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The effect of Fe addition on martensitic transformation temperatures and electrochemical behavior was
studied in polycrystalline Nis; 4Mny4g.xGazsgFex alloys (/<x<2.2) and Cosg3Nisz1Gagg s as alternative
to Ni-Mn-Ga alloys which are used as ferromagnetic shape memory alloys. The analysis of corrosion
rates was conducted by cyclic polarization curves with potentiostat-galvanostat equipment. The
corrosion morphologies were also analyzed by scanning electron microscopy (SEM). The kinetics of
corrosion was found to decrease with increasing Fe content in the alloy, while the martensitic
transformation temperatures increased with increasing Fe content. The Cosg3Nis2.1Gazg s alloy shows
icorr lOWer than the Ni-Mn-Ga alloy. From results, the studied alloys exhibited a general dissolution in
the anodic branch where a spontaneous passive zone occurred at certain potential and some elements
like Co, Mn and also Ni were present in a higher percentage in corrosion deposits.

Keywords: shape memory alloys, polarization curves, polycrystalline, corrosion, calorimetry,
morphology.
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1. INTRODUCTION

Alloys of the system Ni-Mn-Ga are type Heusler structure alloys. These alloys exhibit a
martensitic transformation which is related to the shape memory effect. Since the discovery of large
strains (up to 10%) induced by the magnetic field in the ferromagnetic alloys, has been of growing
interest in the development and/or research of these type of alloys due to the wide range of potential
applications [1, 2] . Some of its applications of the mentioned alloys are actuators, MEM’s [3] strain
sensors [4] or vibration dampers [5]. The interest of Ni-Mn-Ga systems is that the alloys show an
important response due to external stimuli at some temperatures close to martensitic transition.
Magnetic field is an effective stimuli to induce a transition, increasing the deformation and changes in
magnetization [6]. The changes on this kind of alloys provide fascinating properties to this materials,
such as elastocaloric [7] and magnetocaloric effect [8] rising the interest for applications in solid state
cooling near to the room temperature [9]. Nevertheless, the fragility is a limiting factor for practical
applications of these materials. Cherechukin et al [10] reported that low doping of Fe in Ni-Mn-Ga
alloys enhancing the toughness of the material without sacrificing magnetic and thermoelastic
properties. The structure, shape memory effect, changes in magnetic properties and Curie temperatures
of Ni-Mn-Ga alloys doped with Fe has been studied [10-18].

Investigations of alternatives for ferromagnetic shape memory applications has been carried
out: Fe—Pd [19], Fe—Pt [20], Ni-Mn-Al [21], and Co—Ni-Al [22, 23] because the necessity of improve
the high brittleness of Ni-Mn-Ga alloys. Alloys like, Ni-Fe—Al [24] and Co—Ni—Ga [25] have been
considered as a good candidates that response to a magnetic stimuli, specially for the presence of a y
phase (disordered FCC) improving ductility in these materials [26, 27], however, high percentage of
this phase can cause a decrease of strain properties by magnetic field. Contrary to Ni-Mn-Ga alloys,
Co- and Ni-based alloys present dual-phase structures. Similar behavior was also found in Co—Ni-Al
[26], Ni-Al-Fe [28] and Ni—Fe—Ga [29].

Since under application conditions of ferromagnetic shape memory alloys that shows changes
of shape, corrosion protection with coatings would be difficult. Hence, these alloys have to exhibit
high resistance to corrosion attack. Nevertheless, up to date corrosion studies of Co-Ni-Ga alloys are
still scarce and studies of Ni-Mn-Ga systems have led in part to controversial conclusions [30-32]. The
aim of this document is to compare the effect of corrosion attack and its possible passivation in
polycrystalline ferromagnetic shape memory alloys with different contents of Fe in Ni-Mn-Ga system
and ternary alloy of Co-Ni-Ga in aqueous NaCl 3.5 wt % solution by cyclic polarization curves.

