) was done on the single crystal

Ni–Mn–Ga alloy used in this work by indirect contact with

mouse fibroblast cells L929 [25]. The cell viability, defined

as the number of living cells in contact with the extracts of

the single crystal Ni–Mn–Ga alloy divided by the number

of living cells in their culture medium, decreased from

78 ± 3% at 24 h of incubation, to 18 ± 1% at 48 h and to

10 ± 1% at 72 h [25]. The decrease of the cell viability

was attributed to the internalization of cytotoxic ions

released by the material during the extraction. From the

corrosion results, we could supposed that the high amount

of nickel ions released due to the pitting corrosion was

probably responsible for the decrease of the cell viability

after 48 h because nickel ions can cross the cell membrane

[26] after 24 h of incubation and then they can induce

serious cytotoxic effects [27, 28]. Accordingly, we con-

clude that the single crystal Ni–Mn–Ga alloy can not be

used for in vivo applications without surface treatment

because of the pitting corrosion and the cytotoxic conse-

quences on biological tissues.

4.2 Tb0.27Dy0.73Fe1.95 alloy

Tb0.27Dy0.73Fe1.95 alloy did not form a stable protective

layer on its surface as confirmed by the potentiodynamic

polarization assay (Fig. 1) and the Eocp instability (Fig. 2)

[29, 30]. Moreover, poor corrosion parameters were moni-

tored (Table 2). As a consequence, Tb0.27Dy0.73Fe1.95 alloy

was corroded on its entire surface (Figs. 5, 6). Furthermore

the degradation was not uniform and the corrosion products

were mainly composed of iron (Table 6). Therefore, the

corrosion behaviour of this alloy was attributed to the

presence of a relatively high amount of iron (67%) which is

known as an active metal. The presence of the hysteresis on

the polarization curve (Fig. 1) was an indication of the pit

formation. This is supported by some literature studies

which have shown that Cl- ions in the electrolyte attack the

passive film and initiate the pit formation [31].

Compared to different metallic alloys (Table 6),

Tb0.27Dy0.73Fe1.95 alloy possesses the lowest corrosion

parameters after the Nd–Fe–B alloy. The very low icorr of

Nd–Fe–B alloy (icorr = 5361 lA/cm2) was attributed to the

presence of the neodymium, a rare earth element [29].

From this observation, it can be concluded that the pres-

ence of rare earth elements in magnetic alloys limits the

corrosion resistance for medical applications. Despite its

low corrosion parameters, Nd–Fe–B alloys are used for

dental prosthesis. In this case, the alloy is coated with

parylene to avoid direct contact with the physiological

solutions [32].

As for the single crystal Ni–Mn–Ga alloy, a MTT assay

was performed on the same Tb0.27Dy0.73Fe1.95 alloys used

in this work by indirect contact [25]. After immersion in

cell culture medium Dulbecco’s Modified Eagle’s Medium

(DMEM) during 5 days for the preparation of the extracts,

Tb0.27Dy0.73Fe1.95 samples were slightly degraded and the

surface was impaired [25]. However, the cell viability

remained at 98 ± 1% at 24 h, 95 ± 6% at 48 h, and

92 ± 6% at 72 h. The corrosion study has shown that the

degradation of Tb0.27Dy0.73Fe1.95 alloy was characterized

by a high amount of iron ions and in lesser proportion

terbium and dysprosium ions in the electrolyte. Accord-

ingly, the cell viability obtained with Tb0.27Dy0.73Fe1.95

samples could be attributed to a less sensitivity of cells to

terbium and dysprosium ions and the iron cytotoxic con-

centration was not reached. However, the cell viability

assay and the corrosion assay have shown that

Tb0.27Dy0.73Fe1.95 alloy was seriously degraded in physi-

ological solutions.

5 Conclusions

The corrosion resistance of the single crystal Ni–Mn–Ga

alloy and the Tb0.27Dy0.73Fe1.95 alloy was investigated to

determine their stability in physiological solution and to

evaluate their potential cytotoxicity. We found that despite

a small passivation interval limiting the surface degrada-

tion of the single crystal Ni–Mn–Ga alloy, localised pits

were formed during the corrosion assays and nickel ions

with cytotoxic effects were mainly found in the electrolyte.

Despite that the single crystal structure exhibited better

corrosion resistance parameters compared to those

obtained with the polycrystal structure, the corrosion

parameters of the single crystal Ni–Mn–Ga alloy remained

under those of metallic biomaterials. Tb0.27Dy0.73Fe1.95

alloy exhibited lower corrosion parameters than those of

the single crystal Ni–Mn–Ga alloy. This alloy was not able

to form a protective layer. As a consequence, after the

corrosion assay, the surface was seriously impaired by

cracks and pits. The degradation of the Tb0.27Dy0.73Fe1.95
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alloy in the electrolyte was not uniform and a high amount

of iron ions was measured. Both alloys cannot be consid-

ered as a biocompatible material because of their low

corrosion parameters and their surface degradation. For

medical applications, the single crystal Ni–Mn–Ga alloy

and the Tb0.27Dy0.73Fe1.95 alloy have to be coated to pre-

vent direct contact with physiological fluids [32, 33]. In

addition of its biocompatibility, the coating should have the

appropriate strain to follow the magnetic strain. A good

candidate will be elastomers [34]. An alternative solution

will be the development of biocompatible smart magnetic

composites based on these two alloys [35–37].
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