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Abstract: The solid-state refrigeration technology is expected to replace the traditional gas compression refrigeration tech-
nology because of its environmental protection, high efficiency, and energy saving characteristics. Among various competitive
solid-state cooling materials, Ni-Mn-based ferromagnetic memory alloys have received widespread attention due to their mul-
tifunctional properties such as magnetocaloric effect, elastocaloric effect, barocaloric effect, magnetoresistance, and magnet-
ic field induced strain, etc. In recent years, materials engineers and scientists have carried out a series of in-depth studies
on the thermal effects of Ni-Mn-based magnetic shape memory alloys and have obtained numerous research results. However,
the poor toughness and cyclic stability greatly limited their practical application in solid-state refrigeration region. This article
summarizes the influence of element doping, microstructure design and size effect on the strength and toughness of Ni-Mn-
based ferromagnetic shape memory alloys, where the mechanisms are also summarized. The pros and cons of different meth-
ods in Ni-Mn-based alloy toughness enhancement are compared. The main problems existing in orbital hybridization methods
are analyzed. The main research direction of Ni-Mn-based ferromagnetic memory alloy is prospected, which has important
theoretical significance and research value for promoting the application of Ni-Mn-based ferromagnetic memory alloy in vari-
ous fields.
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Fig. 1  Toughening effect of rare earth metal elements in Ni-Mn-based shape memory alloy: (a) the compressive stress-strain curves of

NiysCosMny;In ;_ Gd, alloys at room temperature

compressive stress-strain curves of Ni-Mn-Ga alloy and Th-added alloys

4711 (b) the compressive stress-strain curves of NigMnyoSn;;_ Th, alloys'*®; (¢) the

(1] ; (d) the compressive stress-strain curves of ternary Ni-Mn-Ga

and Ni-Mn-Ga-Nd aﬂ()ys[sz] ; (e) the compressive stress-strain curves of NisyMn,,Ga,,_ Dy, alloys at room temperalure[ss] ;3 (f) the com-

pressive stress-strain curves of NigyMn,yGa,,_, Y, alloys at room temperature

[57]
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Fig.2 Toughening effect of boron in Ni-Mn-based shape memory alloy: (a) schematic illustration of boron microalloying enhancing the mechanical

properties and cycle stability of shape memory alloys[64 ;

1

scanning electron fractographs of the Nis; sMnyIn;ss (b) and

(Nig, sMngsIngs s) g0 4Boe(c) 1 (d) temperature variation during cyclic loading, holding, and unloading of boron microalloying rein-

forced material ®; (e) compressive stress-strain curves for the (Nig; sMny;Ins 5 ) 00 B, (x=0, 0.1, 0.2, 0.3, 0.4, 0.6) alloys,

measured at A;+60 KI®); () ductility behavior of the Nis, Mn,g sGajo 5. B, (x=0, 1, 3) alloys under compression at room tempera-

ture[w] ;

Table 1

; (g) compressive stress-strain curves of (NigyMn,sGay, ) g0, B, alloys

*x1

Le1]

Ni-Mn EFARIZIZ A& L EE MEIRER
Toughening method, mechanism and effect of Ni-Mn-based shape memory alloy

Toughening method

Toughening mechanism

Ni-Mn-Ga alloy doped with Cu

Ni-Mn-Ga alloy doped with Cu

Ni-Mn-Sn alloy doped with Cu

Ni-Mn-Ga single
doped with Fe

crystal  alloy

Ni-Mn-Ga alloy doped with Fe

Ni-Mn-In alloy doped with Fe

Ni-Mn-Ga alloy doped with Co

Ni-Mn-Ga alloy doped with Cr and
Co

Ni-Mn-Ga alloy doped with Gd

Solid solution strengthening and toughening

Second phase strengthening and toughening
Second phase strengthening and toughening
Solid solution strengthening and toughening

Solid solution and second phase strengthe-

ning and toughening

Solid solution and second phase strengthe-

ning and toughening

Second phase strengthening and toughening
Second phase strengthening and toughening

Grain refinement strengthening and toughe-

ning

Toughening effect Ref.

