Chin. Phys. B Vol. 26, No. 9 (2017) 097501

Influence of Ni/Mn ratio on magnetostructural transformation and
magnetocaloric effect in Niyg_,Co,Mnsg, Sny, (x = 0, 1.0, 1.5, 2.0,
and 2.5) ferromagnetic shape memory alloys”

Ishfaqg Ahmad Shah!, Najam ul Hassan', Abdur Rauf?, Jun Liu(X{2)!,
Yuanyuan Gong(2£7C7G)!, Guizhou Xu(4:#:H+)!, and Feng Xu(f#)! 7

! Jiangsu Key Laboratory of Advanced Micro & Nano Materials and Technology, School of Materials Science and Engineering,
Nanjing University of Science and Technology, Nanjing 210094, China

2 Herbert Gleiter Institute of Nanoscience, Nanjing University of Science and Technology, Nanjing 210094, China

(Received 27 April 2017; revised manuscript received 23 May 2017; published online 9 August 2017)

An investigation on the magnetostructural transformation and magnetocaloric properties of Nisg_CorMn3g,Snjn
(x=0, 1.0, 1.5, 2.0, and 2.5) ferromagnetic shape memory alloys is carried out. With the partial replacement of Ni by
Mn in the NiggCoyMn3gSnj; alloy, the electron concentration decreases. As a result, the martensitic transformation tem-
perature is decreased into the temperature window between the Curie-temperatures of austenite and martensite. Thus, the
samples with x = 1.5 and 2.0 exhibit the magnetostructural transformation between the weak-magnetization martensite and
ferromagnetic austenite at room temperature. The structural transformation can be induced not only by the temperature,
but also by the magnetic field. Accompanied by the magnetic-field-induced magnetostructural transformation, a consider-
able magnetocaloric effect is observed. With the increase of x, the maximum entropy change decreases, but the effective

magnetic cooling capacity increases.
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1. Introduction

Room-temperature magnetic refrigeration is an innova-
tive cooling technology with the advantages of high effi-
ciency, low cost, and environmental friendliness. In this tech-
nology, magnetic materials are used as the refrigerants. To
maximize the cooling capacity of magnetic refrigeration at
room temperature (RT), the magnetic refrigerants should ex-
hibit a large magnetic entropy or temperature change under
a magnetic field.!'""* During the last decade, the large mag-
netocaloric effect (MCE) has been successively observed in
magnetic alloys that experience a magnetic-field-induced first-
order phase transition, including Gd—Si-Ge-based alloys, !
MnAs;_,Sb,,[®) Mn-Fe-P-As,!” La (Fe;_,Si,)3,®! and es-
pecially, Ni-Mn-based magnetic shape memory alloys. %]

Rare-earth-free Ni-Mn-based magnetic shape memory
alloys (Ni-Mn-X, X = Al Ga, Sn, In and Sb) display a
structural transformation between magnetic martensite and
austenite. Various investigations on the structural, magnetic,
and electrical properties of these alloys have been carried
out.!'"=171 Tt is found that the first-order magnetostructural
transformation (MST) from the high-temperature austenite to
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the low-temperature martensite is accompanied by an obvi-
ous magnetization difference (AM) in some alloys with spe-
cific compositions. Due to the existence of AM, the MST can
be driven by a magnetic field, and thus a large MCE can be

achieved.[18-22]

Among Ni-Mn-X alloys, Ni-Mn-Sn attracts consider-
able attention due to its tunable MST, large MCE, and rela-
tively low cost. From the application point of view, the de-
signed material as a magnetic refrigerant should display the
MCE and large effective refrigeration capacity (RCefr) at RT.
In this work, we select NiggCo,Mn3gSnj; as the starting com-
position, which experiences a structural transformation above
RT. By changing the Ni/Mn ratio, the structural transformation
temperature (7;) is decreased to RT. Meanwhile, the structural
transformation is tuned into the Curie temperature window,
which leads to a large AM and be in favor of the magnetic-
field-induced structural transformation (MFIST). Based on
this improvement, large MCE, reduced hysteresis loss (HL),

and improved RCgg are obtained.
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2. Experimental details

