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Effect of Cu addition on corrosion resistance and shape memory effect of
Fe-14Mn-5Si-9Cr-5Ni alloy

HU Bao-quan(#J{#42)" 2, BAI Pei-kang( 113 5¢)" 2, DONG Zhi-zhong(# ¥4 ')’, CHENG Jun(ff %)"?

1. School of Materials Science and Engineering, North University of China, Taiyuan 030051, China;
2. National Key Laboratory for Electronic Measurement Technology, North University of China,
Taiyuan 030051, China;

3. School of Materials Science and Engineering, Tianjin University, Tianjin 300072, China

Received 10 March 2008; accepted 22 July 2008

Abstract: The modification of Fe-14Mn-5Si-9Cr-5Ni shape memory alloys(SMAs) by copper addition was carried out, aiming at
further enhancing its corrosion resistance. The results of electrochemical potentiodynamic measurement and immersion test show
that copper can remarkably improve the corrosion resistance in Cl* solution. Otherwise, it is found that copper cannot markedly
affect the mechanical properties nor the shape memory effect(SME). As for the effects of copper on Fe-Mn-Si based alloys, the

austenite strengthening is one of the key factors to improve SME.
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1 Introduction

Fe-Mn-Si based shape memory alloys(SMAs) have
drawn a lot of attention for over two decades due to their
low cost, good shape memory effect, good mechanical
properties,  excellent  workability, and  wide
transformation hysteresis[1—8]. Much effort has been
done towards clarifying composition dependence of the
shape memory effect and corrosion resistance behavior
of Fe-Mn-Si based SMAs by addition of C, Cr, Ni, and
Co etc[9]. Studies of physical and mechanical properties
of these alloys together with microstructural observation
on y <> ¢ transformation have been performed to develop
new substitutives of the well used expensive NiTi-based
SMAs. Among Fe-Mn-Si systems, two of them, namely,
Fe-28Mn-6Si-5Cr with a fairly good SME but poor
corrosion resistance and Fe-14Mn-5Si-9Cr-5Ni alloy
with good corrosion resistance but poor shape memory
effect(SME), are well developed. The former has been
successively used as pipe coupling in oil field tubes[10].
However, it is necessary to improve the corrosion
resistance of Fe-Mn-Si based SMAs, while maintaining
their shape memory effect, to extend their utilization. In
previous research, it was found that with suitable

thermomechanical treatment, a very good SME could be
obtained in Fe-14Mn-5Si-9Cr-5Ni alloy, which has been
predicted to be one of the most potentially alternative
materials as joining pipes in engineering.

Regarding such a potential use, corrosion problem
is always an essential issue to be concerned, in particular
in the case of Cl environment[11], and alloying is the
most effective method to modify the composition of
Fe-Mn-Si alloys. The function of nitrogen in shape
memory alloys has been studied. For example, JIANG et
al[12] got a slight improvement of SME in Fe-30Mn-6Si
alloy with 0.047%N, but they also showed a discrepancy
effect of N on the SME in the Fe-Mn-Si based SMAs.
ARIAPOUR et al[13] reported that the SME of
Fe-18Mn-13Cr-2Ni-5Si alloy decreased by 80% with
0.26%N addition. It seems that the effects of N on SME
and corrosion resistance behavior are controversial.
DONG et al[14] found that by involving Nb, the
corrosion resistance of Fe-14Mn-5Si-9Cr-5Ni alloy has
been enhanced. LI et al[15] added Cu in Fe-Mn-Si based
alloys and a relatively good SME has been obtained in
Fe-20Mn-58Si-7Cr alloy. However, the effect of Cu on
corrosion resistance of Fe-Mn-Si based SMAs has not
been reported. In this work, copper, as one of the
effective elements to improve the corrosion resistance in
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stainless steels, especially in the sea water (with Cl),
was added in Fe-14Mn-5Si-9Cr-5Ni alloy, to further
improve its corrosion resistance behavior. The effect of
alloying additions on shape memory effect and
mechanical properties was discussed in order to clarify
the correlation between shape memory capacity and
thermomechnical treatment.

2 Experimental

Based on the principle of the design theory of
austenite steel and the previous research[14,16], 0.8%Cu
and 1.5% Cu were added in Fe-14Mn-5Si-9Cr-5Ni alloy.
Three Fe-14Mn-5Si-9Cr-5Ni alloys with and without Cu
were prepared by vacuum melting and cast under an
argon atmosphere. After homogenization at 1 100 C for
12 h, the ingots were hot rolled into d 15 mm round bars.
In order to eliminate the influence of hot rolling, all
samples cut from the bars were annealed at 950 ‘C for 2
h, followed by water quenching.

