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In the studied PDS materials a two-way shape memory behavior can be induced by a
load - unload cycle performed in the martensitic state, i. e. essentially without special
training. These samples show significant enhancement in the magnitude of strain in-
duced by a magnetic field.

Introduction

Beginning from 1996 when Ullakko and co-worker [1] reported on magnetic-field-
induced strain of about 0.2% in a non-stoichiometric Ni- Mn-Ga single crystal, the research in
this field has attracted considerable attention due to a great technological potential of this ef-
fect. Later this phenomenon was found in other compounds exhibiting shape memory effect
when in the ferromagnetic state, such as Fe-Pd and Fe-Pt [2, 3]. Whereas Fe-Pt and Fe-Pd
show magnetic-field-induced strains not exceeding 1%, in Ni-Mn-Ga single crystals the val-
ues of magnetic-field-induced strains can be as large as 6% [4]. The mechanism of this
phenomenon is believed to be a redistribution of different twin variants under action of a
magnetic field [5]. Since these giant magnetostrains are obtained by means of application of
comparatively low magnetic fields (less then 1.5 T), they are easy suppressed by an external
stress. For instance, the 6% field-induced strain was completely blocked by a compressive
stress of order 2 MPa [4]. This suggests that the giant magnetostrains arising from the process
of twin-boundary motion might be useful for large stroke/small force applications.

Another way to obtain a large magnetic-field-induced strain in ferromagnetic shape
memory materials is a shift of the martensitic transition temperature caused by a magnetic
field [6, 7]. However, in this case the magnitude of the applied field must be large in order to
overcome the temperature hysteresis of martensitic transformation. From general
consideration, it can be expected that the maximum achievable strain in this case is equal to
the striction of the transition or even more if material is trained for a two-way shape memory
effect. The work output has to be large (as in conventional shape memory alloys), which can
be useful for mediate stroke/large force applications.

From the point of view of widespread use of magnetic-field-induced strain (MFIS)
observed in ferromagnetic shape memory alloys, there is a need to investigate polycrystalline
materials. For this purpose we have studied Ni2.i8Mno.82Ga alloy prepared by a Pulse
Discharge Sintering (PDS) process.

Samples preparation and measurements

Ingots of Ni2.i8Mno.8&2Ga were prepared by arc-melting of high-purity initial elements.
The ingots were annealed at 1100 K for 9 days and quenched in ice water. A part of the arc-
melted ingots was used to fabricate PDS samples. For this the arc-melted ingots initially were
crushed into particles and ground into fine powder with a particle size less than 53 pm.
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Meshed powder was filled in a
graphite die with two graphite punches.
The die was set in a pulse discharge
system (Sodick Co., Ltd).

The pulse discharge system was
evacuated to a vacuum of 3 Pa prior to
the sintering process. At the beginning
of the sintering, a pulse current of 800
A was charged for 30 s and then the dc
and load were applied by a temperature
and  pressure control program.
Maximum pressure and temperature
during the PDS process were equal to
80 MPa and 1173 K, respectively.

Strain (%) Disc-shaped billets with thickness of 6
mm were sintered. Samples with
dimensions of 3x3x6 mm were spark-
cut from the billets. Temperature and
magnetic field dependencies of strain were measured by a strain gage technique. Stress-strain
measurements were done at room temperature by an Instron machine. X-ray diffraction meas-
urements performed in a wide temperature range showed that a high-temperature austenitic
structure has a cubic modification whereas the low-temperature martensitic phase has a com-
plex tetragonally based crystal structure.

Fig, 1 Curves of compression test for a PDS sample
(curve 1) and arc-melted sample (curve 2).

Results and discussion

The results of compression tests for Ni“ieMno 82Ga prepared by the PDS method and by
a conventional arc-melting technique are shown in Fig. 1. The compression tests were done at
room temperature with the same speed of compression for both samples. The comparison of
these curves clearly indicates that the PDS material shows higher yield strength than the arc-
melted one. This characteristic is of importance for practical applications, and it makes the
PDS materials more attractive in this sense.

Figure 2 shows temperature dependencies of strain measured in a Ni2.i8Mno.82Ga PDS
sample at cooling and heating in zero and 5 T magnetic fields. In zero magnetic field the sam-
ple length monotonously increases upon heating up to the onset of the reverse martensitic
transformation, As = 343 K. The martensite - austenite transformation is accompanied by a
rapid increase in the sample length, which flattens out at austenite finish temperature A? -
357 K. Subsequent cooling results in the direct martensitic transformation at Ms - 342 K,
which is accompanied by a shortening of the sample. As evident from Fig. 2, the striction of
the transition is approximately 0.18%.