The polycrystalline Nigg—CooMn3zg,,Snjp (x = 0, 1.0,
1.5, 2.0, and 2.5) alloys were prepared by arc-melting ap-
propriate amounts of high purity elements Ni (99.995 wt.%
purity), Co (99.95 wt.% purity), Mn (99.998 wt.% purity),
and Sn (99.99 wt.% purity) in argon atmosphere. The sam-
ples were re-melted three times for homogeneity. The ob-
tained ingots were annealed at 900 °C in vacuum for 24 h,
and then quenched into cold water. The martensitic and re-
verse transformation behaviors were identified by differential
scanning calorimetry (DSC) with the heating/cooling rate of
10 K/min. The crystal structures were investigated by pow-
der x-ray diffraction (XRD) using Cu-K, radiation at RT.
The compositions of the elaborated alloys were confirmed by
x-ray energy dispersive spectrometry (EDS). Magnetic mea-
surements were performed on a physical property measure-
ment system (PPMS). Isothermal magnetization (M—B) curves
were measured using a so-called loop process to avoid the ir-
reversibility caused by the magnetic-field-induced first-order
MST. 23] Before each M—B measurement, the samples were
cooled down to full martensitic state, and then gradually
heated to the measurement temperature with a ramp rate of
3 K/min. To ensure the temperature stability of the measure-
ment, a waiting time of 3 min was hold at the target tempera-

tures.

3. Results and discussion

The XRD patterns of all the samples are shown in Fig. 1.
For x = 0, the XRD pattern demonstrates a 40 modulated
martensitic structure at RT. It suggests that the structural trans-
formation in NiggCorMn3gSnj; occurs above RT. While for
x = 2.5, the presence of (111), (220), (400), and (422) peaks
indicates a .2 austenitic structure with the lattice constant
of a = 5.978 A. The coexistence of austenitic and martenitic
phases is observed in the samples with 0 < x < 2.5 at RT. The
XRD data indicates that 7; decreases with x increasing.[>*]

The thermal-induced structural transformation was inves-
tigated by DSC measurements. As shown in Fig. 2, the large
endothermic and exothermic peaks in the heating/cooling pro-
cesses and the large thermal hysteresis indicate the occurrence
of first-order structural transformation between martensite and

austenite in these Heusler-type Nigg_,CooMn3g;Snip (x =0,
1.0, 1.5, 2.0, and 2.5) alloys. As x increases from O to 2.5, the
T; shifts to the lower temperatures by around 85 K and 110 K
in the heating and cooling processes, respectively. It is known
that the 7; of Ni-Mn-based shape memory alloys is sensitive to
the electron concentration (e/a), and it decreases with the e/a
decreasing.>>28] The e/a calculated from the EDS results for
our samples are listed in Table 1. It can be found that with the
increase of x, the e/a decreases from 8.115 to 8.025, resulting
in the observed decrease of T;.
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Fig. 1. (color online) Powder XRD patterns of Nigg_,CoyMn3g;,Snjn
(x=0, 1.0, 1.5, 2.0, and 2.5) alloys at RT.
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Fig. 2. (color online) DSC curves for Nigg_,CoaMn3g,Snjr (x =0, 1.0,
1.5, 2.0, and 2.5) alloys in heating and cooling processes.

Table 1. The measured compositions and the characteristic phase-transition temperatures of Nigg_,CoyMnsg;,Snjz (x =0, 1.0, 1.5,

2.0, and 2.5) alloys.