2. EXPERIMENTAL PROCEDURE

2.1. Preparation of polycrystalline ingots

Polycrystalline ingots of Fe-Doped Ni-Mn-Ga, Co3g3Nisz1Gazgs and Nisy ;Mg oGags 4 were
prepared by arc melting under controlled atmosphere. The alloys were re-melted in order to improve
homogeneity four times. The materials used for casting were pure elements Ni (99.9%), Mn (99.9%),
Ga (99.99%), Co (99.9%) and Fe (99.9%), and then some slices were extracted and encapsulated in a
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quartz tube for a thermal treatment. Heat treatment was applied at temperature of 800 °C for 72 h and
subsequently quenching in water for Fe-Doped Ni-Mn-Ga and Nisp7Mny9Gags, in order to
homogeneity the structure. In the case of Cozg3Nisz21Gazgs alloy the treatment was applied to improve
homogeneity and structural ordering at temperature of 1100°C for 24 h and 900°C for 24 h then
quenching in water. The materials were processing from the ingots by a wire-cutting machine with
diamond paste to obtain the necessary area and thus perform the electrochemical tests. Equally the
slices were used for complementary analysis.

2.2. Characterization

The alloys were characterized by Differential Scanning Calorimetry (DSC) with a DSC
calorimeter Q200 by TA instruments. The using conditions was a ramp of 10 °C / min during heating
and cooling, the samples tested were about 20 mg. As can be seen in figure 1, obtained data from
cooling and heating of calorimetric runs are shown. Chemical composition of alloys and corrosion
deposits were determined Spectroscopy X-ray Energy Dispersive (EDS) technique in JEOL JSM-
5800LV equipment. Structure was identified on powder samples at room temperature (for Fe-Doped
Ni-Mn-Ga alloys) and on bulk samples (for Cosg3Nis21Gagg s alloy) by using an X-ray diffractometer
Siemens D5000 with Cu Ka radiation. NaCl powder was mixed with powder of the alloy as a reference
for alloys with Fe-Doped. Table 1 presents the compositions for each alloy and temperatures of
transition. The material was electrical connected using copper wire and spot welded in order to carry
out corrosion test, and then each specimen was encapsulated for metallographic preparation.
Experiments were carried out on a three-electrode cell of platinum wire as auxiliary electrode,
saturated calomel electrode (SCE) as a reference for electrochemical analysis. For the analysis was
used a potentiostat galvanostat equipment AUT84861 model. Solution of 3.5 wt% of NaCl was used as
electrolyte. Before the experiment of polarization the specimen is immersed for a period of time in the
solution in order to stabilizing the system. Results of polarization curves were performed with a scan
rate of 0.5 mV/s in a sweep of around -1100mV to 1000mVsce. According to the following equations
the corrosion rates were obtained from Rp resistance:

327
CR(mm/year) = - IcorrEw
1)
_ JNA
P2303(8,+ L),
( ) (2)

Where i is the corrosion current density (nA/cm?), Ew is the equivalent weight of calculated
alloy according to ASTM G102-89(2010), p is the density of the alloy (g/cm®), Rp is the polarization
resistance (Q-cm?), Ra and Rc (mV) are the slopes of Tafel plot.
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3. RESULTS AND DISCUSSION

The martensitic and austenitic transformation temperatures can be observed in figure 1.
Likewise transformation temperatures and compositions obtained in each alloy are shown in table 1. In
this context, alloy Nis; gMny4sGas; 7Fe; 7 was found to be in martensitic phase at room temperature;
while alloys Nis; oMngs7GagssFepy and NispsMngsGagsgFez1 are in austenite phase at room
temperature.
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Figure 1. Calorimetric curves from a) the alloys NisioMnys7GazssFeog, NisigMnosgGas 7Fe;7 and
Ni51,5Mn22,5Ga23,9Fe2,1 and b) C033,3Ni32,1Ga29,6 aIon.

