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ABSTRACT

Ni-Mn-based multiferroic phase transformation materials are emerging as one of the most
promising candidates in the field of solid-state refrigeration. However, the high intrinsic brittleness
and the narrow working temperature region of these alloys limit their practical applications. Here, we
demonstrate a composition design strategy for B doping in Ni-Co-Mn-Ti alloys, which
simultaneously improves mechanical properties and maintains giant successive caloric effects with a
broad working region near room temperature. Our results reveal that the original Ti-rich second phase
in the Ni-Co-Mn-Ti alloys has little contribution to the mechanical properties, while the grain
refinement and grain boundary strengthening mechanisms formed by the doping of B can ensure
excellent mechanical properties. Through composition optimization, the (Ni37Co13Mn34Ti16)98.5B1.5
alloy prepared by arc melting can exhibit excellent mechanical properties and functional behavior.
The fracture compressive strength and strain can reach up to 1553 MPa and 17.7% at 290 K,
respectively. Besides, the maximum magnetic entropy change induced by a 7 T magnetic field is 40.3
J-.kgl.K!, and a large elastocaloric adiabatic temperature change of 18.0 K can be yielded by
applying a stress field. A combination of magnetocaloric and elastocaloric effects can achieve a broad
working temperature region of over 90 K.

Keywords: Ni-Co-Mn-Ti-B Heusler alloy; Martensitic transformation; Mechanical properties;

Magnetocaloric effect; Elastocaloric effect

1. Introduction



The solid-state refrigeration technique has become an imperative technology in contemporary
society, because of its energy-efficient and it does not produce greenhouse gases, it is regarded as a
promising alternative technique to conventional vapor-compression refrigeration [1-3]. In recent
years, the main emerging solid-state refrigeration techniques based on the caloric effects are the
magnetocaloric effect (MCE) [4-7], elastocaloric effect (eCE) [8-11], electrocaloric effect (ECE)
[12], and barocaloric effect (BCE) [13-15] refrigeration. These caloric effects originate from the latent
heat generated during phase transition of solid-state refrigeration materials induced by different
driving fields. Currently, most solid-state refrigeration materials exhibit only a single-caloric effect
with a narrow working temperature region. In order to broaden the working region of caloric effect
materials, researchers have focused on multiferroic materials. The expectation is to combine the
different caloric effects of the materials to achieve the combined caloric effects to widen the working
temperature region. Ni-Mn-based Heusler-type shape memory alloys can combine ferroelastic and
ferromagnetic order, and display intriguing multicaloric effects (eCE, MCE, and BCE). This offers
an unique possibility for developing new solid-state refrigeration materials [16-18].

At present, researchers have conducted extensive studies on various Ni-Mn-based Heusler
alloys. Hu et al. [19] simultaneously found eCE and MCE in directionally solidified Ni49sMn2sGazz.s
alloy and doubled the working temperature region by combining eCE and MCE. Qu et al. [20] have
reported that the Nis3CosMn4oSni; alloy achieved a large elastocaloric adiabatic temperature change
(ATag) of 7.1 K under a stress of 550 MPa. In addition, the reversible magnetic entropy change (&®S,,)
of this alloy under magnetic field changes of 5 T is 19.3 J-kg'!-K'!. Li et al. [21] demonstrated that a
giant AT.q of up to 19.7 K is obtained in directionally solidified NisoMn3sIn;s alloy on removing a
stress of 350 MPa, and the maximum ®S,, can reach 22.9 J-kg'!-K"! under the field changes of 5 T.
The above studies suggest that both MCE and eCE can be observed in Ni-Mn-based Heusler alloys,
and a broad working temperature can be achieved by combining these two types of caloric effects.
Nevertheless, the inherent brittleness of these alloys jeopardizes their functional behavior for practical
applications, and their mechanical properties remain poor even after special processes such as
directional solidification or single crystal growth [8, 21].

Recently, Ni-Mn-Ti-based all-d-metal alloys have been widely studied as a novel Heusler alloy.
This alloy system has both excellent mechanical properties and large eCE during stress-induced phase
transformation [22-24]. However, the Ni-Mn-Ti alloy doesn’t possess significant MCE as the other
conventional NiMn-based alloys since both the austenite and martensite exhibit weak magnetism. To
introduce the MCE in Ni-Mn-T1i alloy, some researchers have tried to dope with the Co element [25-

27]. Although Co doping can establish the magnetostructural coupling in the Ni-Mn-Ti alloys, the



doping of Co considerably weakens the eCE and mechanical properties of alloys [29]. In order to
improve the mechanical properties of Ni-Co-Mn-Ti alloys for practical applications, some special
processes are still required. This will considerably increase the cost and process steps for alloy
preparation. Therefore, the preparation of low-cost Ni-Co-Mn-Ti alloys with combined caloric effects
and excellent mechanical properties is a great challenge.

