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ABSTRACT

The functional properties, thermomechanical stability, ductility and shape memory effect of four types of
two-phase NiMnGa-based high-temperature shape memory alloys were investigated, including
Ni56+XMn25Ga19,X (X= 1, 2, 3, 4), NiSGMD25,yFeyGH1g (y=4, 8, 12, 16), Ni55MH25,ZCOZG319 (Z=4, 6, 8)
and NisgMnys_wCu,Gage (W=2, 4, 8) alloys. It is found that NisgMn,s_,Fe,Ga;q alloys (y >4) exhibit
the most excellent thermomechanical stability with no ¥’ precipitates after thermomechanical cycling.
Results further show that different alloying elements (Ni/Co/Cu/Fe) have different effects on the mechan-
ical properties of both y phase and corresponding two-phase NiMnGa-based alloys, which are closely
related to the thermomechanical stability, ductility and shape memory effect of these alloys. The strength
of Ni-Mn-Ga alloys decreases obviously with the addition of Fe, and the ductility of the alloys is
effectively improved due to the formation of the most ductile y phase with the lowest strength in
NisgMnys5_,Fe,Ga;q alloys. Particularly, Fe addition significantly improves shape memory effect of
Ni-Mn-Ga alloys. As a result, two-phase NisgMn,s_,Fe,Ga;q alloys exhibit the most excellent and stable

functional properties as potential high-temperature shape memory materials.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recent investigations have shown that the ductility of polycrys-
talline Ni-Mn-Ga shape memory alloys (SMAs) can be effectively
improved through formation of ductile fcc y phase by either
increasing the concentration of Ni content or by alloying with ele-
ments such as Co, Cu and Fe [1-5]. These “modified” two-phase
NiMnGa-based alloys are found to possess a good combination of
moderate ductility, shape memory effect (SME) and high martens-
itic transformation (MT) temperature, which form a promising new
class of low-cost high-temperature shape memory alloys (HTS-
MAs). When technical application is concerned, being potential
HTSMAs, the thermal stability of these two-phase NiMnGa-based
alloys have been investigated [6]. The previous results showed that
two-phase Ni-Mn-Fe-Ga HTSMAs exhibited the excellent thermal
cycling stability [6]. However, many practical applications require
that SMAs can function stably at high temperatures with several
thermomechanical cycles, requiring that HTSMAs have to possess
stable and reliable the stability of MT and SME. To date, due to
their poor ductility, the thermomechanical cycling tests of ternary
polycrystalline Ni-Mn-Ga SMAs can hardly be carried out and
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have never been reported. On the other hand, addition of alloying
elements (Ni/Co/Cu/Fe) into Ni-Mn-Ga alloys can significantly im-
prove their ductility [1-5], thus making it possible for us to assess
their thermomechanical cycling stability. This article is to present
the results of thermomechanical cycling of two-phase NiMnGa-
based SMAs and the effect of alloying elements (Ni/Co/Cu/Fe) on
their thermomechanical stability and SME.

Previous investigations have shown that alloying elements (Ni/
Co/Cu/Fe) play a critical role in determining the ductility and SME
of two-phase NiMnGa-based alloys [1-5]. The improvement in al-
loy ductility is due to the formation of ductile y phase. Results fur-
ther show that the volume fraction, distribution and morphology
of v phase and its mechanical properties play an important role
in the ductility and SME of these two-phase HTSMAs. However,
to date, the attempts to achieve an optimized combination of duc-
tility and SME through alloying are mainly from a trial-and-error
approach. Therefore, for effective alloy design, we also need to sys-
tematically investigate the effect of y phase on the ductility and
SME of these alloys in order to gain in-depth understanding.

In the present study, in order to obtain two-phase microstruc-
tures (i.e. martensite and y phase) with various amounts of vy
phase, four types of two-phase NiMnGa-based HTSMAs were
prepared based on single martensite NisgMnysGajg master alloy
(denoted as Ni56 in this study) and alloyed with different amounts
of Ni/Co/Cu/Fe [1-4]. The designations and chemical compositions
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Table 1
Designations and chemical compositions of studied alloys.