In the case of Cosg3Nisp1Gazgs alloy shows a martensitic transition at temperature around
300°C and the austenitic transition is 450°C ending around 490°C.

Table 1. Composition and transition temperatures of the alloys studied.

Alloy Coat.% Niat% Mnat% Gaat% Feat.% M°C  M:°C AS°C Af°C

Niso 7Mnoq 9Gas 4 0 52.7 21.9 25.4 0 13.4 4.7 8 17.1

C035.3Ni321Gagg 38.3 32.1 0 29.6 0 3169 2758 4509 490.3
Nis; oMn24 7Gags.4Feg g 0 51.0 24.7 234 0.9 -0.1 5.8 1.5 53
Nis; sMn,4 sGay 7Fe; 7 0 51.8 24.8 21.7 1.7 55.7 417 461 599
Nis; sMngs sGags oFes 1 0 51.5 22.5 23.9 2.1 6.9 0.8 72 150

Figure 2 shows a diffraction pattern of the parent phase at room temperature (a) and martensitic
phase (b). The diffraction pattern (figure 2a) showed superlattice reflections which correspond to the
L2, Heusler structure in Ni51,5l\/ln22,5Ga23,gFe2,1. [33]
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Figure 2. X-ray diffraction pattern for a) Nis;oMns7;GazssFeos, NisigMna,gGas 7Fer s,
Nis1 5sMng sGags gFes 1 and b) Cosg sNisp1Gagg g alloy at room temperature.

3.1 Cyclic polarization curves.
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Figure 3. Polarization curves obtained, exposed to a 3.5 wit% NaCl solution a)Nis; oMn247Gazs 4Feo o,
b)Nis1.8Mn24 8Gays 7Fe1 7 and €)Nisy sMngo sGags oFes 1 and d)Cosg sNis 1Gag s
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Electrochemical characterization of the different alloys were tested in an aqueous solution of
3.5 wt% NacCl, the figure 3 shows the cyclic polarization curves.

From the plots in figure 3, current density values (icor) and corrosion potential Eco were
obtained. Experiments were repeated at least twice, and in all cases the results represent the average
value. The table 2 shows the tendency of the ic in each of the alloys tested, it can be seen that the
alloy Nisp 7Mna; 9Gags 4 has the highest icor and the alloy Nisy sMny,sGags oFes 1 has a smaller igor. This
implies that the deterioration of the alloy Nis; sMny,sGazs oFe, 1 decreased compared to the alloys with
lower Fe content, in the case of Cosg3Nizp1Gagzge alloy shows an iy compared to that with lower
content of Fe and also better behavior than the alloy Nisz7Mn;; 9Gags 4.

Table 2. i for studied alloys in an electrolyte - 3.5 wt% NaCl.

Alloys icor (NA/cm?)
Nis27Mn21.0Gags .4 1678.10
Co38.3Niz2.1Gaz9.6 347.77

Nis1.0Mn24.7Gagz 4Feog 360.90
Nisy8Mnos.8Gayy 7Fer 7 182.64
Nisy5Mn225Gagz gFes s 150.18