In the present work, we have greatly improved the mechanical properties of the Ni-Co-Mn-Ti
alloys by doping with the B element while maintaining a giant MCE. Besides, the doping of B can
also tune the martensitic transformation (MT) temperature and Curie temperature (7¢), enabling the
combination of MCE and eCE for the alloy to achieve a successive caloric effect. Especially, the
(Ni37C013Mn34Ti16)98.5B1.5 alloy simultaneously possesses excellent mechanical properties and a large

combined caloric effect with a wide working temperature region of over 90 K.

2. Experimental methods
To study the effect of boron doping on the mechanical properties and caloric effects of the

(Ni37C013Mn34Ti16)100-:Bx (x = 0~3) alloys, polycrystalline ingots were synthesized by arc melting
under the high-purity argon atmosphere (for the convenience of description, these alloys were denoted
as  CouisTiie, (Coi3Tiie)Bo2, (Coi3Tiie)Bos, (CoisTiie)Bos, (Coi3Tiie)Bos, (CoisTiie)Bio,
(Co13Ti16)B1.s, (Co13Tii6)B2o, and (Co13Ti16)B3.o, respectively). For homogeneity, these ingots were
annealed at 1223 K for 2 days followed by quenching into cold water. The crystal structure of alloys
was conducted on powder X-ray diffraction (XRD) employing Cu-Ka radiation. The microstructure
of the specimens was characterized by a scanning electron microscope (SEM) equipped with an
energy dispersive spectrometer (EDS). Transmission electron microscopy (TEM) was performed to
characterize the crystalline structure and microstructure of the samples. Differential scanning
calorimetry (DSC) was used to measure the characteristic temperatures of the reversible martensitic
transformation (My, My, Ay, and Ay). The measurements of the magnetic properties were carried out
using a Quantum interference device (MPMS-3). Samples of 3 x 4 x 6 mm® were cut in the center of
the polycrystalline ingots for the compression tests. The AT.s values of loading and unloading the

external stress were directly monitored using a K-type thermocouple at RT.

3. Results and discussion
3.1. Martensitic transformation and crystal structure

To investigate the effect of doping with boron on MT and crystal structure in the
(N137C013Mn34T116)100Bx alloys, the DSC and XRD analyses were carried out on the alloy, as
displayed in Fig. 1 and 2. Fig. 1 shows that the endothermic and exothermic peaks of the reversible
MT for alloys can be observed in the heating and cooling processes. It is seen that the MT temperature

gradually increases with the increase of B content. For Ni-Mn-based Heusler alloys, the electron
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concentration (e/a) is an important parameter for assessing the MT temperature. In general, the larger
ela corresponds to a higher MT temperature [7, 9]. To further analyze the e/a of the alloys, the
compositions of the matrix and second phase were determined by EDS and wavelength dispersive
spectrum (WDS), as displayed in Table 1. The primary reason for the change of e/a is caused by the
formation of a second phase with doping of B. The increase of e/a for the matrix as a result of the B-
rich second phase that formed, which leads to an increase in the MT temperature. Besides, the phase
transformation entropy change (®S;) of the (Niz7Co13Mn3z4Tii6)100-.Bx alloys increases with the

increasing B content, the reason for this phenomenon will be discussed later in Section 3.3.
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Fig. 1. (a) DSC curves of the martensitic transformation for (Ni37Co13Mn34Tii6)100--Bx alloys; (b) and (c) show the
reversible martensitic transformation temperature (My, My, Ay, and Ay) and the transformation entropy change ®S;,
respectively, as a function of B content.

Table 1. Actual compositions of the matrix and second phases for (Ni37C013Mn34Ti16)100-+Bx alloys.