X Ni/at.% Co/at.% Mn/at.% Sn/at.% AJ/K A/K M/K M;/K e/a

48.13 1.69 38.08 12.10 343 358 343 315 8.115
1.0 46.50 2.17 39.32 12.01 325 342 315 302 8.079
1.5 45.40 2.34 40.95 11.31 315 334 302 294 8.069
2.0 45.57 2.14 40.26 12.03 304 325 297 287 8.049
2.5 45.15 2.05 40.46 12.34 251 278 225 213 8.025
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Figure 3 shows the temperature dependence of magneti-
zation (M-T') of Nigg_CorMns3g,,Snyr (x =1.0, 1.5, 2.0, and
2.5) alloys under an applied field of 0.01 T during the heat-
ing and cooling processes. For x = 1.0, due to the fact of that
the T; in the heating process is close to the Curie-temperature
of austenite (Tc A ~ 340 K), the ferromagnetic austenite is not
obviously observed in the heating process, but can be found
in the cooling process. The existence of thermal hysteresis
proves the first-order nature of the structural transformation
between martensite and austenite. With x increasing from 1.5
to 2.5, the T; shifts to the lower temperatures. As a result, the
ferromagnetic austenite appears both in the heating and cool-
ing processes. It is found that Tc 4 is nearly stable with the
alteration of composition. The Curie temperature of marten-
site (Tc,m) is not observed in the samples with x = 1.0, 1.5,
and 2.0 in the temperature range of 250—400 K, but is found
in the x = 2.5 sample. In the heating process, the sample with
x = 2.5 experiences the magnetic ordering-disordering tran-
sition of martensite, and then the first-order MST from the
low-magnetization martensite to ferromagnetic austenite. The
Tcm of x = 2.5 is around 208 K. A phase diagram including
austenitic start temperature Ag, austenitic finish temperature
Ay, martensitic start temperature Mg, martensitic finish tem-
perature My, Tc m, and Tc a for Nigg—,CooMn3g,Snyp (x =0,
1.0, 1.5, 2.0, and 2.5) alloys is shown in Fig. 4(a). Accord-
ing to Fig. 4(a), it can be found that with the increase of x,
the T; is decreased into the temperature window between Tc o
and Tcm. Thus, the samples with x = 1.5 and 2.0 exhibit
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the room-temperature MST between the weak-magnetization
martensite and ferromagnetic austenite. This transition is ac-
companied by a large AM, which is favor of MFIST. Due to
the existence of AM between martensite and austenite, the
MST can be induced by a magnetic field. The M—B curves
for Nigg_CoroMn3g,Snyp (x = 1.0, 1.5, and 2.0) alloys with a
temperature interval of 3 K in the heating process are shown in
Figs. 4(b)—4(d). With the increase of the magnetic field, an ob-
vious slope change is observed when the temperature is close
to As. This behavior suggests the existence of MFIST from the
martensite to austenite. >3]

According to the M-B the MCE of
Nigg_CorMn3g,Snjp (x = 1.0, 1.5 and 2.0) alloys is esti-
mated by the Maxwell equation!3?!

curves,

ASM(T,B) = Swi(T,B) — Su(T,0)
(B (OM(BT)
- /0 <8T )BdB.

As shown in Fig. 5, the maximum values of magnetic entropy

ey

change (ASy) with the magnetic field variation of 0-5 T are
19.22 kg~ 'K, 13.64 Jkg~''K~!, and 7.71 J-kg~'-K~!
for x = 1.0, 1.5 and 2.0, respectively, and with the magnetic
field variation of 0-2 T, the corresponding values decrease
to 5.75 Jkg~!.K~!, 5.54 J)kg~'.K~!, and 3.57 J')kg K~ ',
respectively.>3-38] The maximum ASy; decreases with the in-
crease of x. It is found that the ASy; is inversely proportional
to the transformation width (W), which gradually increases
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Fig. 3. (color online) M-T curves for Nigg_ CorMnsg,Snjp (x = 1.0, 1.5, 2.0, and 2.5) alloys under an applied magnetic field of 0.01 T during the heating

and cooling processes.
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Fig. 4. (color online) (a) Phase diagram for Nisg_,CoyMn3g.,Snjp (x =0, 1.0, 1.5, 2.0, and 2.5) alloys as a function of x. (b)-(d) M — B curves for
Nigg—rCorxMn3g4,Snpn (x = 1.0, 1.5, and 2.0) alloys with a maximum magnetic field of 5 T.
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Fig. 5. (color online) Temperature dependence of magnetic entropy

change for Nigg_,CoaMn3g4,Snjz (x = 1.0, 1.5, and 2.0) alloys under the
magnetic field variations of 0-2 and 0-5 T. The inset shows the x depen-
dence of average HL for Nigg_,CoxMn3g.,Snjz (x = 1.0, 1.5 and 2.0)
alloys under a magnetic field variation of 0-5 T.