System  Designation Chemical formula Chemical composition (at.%)

Ni Ni57 NisgxMnzsGagg_x Nis;MnysGagg (x=1)
(x=1,2,3,4)
Ni58 NisgMnysGag7 (x =2)
Ni59 NisgMn;s5Gaie (X = 3)
Ni60 NigoMn,sGags (x =4)
Fe Fe4 NisgMnys_,Fe,Gaig NisgMny FesGaig (y = 4)
(y=4,8,12,16)
Fe8 NisgMn;,FegGajg (v = 8)
Fel2 NisgMnq3Fe2Gag (y = 12)
Fel6 NisgMngFe;6Gaig (y = 16)
Co Co4 NisgMn,s_,Co,Gajo NisgMny;Co4Gaqg (z=4)
(z=4,6,8)
Co6 NisgMn;9CogGayg (z = 6)
Co8 NisgMn;7CogGaig (z = 8)
Cu Cu2 NisgMnys_,,Cuy,Gajg  NisgMnysCuyGagg (w=2)
(w=2,4,38)
Cu4d NisgMny1CusGagg (W =4)
Cu8 NisgMn;7CugGagg (W = 8)

of studied alloys are given in Table 1. In this work, in order to
achieve an optimization between thermomechanical stability,
ductility and SME of the alloys, we have systematically character-
ized the vy phase (including volume fraction, distribution, morphol-
ogy and ductility), the strength of the alloys and y phase, the
precipitate, and have correlated them to the thermomechanical
stability and SME of the alloys.

2. Experimental procedure

Four types of two-phase NiMnGa-based HTSMAs were prepared by arc melting
(Table 1). The purities of the nickel, manganese, gallium, iron, cobalt and copper
were 99.9%, 99.7%, 99.99%, 99.9%, 99.9% and 99.9%, respectively. Each button of
about 40 g was remelted five times to ensure the homogeneity. The ingots were
then sealed into vacuum quartz ampoules and annealed at 900 °C for 36 h followed
by quenching into ice-water.

Cylindrical specimens (¢3 mm x 5 mm) were cut from the center of the
quenched buttons and were subjected to thermomechanical cycles. Before each
thermal cycle, the sample was compressed to a pre-strain of 6% using INSTRON
5569 at a crosshead speed of 0.2 mm/min, and then followed by one thermal cycle
through phase transformation temperatures. Thereafter, the sample was again de-
formed to 6% under compression followed by the second thermal cycle. Such ther-
momechanical procedure was repeated for four times and, before the fifth thermal
cycle, the sample was not pre-strained. The thermal cycling tests were performed
on a Thermomechanical Analyzer (TMA 2940, TA Instruments) at a rate of
10°Cmin~" for both heating and cooling. The temperature range for thermal cy-
cling was between 300 °C and 800 °C for alloys of Ni system, Cu system and Co sys-
tem, between 200 °C and 700 °C for Fe4 alloy, between 100 °C and 600 °C for Fe8
alloy, between 50 °C and 600 °C for Fe12 and Fe 16 alloys, respectively, depending
on the transformation temperatures of each alloy. The SMEs were calculated using
the dimensional change of the samples before heating and after reverse transforma-
tion after the removal of length change due to thermal expansion, as highlighted by
the colored arrowed bars in Fig. 1. The details of the calculation are as follows. The
lengths of the specimens were measured before loading (lp), after unloading (I;) and
after thermomechanical cycling (I,). The residual strain after unloading (¢,) and the
SME (&smg) were calculated as: &= (lp — I1)/lo x 100%, and &gy = (I — 11)/lp x 100%,
respectively. The recoverable rates were calculated as: R = (&smg/&r)-

After thermomechanical cycling, several plate-shaped specimens were further
cut from the thermomechanically tested specimens for microstructural observa-
tions by optical microscope (OM) using Leica DMI 5000 M. Samples for microscopic
observation were mechanically polished and chemically etched in a solution of
99 ml methanol + 2 ml nitric acid + 5 g ferric chloride. In this work, the each phase
compositions were determined using an energy-dispersive X-ray spectrometer
(EDX) analysis directly from these phases, and each composition data presented
is an average value of five measurements. The mechanical properties were carried
out by tensile tests using a Galdabini Sun 2500 machine at a crosshead speed of
0.2 mm/min. The gauge size of the tensile specimen was 3 mm wide, 0.5 mm thick
and 7 mm long. In the present study, the volume fractions of y phase and martens-
ite were obtained by the previous investigation in Ref. [6], in which they were
experimentally determined by the optical imaging and analysis system using Leica
DMI 5000 M.