B content Matrix composition (at.%) e/a Second phase (at.%)
Ni Co Mn Ti Ni Co Mn Ti B
Coi3Tiie 36.48 13.30  33.89 16.33 7.87 4.84 2.37 5.47 87.32 —

(Coi3Tiie) Bo2  36.93 13.02 3390 16.17 7.88 0.55 0.19 1.06 3138  66.82
(Coi3Tiie) Bos  36.88 13.07  34.18 15.87 7.89 0.99 0.31 0.96 30.84  66.90
(Co1sTie) Bos  37.04 1329  33.81 15.86 7.90 1.50 1.05 241 27.03  68.01
(Coi3Tiie) Bos  37.15 13.12  34.02 15.71 7.91 2.34 1.34 2.93 26.19  67.20
(CousTiie) Bi2  37.29 13.04  34.25 15.42 7.92 2.36 1.43 3.17 2727  65.77
(Co13Tii6) Bis 3746  13.06  34.18 15.30 7.93 2.38 0.91 2.93 28.53  65.25
(Co1sTiie) B2o  37.63 1299 3427 15.11 7.94 2.44 1.29 2.12 28.68  65.47
(CoisTiie) Bzo  37.82  13.13 3439  14.66 7.96 2.06 1.34 2.07 29.27  67.26

Fig. 2 presents the secondary electron images for the Coi3Tiis, (Co13Tii6)Bos, (Co13Tiie)Bis,
and (Co13Ti6)Bso alloys. It can be seen that there are two types of second phase in the
(Ni37C013Mn34Ti16)100-.Bx alloys. When the B content increases, the amount of the Ti-rich second

phase decreases, and the amount of the B-rich second phase increases. The amount of Ti-rich second
4



phase in the original Coi3Tii6 alloy reduces due to the formation of the B-rich second phase with a B

to Ti ratio of about 2 to 1 after B doping.
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Fig. 2. Second electron images of Co13Tiis, (Co13Tii6)Bos, (Coi3Tiis)Bis, and (Coi3Tiis)Bso alloys at RT.

To ascertain the crystal structure of (Ni37C013Mn34Ti16)100-.Bx (x = 0~3) alloys, the powder XRD
experiments were conducted at RT and the patterns were shown in Fig. 3. As indicated from the
diffraction peaks, the structure of B2 austenite and 5-layer modulated (5M) martensite can be indexed.
The austenite diffraction peaks correspond with B2 crystal structure when the B content is less than
1.2 at.%, confirming that the MT temperature is below RT. With a continued increase in the B content,
the diffraction peaks of SM martensite emerges, suggesting a shift in MT temperature to higher
temperatures. The XRD results are in good agreement with the DSC data.

(a) (2200A (b) (2200A
Coy;Tiy, l (400)A {42}%){\
(Coyy T B, « {(122)A
400)A
— (Coy 11, B, i e JJL-;_. . A A
5: A - . =
< l s
.;,_." (Cop3Ti B, 4 N i é‘-
% g (Coy,yTiyg)B.
=1 = O13lhyg)20
= (Co,.Tiy)By l . R=| J " A I
22 =
(Co,.Ti,)B L 22 E‘E z g
o, 11 = - = =
15 1By g ~ ki %g;\ )—'./':‘;' % 52_
(Coy,Tiyg)B, )
——(Co,Ti, B, , 1 L .JH%\M A [ .k l
I 1 T T T A L L L I . L
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 920
2 theta (%) 2 theta (%)

Fig. 3. XRD patterns of (Niz7Co13Mn34Ti16)100-<Bx (x = 0~3) alloys at RT.
To further determine the crystal structure, the (Co13Ti16)B1.5 alloy with MT temperature near RT
was selected for TEM investigation, and the results are presented in Fig. 4. It is seen that both
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austenite and martensite exist in the alloy at RT, there is an obvious coherent phase boundary between
the austenitic and martensitic phases. Fig. 4(a) displays the high-resolution TEM image showing the
interface between the austenite and martensite, the inset shows the bright field image (BFI) of the
interface. The corresponding selected area electron diffraction (SAED) patterns of austenite and
martensite are shown in Fig. 4(b). The SAED patterns of the B2 cubic structure along the [111] zone
axis and the 5SM monoclinic structure along the [210] zone axis can be indexed. This is in good

agreement with the crystal structures measured by powder XRD patterns.
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Fig. 4. (a) High-resolution TEM image at the interface of the austenite and martensite, the inset shows the BFI of the

interface; selected area electron diffraction patterns of austenite (b) and martensite (c).