with x increasing (shown in Table 2). As mentioned by Cug-
ini ef al.,3%) the transformation width is highly related to the
structural discontinuity between the martensite and austen-
ite phases, impurities, vacancies, and interstitial defects in
Heusler-type alloys. Wu ez al.'*"] also reported that the mag-
netostructural transformation in the Mn—Ni—Ge alloy becomes

broadened when the grain size decreases. Therefore, there are
various factors that can influence the transformation width. In
this work, it is found that accompanied by the increase of x, the
transformation width increases. So, the observed broadened
transformation width may be related to the increased chemi-
cal disorder. Besides ASy, the effective refrigeration capacity
(RCeff) is also an important parameter to evaluate the magnetic
cooling capacity of MCE materials. Here, RCc¢ is calculated
by
Thot
ASMdAT — average HL, 2)

Teold

RCer =

where Tog and Tio are the temperatures corresponding to
the full width at half maximum (FWHM) of the ASy peak,
and average HL is calculated from the area surrounded
by the hysteresis loops (M—B curves in Fig. 4), as shown

4L42] The calculated values for the

in the inset of Fig. 5.!
transformation width, Tiog, Thot, ASm, average HL, and
RCef of Nigg_yCorMn3g1,Sny; alloys are summarized in Ta-
ble 2. Although the maximum ASy decreases with x in-
creasing, the average HL is remarkably reduced. Therefore,
an enhanced RC.s is obtained in the samples with x = 1.5

and 2. The calculated values of RCe are 23.36 J-kg™!,
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60.79 Jkg~!, and 67.60 J.kg~! for x = 1.0, 1.5, and 2.0
with the magnetic field variation of 0-5 T, respectively,
which are comparable to those of some other Ni-Mn-based
Heusler alloys, such as NigCogMnsgFerGajg (70 J-kg™!,
AB =5T), Nigz.§Mnyg3Cos57Sn;; 2 (72.10 J-kg71 ,AB=3T),
NiyMng 75Cug5Ga (72 J-kgfl, AB = 5 T), NisgMn37Sn;3
(54 J-kg’l ,AB=5T), NigsCosMn3zgSboGes (54 J-kg’l ,AB =
5 T), and NisyMnyGayy (58.7 J-kg™!, AB =5 T).143-48]

Table 2. The transformation width W(=A s — Ay), Teo1a, Thor» magnetic
entropy change ASy, hysteresis loss (HL), and effective refrigeration
capacity (RCefr) of Nisg_xCoyMnj3g4xSnj, (x=1.0, 1.5, and 2.0) alloys.

X WK Taa/K Th/K AMAB=5T) pprie ROk
kg 'K!

10 17 332 338 19.22 63.13 23.36

15 19 319 329 13.64 4151 60.79

20 21 308 225 771 30.70 67.60

4. Conclusion

In summary, we investigate the structural transformation
and MCE in Nigg_CoyMns3g,Snj» alloys with x =0, 1.0, 1.5,
2.0, and 2.5. The partial substitution of Ni by Mn stabilizes the
austenite phase and leads to the decrease of T;. For the samples
with x = 1.5 and 2, the MST between the weak-magnetization
martensite and ferromagnetic austenite is achieved at RT. This
transition is accompanied by a large AM, which is favor of
MEFIST. Accompanied by the MFIST, a considerable MCE is
obtained. Maximum values of ASy are 19.22 J.kg=!-K~!,
13.64 J)kg "K', and 7.71 J-.kg~!-K~! for x = 1.0, 1.5, and
2.0 under the magnetic field variation of 0-5 T, respectively.
Although the maximum ASy is reduced with x increasing, the
RC.¢ is remarkably improved.
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