The corrosion resistance behaviors of the
Fe-14Mn-5Si-9Cr-5Ni  alloys were evaluated by
immersion test and electrochemical potentiodynamic
measurement, respectively. The mass loss rates were
calculated by immersing samples of 20 mm X 30 mm X
50 mmin 6% FeCl; aqueous solution at 25 ‘C for 12 h.
The potentiodynamic polarization curves were measured
in 3.5% NaCl saline solution at 25 “C utilizing Monte
Carlo Model with exposed surface of 10 mmX 10 mm.
The morphologies of the corroded surfaces were
observed by Optical Microscopy and Philip Environment
Scanning Electron Microscopy (ESEM).

The specimens of 0.5 mmX4 mmX 150 mm were
used to measure the shape memory recovery. All of these
samples were 5.0% extended at room temperature, then
heated up to 600 C to evaluate the gauge change. The
SME was given as n=({;—1h)/({,—ly), where Iy, [}, and I,
are the gauge lengths before deformation, after
deformation and after recovery, respectively. A D—3000
Atom Force Microscopy (AFM) was employed to
observe the microstructure of the training samples in
order to understand the mechanism of improving SME
by training. The mechanical properties were measured by
tensile test and impact test at room temperature. The
tensile samples with gauge length of 50 mm and
diameter of 10 mm were used to measure the strength
and the elongation. The samples of 10 mmX 10 mm X
100 mm with a notch were employed to test the impact
toughness.

3 Results and discussion

3.1 Corrosion resistance behavior
Fig.1 shows the grain sizes of the alloys without and

with 1.5% Cu, in which all of samples were etched by
H,0,+HCI+HNOj; solution with volume ratio of 2:2:1. It
can be seen that the grain sizes are almost the same for
the two alloys, and the grain boundary of the
Fe-14Mn-5Si-9Cr-5Ni alloy is more easily revealed than
that of the Cu involved alloys in the same etching
condition.
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Fig.1 Grain size of Fe-Mn-Si SMAs after solution treatment at
1 050 C for 10 h: (a) Fel4Mn5Si9Cr5Ni alloy; (b) Fel4Mn-
5Si9Cr5Ni+1.5% Cu

Evaluation on corrosion resistance behavior of
alloys was carried out by immersion test in various
aqueous solutions. Table 1 lists the mass loss rates of the
tested alloys in 6% FeCl; aqueous solution at 25 C for
12 h. It is found that after adding Cu, the mass loss rate
of Fe-14Mn-5Si-9Cr-5Ni alloy is remarkably decreased
and the alloy with 1.5%Cu possesses the best corrosion
resistance in such severe environment. In order to clarify
the corrosion resistant difference, the surface
morphologies of the immersed samples were observed by
ESEM. Fig.2 shows the surface morphology of the
eroded samples. It is shown that the eroded surface of the
typical Fe-14Mn-5Si-9Cr-5Ni alloy is not smooth and
there are some eroded pits and cracks on the surface. But
after involving Cu, the surface of the alloy becomes
uniformly corroded, especially for the case with 1.5%Cu,
there are almost no corroded pits on the immersed
surface. Since the eroded pits and cracks will cause the
oxygen concentration difference and easily attract Cl

anions due to the accumulation of metal cations[17], they
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Table 1 Mass loss rates of Fe-14Mn-5Si-9Cr-5Ni alloys in 6%
FeCls solution at 25 °C for 12 h (gm >h ")

FeMnSiCrNi FeMnSiCrNi+0.8%Cu FeMnSiCrNi+1.5%Cu
76.60 44.78 32.54

Fig.2 ESEM morphologies of Fe-Mn-Si SMAs after being
immerged in 6% FeCl; for 12 h: (a) Fe14Mn5Si9Cr5Ni alloy;
(b) Fe14MnSSi9CrSNi +1.5% Cu

will act as the potential source of further corrosion. From
this test in CI” environment, Cu is an effective element to
enhance the corrosion resistance of Fe-Mn-Si alloys.