The temperature dependencies of strain measured in a 5 T magnetic field revealed that
the striction of the transition remains essentially the same as in the case of the measurements
without magnetic field. Comparison of the measurements performed in zero and 5 T magnetic
fields leads to a conclusion that the application of the magnetic field results in an upward shift
of the characteristic temperatures of the martensitic transition with a rate of about 1 K/T.

This value agrees very well with the results reported for polycrystalline Ni2-*Mni*Ga
prepared by arc-melting [7]. An interesting feature of the PDS samples is that the two-way
shape memory behavior can be induced in these materials by a simple loading - unloading
cycle. This feature is presented in Fig.f3. Indeed, the increase in the length of the sample
caused by the martensitic transition is approximately 0.18% in the case of a sample which was
not subjected to compression. Another sample cut from the same ingot was compressed for



2% at room temperature in the martensitic state. After unloading the residual deformation was
approximately 1.2% (Fig. 1). The sample restored approximately 75% of its initial length
upon the first heating, showing shape memory effect. The subsequent cooling - heating proc-
ess revealed that the change in the length associated with the martensitic transformation in-
creased in two times as compared with uncompressed one and reached 0.4%. It is also seen
from Fig. 3 that the change in slope of the curves at the characteristic temperatures of marten-
sitic transformation in the compressed sample becomes less pronounced than in the compres-
sion-free sample. Further themocyclings demonstrated that this compression-induced two-
way shape memory effect (TWSME) does not degrade and the 0.4% change in the length of
the sample is very well reproducible at least up to the tenth heating - cooling cycle. It is worth
noting that a well-defined two-way shape memory effect has been also found recently in Ni-
Mn-Ga thin films [8].

Temperature (K) Temperature (K)

Fig. 2. Temperature dependencies of strain in a Fig. 3. Compression-induced two-way shape

Ni21sMno.82Ga PDS sample measured in zero and memory effect in a Nij isMi*Ga PDS sample

5T magnetic fields. (curve 2). Curve 1 represents temperature
dependencies of strain for a stress-free sample

To study this compression-induced two-way shape memory behavior in more detail,
several Ni2i8Mno.82Ga PDS samples were compressed for values of strain from 1 to 6 %.
After unloading the residual deformation in these samples was from 0.4 to 4%, respectively.
The behavior of the samples upon the first heating process was found to be dependent on the
value of the residual strain. Thus, the sample with 0.4% residual strain showed a perfect shape
memory effect whereas the sample with the largest residual strain did not exhibit shape
memory effect which means that the residual deformation in this sample was essentially
plastic one. The TWSME was found only in the samples compressed for 2 and 3%. Together
with the observation that the sample compressed for 2 and 3% did not revert the original
shape completely after the first heating, this fact evidences that the TWSME appears when
applied stress exceeds some critical limit which is enough for occurrence of irreversible slip.
It can be suggested that it arises from a strain field of dislocations induced during
compression.
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It should be noted, however, that the strain of about 0.12% is not perfectly recovered.

Fig. 4 shows that when we remove magnetic field and change its polarity, the reversible MFIS

is equal to 0.06%. This value of MFIS is reversible for many cycles of application and
removal of the magnetic field.

Conclusion

In conclusion, the most interesting findings of this study are that the two-way shape
memory effect can be induced in PDS materials by an ordinary compression of the materials
being in the martensitic state. The samples with TWSME show a significant enhancement in
the magnitude of MFIS observed in the temperature interval of martensitic transformation.
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MOJENMNPOBAHUE MAACTUHYATbLIX N CTEPXXHEBbIX 9/IEMEHTOB
KOHCTPYKLWIN KOPTOBOW PAANOSNEKTPOHHOW AMMAPATYPbI

PowuH K. B.
Ky6aHckuii rocyaapcTBeHHbI TeXHON0rM4Yecknii yHneepcuTeT, KpacHogap

K paspabaTbiBaeMoii B HacTosliee BpeMs 6GOPTOBOV pafM03NeKTPOHHOW annapatype
(P3A) (camoneTHoii, 6pOHeTaHKOBOI, aBTOMOGUNBLHOW) NMPeAbABAATCA BbICOKME Tpe6oBa-
HMA MO BPEMEHMW 3KcMmayaTauun annapatypbl, B TeYeHUe KOTOPOro OHa [O/KHA COXPaHATb
paboTocnoco6HOCTb.