2.8 4 Ha

Element [ Wt% At%

0 12.0 234

22 Na 29.3 39.7
c Cl 17.7 155

Mn 12.0 06.8

1.7 7 Ni 20.3 10.7
KCnt Ga 08.7 03.9

0.00 2,00 4.00 6.00 8.00 10.00

Figure 4. a) Images obtained from SEM (200x) and the general EDS result after the electrochemical
test for Nisy oMng4 7Gags 4Fep g alloy, b) same alloy at 2000x.
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From figure 3 it can be seen that the general behavior is active-passive, i.e. showing general
dissolution in the process of corrosion, current density is continues increasing up to a certain value
presents a spontaneous passive behavior [34]. Gebert et al [35] obtained from electrochemical
experiments polycrystalline alloys of the system Ni-Mn-Ga from neutrla pH values to alkaline, the
tendency of the curves was of spontaneous passivation, under these conditions there was no difference
in behavior either austenite or martensite phase. In the case of results showed in figure 3, no
transpassivity effect was observed even at high values of potential. This could be attributed to Fe
contents for the alloys and also similar behavior was presents for Cosg3Nis1Gagg ¢ alloy, contrary to
values obtained by Gebert et al. [35] The results shows a slight transpasivity response around 0.5 volt
and neutral pH. Nevertheless it shows in the reverse sweep follows along the same path that could be
no tendency to localized corrosion attack to this material. Figure 3 showed a slope of low breakdown
potential this could be associated with an increased propagation of localized attack, this is because
when is presence a long hysteresis it could be an indicative of localized attack [32].
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Figure 5. Image (3000x) and general EDS results from SEM after electrochemical test for
Ni51,8Mn24lgGa21,7Fe1,7 aIon.
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After various samples tested (see figure 4 to 7), it is noted that the attack was very aggressive
for the material. It is showing a general dissolution attack; while in figure 5, a kind of crater with a
reservoir or crusting was observed. Corrosion deposits were more uniform, figure 6, compared to the
other cases that is possibly attributed to an increased amount of Fe. Figure 4b with fewer Fe containing
doping, the oxide presents morphology with some flakes shaped deposits and also shows uncovered
areas by this product. During the study of the morphology, the material was analyzed by EDS
technique to identify the elements present on the corroded surface. Figure 4 has a general EDS where,
according to the values, there is an amount of Ni and Mn such as Na, Cl and O that possible cause the
corrosion deposit. It can be seen in figure 5 the presence of two zones: with and without a deposit Zone
1 is constituted by deposit is mainly of Na, CI, Ni and O, with 8% by weight of Mn; while Zone 2
without the presence of deposit is presented higher percentages of Mn, Ni, Ga and lower percentages
of Cl, Fe and O how about 1% by weight.

Results were obtained for the Nis;sMny,sGazsgFe,; alloy, figure 6, indicates that the highest
percentage elements present in the analyzed surface were Ga, Na, Ni, Cl, Mn and the lower were Fe
and O.

65 uBa Element | Wt% | At%
(0] 01.3 |03.6
Na 12.6 25.4
Cl 08.8 | 115
Mn 16.0 [135
Fe 015 |013
Ni 38,5 [305
Ga 213 |14.2

Mn

0.00 2.00 4.00 6.00 8.00 10.00

Figure 6.Image (3000x) and EDS result from SEM after electrochemical test for the
Nis1 sMn22 5GazzgFe, 1 alloy.
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Figure 7.limage and its corresponding EDS result from SEM after electrochemical test for the alloy
Co3g.3Niz2.1Gazgs.
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The results obtained for the Cosg3Nis21Gaggs alloy shows morphology with some martensitic
phase and zones where precipitates were attack selectively, the general EDS, according to the values
in the table, shows a substantial amount of Ni and Co suchlike Ga and O. This mean that the presence
of O plays an important role in the protection of tested alloys.

4. CONCLUSIONS

From the results obtained, it can be concluded that:

a) The alloys tested in this study icor decreases with increasing Fe content.

b) Cosg3Nizz1Gayg g alloy shows lower igor than Nisz 7Mnyp 9Gags 4 in this media.

c) Elements such as Mn, Ni and Co plus O are present in an important quantity for the
corrosion deposits.

d) From polarization curves results, the tested alloys show a general dissolution behavior until
certain potential where at certain potential a spontaneous behavior occur.

e) Corrosion deposits were found in alloy Nis; sMny,5GazsgFes 1 with more homogeneity and
uniform even though there were some porous, compared to the other cases with Fe-doped.

) For Nis;oMnys7Gags aFeo g alloy, the corrosion deposit presents morphology of some flakes
shaped and also shows uncovered areas possible attributed to slightly lack of adherence.
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