The improvement of corrosion resistant ability by
Cu addition is also reflected in the electrochemical
potentiodynamic measurement. Fig.3 shows the potentio-
dynamic polarization curves of three alloys in 3.5% NaCl
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Fig.3 Polarization curves of Fe14Mn5Si9Cr5Ni alloys in 3.5%
NaCl

solution. It is clearly seen that the positive potential of
the alloy is remarkably increased after involving Cu,
especially in the case of 1.5%Cu addition. At the same
time, it can be found that the alloys have the feature of
passivity in a relatively wide potential range and are
pitting-attacked at chemical breakdown potential, at
which the current density increases sharply. This means
that similar to austenite stainless steel, pitting corrosion
takes place for the Fe-Mn-Si-Cr-Ni alloys in solution
with CI".

3.2 Shape memory recovery

It is well known that the shape recovery of the
Fe-Mn-Si based SMAS is due to the transformation of
stress induced martensite e(HCP) form austenite y(FCC)
and its reverse transformation by heating. Therefore, it is
thought that, to get enough yield strength, the permanent
slip should be avoided in the austenite matrix of
Fe-Mn-Si based SMAs during the y—e¢ transformation
[3—5], which means that a shape change of a good SMA
must be accomplished by stress-induced martensite but
not by permanent slip. So one of the key points for
achieving a good SME in Fe-Mn-Si based SMAs is to
strengthen austenite and decrease the critical stress for
stress-induced martensite transformation. Fig.4 shows
the shape recovery of the alloys with and without Cu, in
which all of samples were deformed by 5% at room
temperature and heated up to 400 C. It can be seen that
Cu does not markedly affect the SME, which is not the
same as results of LI et al[15].
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Fig.4 Shape recovery vs temperature under 5% deformation

In order to understand the mechanism of the shape
recovery, the mechanical properties were investigated. It
is found that the yield strength and tensile strength are a
little decreased, and the elongation and the impact
toughness are somehow increased by Cu addition. It
seems to conform such a theory that the yield strength is
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one of the key factors correlative to the shape memory
recovery of Fe-Mn-Si based SMAs.

The y—e transformation of Fe-Mn-Si based SMA is
highly related to stacking faults and regular arrange of
partial dislocations. YAKUBTSOV et al[18] proposed a
method to estimate the stacking fault energy of FCC iron
based alloys, #=#nyt#st#m, Where 7, is the stacking fault
energy difference between FCC and HCP phase per unit
area, 75 is the energy arising from the alloying element
segregation to stacking faults and 7, is the magnetic
contribution to the stacking faults energy. In this case, 7,
is very small and the other two parts are mainly
considered. In the view of stacking fault energy, the
results infer that Cu seems to enhance the stacking fault
energy. When the more amount of Cu is involved, # will
increase due to the major effect of #, and #, contribution
will play a major role to energy increase at relatively
high levels of Cu. The difference between shape memory
effect of Fe-14Mn-5Si-9Cr-5Ni alloy with and without
Cu reflects the different influence on stacking fault
energy.

It is found that the formation of lamellar martensite
plates is the key factor to obtain good shape memory
effect[8], and training is an essential process to get fine &
martensite. Fig.5 shows the shape memory recoveries of
the alloys as a function of training cycles, in which
specimens were deformed at room temperature to a
plastic strain of 5.0%, followed by annealing at 870 K
for 10 min per cycle. It can be seen that after 4-times
trained, the maximum SME can be obtained. Fig.6 shows
AFM image on the microstructure of 4-times training
Fe-14Mn-5Si-9Cr-5Ni alloy, which confirms that the
regularly oriented and uniformly distributed lamellar ¢
martensites are stress-induced after training. Obviously,
such uniform fine and single-variant ¢ martensites are
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Fig.5 Shape memory recovery of Fel4Mn5Si 9Cr5Ni alloy vs
training cycles

Fig.6 AFM
Fel4Mn5Si9Cr5Ni alloy

of 4-times trained

image

sample of

easy to reversely transfer along the same path of former
transformation and therefore can improve the SME.

4 Conclusions

1) Electrochemical potentiodynamic measurement
and immersion test show that the alloying element Cu
can remarkably improve the corrosion resistance of
Fe-14Mn-58Si-9Cr-5Ni alloy in solutions with CI .

2) Mechanical properties and SME of Fe-14Mn-
5Si-9Cr-5Ni alloy are not markedly influenced by Cu
addition. With the amount of Cu increasing, the strength
and SME are decreased very which
correspondingly confirms that strengthening the austenite

slightly,

to improve yield strength is one of the key factors
correlative with the shape memory recovery of Fe-Mn-Si
based SMAs.
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