3.2. Mechanical properties

Fig. 5 shows the stress-strain curves and SEM micrographs of the fractured surface for the
(Ni37C013Mn34Ti16)100-.Bx (x = 0~3) alloys at RT. Fig. 5(a) indicates that the mechanical properties
significantly enhance with increasing B content. To examine the fracture mechanism, Fig. 6(b)-(e)
display the fracture surface of the Co13Tiie, (Co13Ti16)Bo.s, (Co13Ti16)B1.5 and (Co13Tii6)B3.0 alloys at
298 K observed by SEM. It can be seen that the fracture mode of the alloys changes from a single
intergranular fracture to a predominantly transgranular fracture after doping with B. Intergranular
fracture of boron-free alloys is owing to the weak grain boundaries of Ni-Mn-based Heusler alloys
[9, 17]. In contrast, the fracture mode of B-doped alloys changes to transgranular fracture. This is one
indication of boron microalloying resulting in grain boundary strengthening. The change in fracture

mechanism results in the improvement of the mechanical properties of the alloys.
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Fig. 5. (a) Stress-strain curves for (Ni37Co13Mn34Tii6)100-:Bx alloys at 290 K. (b), (¢), (d), and (¢) SEM micrograph of
fractured surface for BO, B0.8, B1.5, and B3 alloys at 298 K.

To further investigate the essential reasons for the improved mechanical properties of the alloys
after B doping, the backscatter electron (BSE) and TEM results of the (Ni37C013Mn34Ti16)100-:Bx (x =
0~3) alloys at RT were analyzed. The BSE images of the Co13Tiie, (Co13Ti16)Bo.s, (Co13Tii6)B1.2, and
(Co13Ti16)B3 alloys are shown in Fig. 6. With the increase of B content, the microstructure of the
alloys changes from single austenite to the coexistence of martensitic and austenitic phases, and
then to a single martensite, which is consistent with the above-mentioned DSC and XRD results. Fig.
6(a) and (b) show that the introduction of B facilitates the refinement of the grains. Due to the
refinement of the grains, the stress between neighboring grains becomes smaller, which leads to a
reduction in stress concentration at grain boundaries and avoids the formation of cracks. This is one
reason for the significant improvement in mechanical properties. Besides, without doping B, the
second phase of the Coi3Tiie alloy is a randomly distributed spot-shaped Ti-rich second phase. A
strip-shaped B-rich second phase is formed along the grain boundaries with the introduction of B,
and the observed results are in agreement with those obtained in recent literature using three-
dimensional atom probe tomography (3DAPT) [17]. The B-rich second phase can promote the
strengthening of grain boundaries by forming the nanosized NiBH cluster to trap hydrogen and further
suppress hydrogen embrittlement [17, 30]. The above results indicate that B doping results in both
grain refinement and grain boundary strengthening mechanisms to improve the mechanical

properties.



100 pm X - 3 100 um
[ ] =2

ﬁ‘,ﬂ‘“ = _ : B 10pm ) \ \\ 10 ym

Fig. 6. BSE images of Co13Tiis, (Co13Tii6)Bo.s, (Co13Tii6)B1.2, and (Co13Tii6)Bso alloys at RT.

The second phase changes from (Ni,Mn)3Ti in the ternary Ni-Mn-Ti alloy to the Ti-rich second
phase in the Ni-Co-Mn-Ti alloys [31-33] after Co doping. To investigate whether the Ti-rich second
phase in the Ni-Co-Mn-Ti alloy forms a second phase strengthening mechanism with the matrix, a
TEM study of the Ti-rich second phase in the (Co13Ti16)B1.5 alloy was carried out. Fig. 7(a) exhibits
a bright field image in which both matrix and the Ti-rich second phase are presented. The structure
of the Ti-rich second phase can be seen in Fig. 7(b) as a hexagonal crystal. Fig. 7(c) displays the high-
resolution image of the interface region. It shows that the interface between the matrix and the Ti-
rich second phase is incoherent with a large lattice misfit. This indicates that the Ti-rich second phase
has little contribution to the mechanical properties. Therefore, the enhancement of the mechanical
properties of the (Ni37C013Mn3z4Ti16)100-xBx (x = 0~3) alloys mainly derives from the grain refinement

and grain boundary strengthening caused by the B doping.
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patterns of Ti-rich second phase. (c) High-resolution TEM image at the interface of the matrix and Ti-rich second phase.
3.3. Magnetic properties