3. Results
3.1. Transformation temperatures after thermomechanical cycling

Fig. 1 is the TMA curves of partial two-phase NiMnGa-based al-
loys during four thermomechanical cycles, including Ni57 and
Ni60 alloys in Ni system, Cu2 and Cu8 alloys in Cu system, Co4
and Co8 alloys in Co system, Fe4 and Fe12 alloys in Fe system. In
order to understand the effect of thermomechanical cycling on
the transformation temperatures, the 5th TMA test was carried
out without applying a pre-strain after four thermomechanical cy-
cles. The results of the 5th TMA cycle are highlighted in the insets
in each figure, where Mgs, Mgs, Ass and Ags are the starting and fin-
ishing temperatures for martensite and austenite transformations
respectively. The austenite starting temperatures (Ass) during the
5th cycle are summarized in Table 2. For comparison, the austenite
starting temperatures (As) of the samples without pre-strain
(determined by DSC) [1-4] are also given in Table 2. The shifts in
austenite transformation temperature after thermomechanical cy-
cling (ATf{S = Ass — As), are presented in Table 2. The effect of alloy-
ing element (Ni/Co/Cu/Fe) on AT, is shown Fig. 2.

From Fig. 2, it can be observed that the temperature shifts are
different for different types of alloys. It is noted that there are
two types of shifts in transformation temperatures. The first one
is AT3, < 0, which includes alloys in Ni system, Co system, Cu sys-
tem and Fe4 alloy. These alloys exhibit a large decrease in A tem-
peratures after thermomechanical cycling. The second one is
AT, > 0, which includes alloys of Fe system (y >4). Moreover,
for the alloys of Fe system with more than 8 at.% Fe, ATfZS decreases
with increasing Fe content and nearly reaches to zero for 16 at.% Fe
addition. These results are somehow similar to the observations on
the same alloys after pure thermal cycling [6]. However, for Fe4 al-
loy the difference in temperature shift (AT3) is significant: it is
—37°C after thermomechanical cycling, whereas there was no
apparent change after pure thermal cycling [6].

3.2. SME during thermomechanical cycling

The residual strains (&,), shape memory effects (&spe) and recov-
ery rates (R) are summarized in Table 3. Fig. 3 presents the effect of
Ni/Co/Cu/Fe content on the SME during four cycles. It can be ob-
served that the SME differs significantly among different types of
alloys. In Ni, Co and Cu systems, when x < 2, z=4 and w < 4, these
alloys possess relatively good SMEs. However, with further
increasing Ni/Co/Cu content (x/z/w), including Ni59, Ni60, Co6,
Co8 and Cus8 alloys, the SME becomes very poor (<1%). Even after
the 1st cycle, the SME nearly vanishes in Co8 and Cu8 alloys. On
the other hand, in some alloys of Fe system, good SME is observed,
however, it decreases with increasing Fe concentration. Overall, al-
loys from Fe system possess the best SME as compared to other al-
loy systems.

3.3. Microstructure evolution during thermomechanical cycling

Fig. 4 shows the microstructures of Co8, Cu8, Ni60, Fe4, Fe12
and Fel16 alloys after thermomechanical cycling. Comparing with
the initial microstructures prior to thermomechanical cycling [6],
the martensite grain boundaries become coarse as indicated
by the red arrows in Fig. 4. A large amount of precipitates are pres-
ent in Co8, Cu8 and Ni60 alloys as shown by the white arrows. The
precipitates distribute in martensite as well as at the boundaries
between different martensite variants in Co8, Cu8 and Ni60 alloys
and also in vy phase in Ni60 alloy. These results suggest that the
thermomechanical cycling has high tendency to cause the forma-
tion of precipitates. It is also noticeable that a large amount of
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