Shape memory effect of 6. 2%, compressive plastici- 126]
ty of 22% , and compressive strength of 878 MPa
Compressive strain >70% , maximum compressive 1271
strength 785. 6 MPa, tensile strain 6. 2%
Breaking strength 1150 MPa [28]
Brittleness of the alloy is obviously improved, and 129]
the Vickers hardness is 6.4 GPa
Transgranular fracture, fracture toughness 18 N +mm ™2 [31]
Compressive strength 1200 MPa, maximum com-

. . [32]
pressive strain 15. 8%
Tensile strength 729 MPa, breaking strain 14. 1% [40]
NiysMnjgIn ;CosCr  alloy breaking strain 5%, "
NiysMn;51n ; CosCr, alloy breaking strength 550 MPa [41]
Shape memory recovery rate of Gd1 alloy is 100% , (43, 44]

and the maximum shape memory strain is 1. 9%
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ke
Toughening method Toughening mechanism Toughening effect Ref.
Ni-Mn-Sn and Ni-Mn-In alloys  Second phase strengthening and toughening,  Compressive strength increased from 448 to 707 MPa, [46]
doped with Gd fracture mode change compressive strain increased from 4. 5% to 9.0%
Ni-Co-Mn-In alloy doped with Gd S?C()m.i phase str(i:ngthening and toughening, C()mpres%ive elongation 15 8.8%, compressive (47
distorting the lattice strength is 992 MPa, 5.5 times that of undoped alloy
Ni-Mn-Sn alloy doped with Th Grfiin refinement a'nd second phase strength- C()rrilpr'essive strengt'h is 571. 8 MPa‘, and fracture (48]
ening and toughening strain is 22. 0%, higher than those of undoped alloy
Ni-Mn-In alloy and Ni-Mn-Ga al-  Second phase strengthening and toughening,  ThO. 4 alloy can withstand 622 MPa uniaxial stress; [49]
loy doped with Th changing the fracture mode of alloy Th1 alloy shape memory strain 2. 68%
Grain refinement and increasi in bound-
Ni-Mn-Ga alloy doped with Th T TETMEmETT and mereasing gram boun Th0. 3 alloy compressive strength 780 MPa [51]
ary strength
Enhancing the bonding force of the grai
Ni-Mn-Ga alloy doped with Nd rhanemg The bonding foree oF TE MM B eaking strain 6% [52]
boundary
Ni-Mn-Ga alloy doped with Dy Changing the fracture mode of alloy Dyl alloy compressive strain reaches its maximum [53-55]
Ni-Mn-Ga alloy doped with Y Seconfi phase strengthening and toughening,  The type of fracture changes from intergranular frac- [57]
changing the fracture mode of alloy ture to transgranular fracture
Ni-Mn-Tn-Co alloy doped with B Modifying al]oy' grain bounda-ry, second F‘-orm a structure similar.lo sub-grain, the average [59]
phase strengthening and toughening size of the second phase is 1 ~2 pum
Ni-Mn-In alloy and Ni-Mn-In-Fe  Enhancing the bonding force of the grai
A o.y and SrinTne rhanemsg e, o mg oree _0 ,e 8N decay of the elastocaloric effect after 150 cycles [63]
alloy doped with B boundary by microalloying, grain refinement
Ni-Mn-In-Cu alloy doped with B Second phase strengthening and toughening Stable for 100 cycles at 3% strain [2]
C sssive  fracture  strain 8. 7%, compressive
Ni-Co-Mn-Sn alloy doped with Al Reducing stacking fault energy ompressive Jracture st v, compresse [65]

strength 1050 MPa
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Fig. 3 Schematic of the stress distributions in the stress field surrounding

the grain boundaries (green lines) (a); schematics of relation-
ship between the compatibility at grain boundaries, the red letters
of “M” stand for the martensitic phase (b, c) ; optical images of

surface topography for the compressed samples (d, e) (70
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Toughening effect of the size effect in Ni-Mn based shape memory alloy: (a) schematic illustration of the size effect of Ni-Mn based ferromag-
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curves of the Niy, 5Cos sMnsy 5Sn,, s microwire measured during different cycles with increasing strain levels at room temperalure[go] 3 (d)
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