The M-T curves of the (Ni37Co13Mn34Ti16)100-xBx (x = 0~3) alloys under the magnetic fields of
0.05 T and 5 T are demonstrated in Fig. 8. It can be seen from the figure that the magnetization
difference (AM) changes significantly during the magnetic field induced MT, which is due to the
transformation from ferromagnetic austenite to weak magnetic martensite. Besides, the MT
temperature (7y) of the alloys changes markedly with the increase of the doped B content, whereas
the degree of change in T¢ is slight, which leads to a decrease in the difference between T¢ and Ty of
the alloys. It has been reported in the literature that in Ni-Mn-based ferromagnetic shape memory
alloys, ®S; is closely related to the difference between Tc and Tum [34, 35]. The closer the Ty is to the
Tc, the negative contribution of AS,, weakens and therefore ®S;, increases. This also explains the

increase in ®S;- of the alloys with increasing B content in Section 3.1.
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Fig. 8. M-T curves of the (Ni37Co13Mns:Ti16)1004B. (x = 0~3) alloys

To investigate the effect of B doping on the magnetic properties, the M-H curves of Coi3Tiis
and (Co13Ti16)Bo.s alloys were measured under the magnetic field changes of 7 T, as presented in Fig.
9. To avoid misestimating AS,, caused by retained austenite, a discontinuous heating protocol method
[36] was performed at different temperatures. It is seen from Fig. 9 (a) and (b) that both the alloys
have a significant metamagnetic transition behavior in the MT temperature interval, indicating that
the magnetic field induced a reversible MT. Based on the results of the M-H curves, the maximum
AS,, of Co13Tiie and (Co13Tii6)Bos alloys stimulated by 7 T magnetic field are 40.1 J-kg'-K'! and
40.9 J-kg!-K! calculated by Maxwell equation [6, 37], respectively, as shown in Fig. 9(c) and (d).
The above results demonstrated that doping with a small amount of B not only improved the
mechanical properties significantly but also did not reduce the MCE of the alloys. In addition, the B
doping can also adjust the MT temperature to RT, and the (Co13Ti16)Bo.s alloy studied in this section

simultaneously achieves excellent mechanical properties and large MCE near RT.
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Fig. 9. (a) M-H curves of Coi3Tij¢ alloy at selected temperatures around MT. (b) AS,, as a function of temperature under
different magnetic field changes of Co3Ti¢ alloy. (c) M-H curves of (Coi3Tiis)Bo.s alloy at selected temperatures around

MT. (d) AS,, as a function of temperature under different magnetic field changes of (Co13Tii6)Bozs alloy.

To describe more visually the effect of B content on the MT temperature and the
magnetostructural coupling in the (Ni3;Co13Mn34Ti16)100-xBx (x = 0~3) alloys, the magnetic and

structural phase diagram was plotted and shown in Fig. 10. As can be found from the figure, the

10


about:blank

magnetostructural coupling phenomenon disappears when B content exceeds 2.0 at.%. It should be
noted that the T is slightly lower than 7¢c when B content is around 1.5 at.%. It is conducive to
realize the combined caloric effects when the MT temperature is connected with the magnetic

transition temperature.
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Fig. 10. Magnetic and structural phase diagram of (Niz7C013Mn34Tii6)100-Bx (x = 0~3) alloys.

3.4. Combined caloric effects of the (Ni3;Co13Mns34Ti16)9s.5B1.5 alloy

Based on the above magnetic and structural phase diagram, the (Co13Ti16)B15 alloy with a
slightly lower Ty than Tc was selected as the research sample for the combined caloric effects study.
Fig. 11(a) and (b) present the M-H curves measured using the discontinuous heating protocol method
under a 7 T magnetic field and AS,, calculated by the Maxwell equation.The alloy shows a significant
metamagnetic transition behavior, and the maximum AS,, of 33.4 J-kg''-K™! and 40.3 J-kg'"-K! can
be obtained upon the magnetic field of 5 T and 7 T, respectively. Fig. 11(c) illustrates the ASy
comparison between the present alloy and some typical Ni-Mn-based MCE materials under the 5 T
magnetic field.It can be seen that athe AS,, value in the present alloy is larger than most of the reported
Ni-Mn-based materials [27, 38-55]. Meanwhile, the fracture compressive strength and strain of the
(Co13Ti16)B1 5 alloy at 290 K reached 1553 MPa and 17.7%, respectively, well beyond those in many
Ni-Mn-based alloys, e.g., the NisisMnsslniss alloy (.e., ~522 MPa, ~2.4%) [9], the
Nis3CosMn4oSny; alloy (i.e., ~716 MPa, ~6.3%) [20], the NissMn37In;3Cos alloy (i.e., ~155 MPa,