[Ona obecneveHns AanTenbHOW paboTocnocobHOCTU paanoanemeHTos (P3J) Tpebyertcs
npeABapuUTENbHbIN aHanM3 MexaHWYecKWX XapaKTepucTUK KOHCTPYKLMIA 610Ka U neyaTHOro
y3na (MY), npeactaBneHHbIX B BUAE COBOKYMHOCTW MAACTUHYATLIX W CTEPXHEBbIX 3/1eMeH-
TOB, C LieNbl0 ONpeAeneHns napameTpoB BUOPaLMOHHbLIX BO3feACTBUIA Ha PO, a 3aTeM aHa-
N3 MeXaHUYeCKUX XapakTepucTuK P C LeNblo onpefeneHns BPemMeHW [0 YCTaNoCTHOro
paspyLlleHus BbIBOAOB, YTO, B KOHEYHOM WTOre, HYXHO A8 MPUHATUS PeLleHns 0 HeobXo-
aumMocTn obecneyeHus ANUTENbHON paGoTocnoco6HOCTM PO npu BUGPALMOHHbIX BO3AEACT-
BUAX.

Takum 06pa3om, B HacTOALLEee BPeMA BeCbMa akTyanbHa 3afiaya MaTemMaTMyecKoro mMo-
nenupoBaHus PO B cocTaBe 6/10KOB 60pTOBOI PIA ans aHanusa gimTenbHo paboTocnoco6-
HOCTW P3 npun BUOPaLMOHHbIX BO3AENCTBUAX.

Mcnonb3yemble B HacTOsLLEe BPEMA METOAbl MU MOJenU [ANf aHaim3a MexaHU4yecKux
XapakTepuCcTUK KOHCTPYKLMA POA, nakeTbl NPMKNaAHbIX NPOrpaMM, CO3AaHHble Ha UX OCHO-
Be, a TaKXe MeTOAWKM AN aHanu3a u 06ecrneyveHns MexaHW4eCKUX XapakTepUCTUK KOHCT-
pyKunii POA NpuMeHsTb AN OUEHKU ANUTENbHO paboTocnoco6HOCTM P B cocTaBe 6/10KOB
POA npu BMGPaLMOHHBLIX BO3AE/CTBUAX NPAKTUYECKM HEBO3MOXHO. B HMX mpefycmoTpeH
TONbKO pacyeT MeXaHW4ecKUX HanpsXXeHW B BbIBOAAX OTAENbHbIX KOHCTPYKLUIA P3, HO OT-
CYTCTBYET BO3MOXHOCTb fiN1 OLLeHKN BPEMEHW [10 YCTaNOCTHOrO pa3pyLleHns BbiBoAos PO.

OTCYTCTBYIOT pacyeTHble Mofenu P3, Mo3sBonslolmMe NPOBECTU OLEHKY BPEMEHU [0
YCTaNIoCTHOrO pa3pyLlUeHns BbIBOOB P3, KOTOpble 3aBUCAT OT BapuaHTa yCTaHOBKMW, MaTe-
pnana, reoMeTpUMYecKnx pasmepoB UM (HOPMOBKM BbiBOAOB. OTCYTCTBYIT HE06XOAMMble pac-
YeTHble Mofenu 610K0B, MNO3BONAKOLLME C AOCTATOYHOW ANA WHXKEHEPHbIX PacyeToB TOYHO-
CTbIO NONY4YUTbL Napame3pbl BUOPALMOHHBIX BO3AeiCTBUIA Ha I1Y n PJ, ycTaHOBNEHHble Ha
CTeHKax 6/710Ka, He MPOBOAA MOMHOr0 aHanusa 6noka.

B CBA3M C BbILLEN3TOXKEHHBIM, B MOeil paboTe CHOpMynMpoBaHa 1 peluaeTcs akTyanb-
Has HayuyHas 3afaya MOAENMNPOBAHUA NNACTUHYATBLIX U CTEPXKHEBbLIX 3/IEMEHTOB KOHCTPYK-
Lnit 6opToBOi POA ANS OLUEHKM BPEMEHM A0 YCTaNOCTHOMO paspyLleHus BbiIBOAOB PO B CO-
cTaBe 6710K0B 60pTOBOI POA npun BUOGPALMOHHbIX BO3LENCTBUAX.