11



~2.2%) [56], the NisoMn31.5Ti185 alloy (i.e., ~1100 MPa, ~13.0%) [23], and the NisoMn3sIn;s alloy
(i.e., ~847 MPa, ~11.3%) [21].
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Fig. 11. (a) M-H curves of (Co3Tiie)B1 5 alloy at selected temperatures around martensitic transformation; (b) AS,, as a
function of temperature under different magnetic field changes of (Co13Tiis)B15 alloy. (c) AS,, for some typical Ni-Mn-

based MCE materials under field change of 5 T.
Fig. 12(a) and (b) show the DSC curves of the (Co13Tiis)B1.5 alloy for 50 heating/cooling cycles

and the M-T curve under 0.05 T magnetic field, respectively. It is seen that the endothermic and
exothermic peaks during thermal cycling have coincided well, indicating that the alloy has good
cyclic stability of the MT. Moreover, it can also be seen from the M-T curve that the Ty and T¢ of
the (Co13Tii6)B15 alloy are around 320 K. Therefore, the temperature above 320 K is selected for the
elastocaloric experiments to weaken the negative contribution of AS,, to obtain a larger eCE.

Fig. 12(c) displays the compressive stress-strain superelastic curves in the temperature range of
323 K to 363 K with the 7% strain. The superelastic curves of the alloy have a residual strain of about
2% at 323 K. This is because the Ty is very close to the testing temperature and more residual
martensite is produced during the stress-induced MT. As the temperature increases, the residual strain
of stress-induced reversible MT gradually decreases, with a residual strain of about 0.8% at 353 K
and 363 K. Fig. 12(d) presents the elastocaloric AT, of the (Coi3Tiig)B1s alloy at different

temperatures. At a high strain rate of 5.6x10"! 5™, with the temperature increasing from 323 K to 353
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K, the elastocaloric ATuq increases from 11.2 K to 18.0 K during loading and from -5.9 K to-11.9 K
during unloading process. This phenomenon is because the closer the testing temperature is to the 7c,
the weaker the negative contribution from AS,, and thus the more pronounced eCE of the alloy.
Besides, the elastocaloric AT, of loading is significantly higher than that of unloaded, which is
caused by the residual strain and the high strain rate unloading that drastically reduces the volume
fraction of MT. The elastocaloric AT.s decreases when the temperature is 363 K. This is because the
high temperature decreases the transformation strain of the alloy, which in turn reduces the phase
change volume fraction of the alloy 2!/, The above results indicate that the present alloy exhibits a

prominent eCE.
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Fig. 12. (a) DSC curves during thermal cycling across martensitic transformation for (Co13Tii6)B1 5 alloy. (b) M-T curve

on heating and cooling under 0.05 T field. (c¢) Compressive superelastic responses at various temperatures. (d) Time

dependence of AT, on loading/unloading measured at various temperatures.

The (Co13Ti16)B1.5 alloy exhibits large MCE and eCE, as well as excellent mechanical properties,
indicating that the alloy has great potential in the field of solid-state refrigeration. Fig. 13 shows the
temperature dependence of magnetocaloric AS,, and elastocaloric AT,q of alloy. It can be seen from
the figure that the working temperature interval between MCE and eCE is connected. Therefore, the
combination of these two types of caloric effects can form the combined caloric effect, resulting in a

wide working temperature region of more than 90 K near RT.
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4. Conclusions
In summary, the MT, mechanical properties, MCE, eCE, and combined caloric effect of the

(N137C013Mn34T116)100-:Bx (x = 0~3) alloys were systematically investigated. An increase in B content
will reduce the difference between T¢c and Ty of the alloys to weaken the negative
magnetic contribution and thus increase the AS;. After doping with B, the grain
refinement and grain boundary strengthening will be formed to improve the mechanical properties.
Besides, B doping can tune the functional behavior, which is conducive to achieve the combined
caloric effect. The prepared (Ni37C013Mn34T116)9s85B1.5 as-cast alloy has a fracture compressive
strength and strain of 1553 MPa and 17.7% at RT, respectively. The maximum AS,, of the alloy is
40.3 J-kg'-K'! under the magnetic field changes of 7 T. In addition, the alloy can also yield a large
elastocaloric ATuq of 18.0 K. The above results suggest that doping of B in Ni-Co-Mn-Ti alloys can
not only improve the mechanical properties greatly but also broaden the working temperature range

by achieving combined caloric effect near RT.
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