UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

The effect of thermal post-processing treatment on
laser powder bed fusion processed NiMnSn-based

alloy for magnetic refrigeration

Sun, Kun; Li, Sheng; Mohamed, Abd EI-Moez A.; Ma, Kan; Duan, Ranxi; Brooks, Oliver
Peter; Jeong, Minki; Head, Jake; Sheridan, Richard S.; Attallah, Moataz M.

DOI:
10.1016/j.jallcom.2023.171063

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Sun, K, Li, S, Mohamed, AE-MA, Ma, K, Duan, R, Brooks, OP, Jeong, M, Head, J, Sheridan, RS & Attallah, MM
2023, 'The effect of thermal post-processing treatment on laser powder bed fusion processed NiMnSn-based
alloy for magnetic refrigeration’, Journal of Alloys and Compounds, vol. 961, 171063.
https://doi.org/10.1016/j.jallcom.2023.171063

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy o ) o o ) ) ]
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 19. Jul. 2023


https://doi.org/10.1016/j.jallcom.2023.171063
https://doi.org/10.1016/j.jallcom.2023.171063
https://birmingham.elsevierpure.com/en/publications/7c55ac96-21a0-4734-8803-dffd768abe21

Journal of Alloys and Compounds 961 (2023) 171063

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

ALLOYS AND
COMPOUNDS

journal homepage: www.elsevier.com/locate/jalcom sty

The effect of thermal post-processing treatment on laser powder bed N

Check for

fusion processed NiMnSn-based alloy for magnetic refrigeration

Kun Sun ?, Sheng Li °, Abd EI-Moez A. Mohamed ¢, Kan Ma °, Ranxi Duan ?,
Oliver Peter Brooks “, Minki Jeong , Jake Head ©, Richard S. Sheridan °, Moataz M. Attallah **

4School of Metallurgy and Materials, University of Birmingham, B15 2TT Birmingham, United Kingdom
b School of Electro-mechanical Engineering, Guangdong University of Technology, 510006 Guangdong, China
€School of Physics and Astronomy, University of Birmingham, B15 2TT Birmingham, United Kingdom

ARTICLE INFO ABSTRACT

Article history:

Received 13 March 2023

Received in revised form 6 June 2023
Accepted 19 June 2023

Available online 21 June 2023

Keywords:

Laser powder bed fusion
Heat treatment
Microstructure

Magnetic entropy change
And Magnetocaloric material

This study investigates the effects of heat treatment (HT) time (one, two, and three weeks) on the micro-
structure and magnetocaloric effect (MCE) of laser powder bed fusion (LPBF) NiMnSn alloys. Increasing the
HT time improves chemical homogeneity, and decreases the local misorientation imparted by the LPBF
process. This is also associated with an enhancement in the maximum magnetic entropy change (4S;)
values around the martensitic transformation temperature (Ty), which increases from 0.2]Jkg™' K™ to
0.45] kg™' K under 1T applied magnetic field. However, the 4S,, of the one-week HTed sample around the
curie temperature (T¢) (0.90 J kg 'K™! at 315 K) is slightly lower than the two weeks and three weeks HTed
samples (0.99 ] kg 'K™! at 320K, 0.94 ] kg 'K at 320 K), respectively.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Compared with traditional cooling technologies, magnetic re-
frigeration has the advantages of producing lower noise, higher ef-
ficiency and being environmentally friendly materials [1]. Several
magnetocaloric materials have been investigated for magnetic re-
frigeration, especially rare-earth-based alloys [2], however, Heusler
alloys (HAs) have been reported as the most suitable candidates due
to the lower cost, non-toxic properties, and outstanding magneto-
caloric effect (MCE) [3,4]. NiMnSn HA is an intermetallic compound
with high room temperature MCE and has been investigated in
several previous works [5,6]. It has been reported that the nano-
crystalline state and HT processes are essential in determining
martensite structure and transition temperature in these alloys [7,8].
HT affects the exchange interaction and magnetic properties by
modifying the short-range interactions [9]. Dan et al.[10] studied
NisoMnso-xSny alloys with a wide range of Sn-concentration
(x=0-40), fabricated by arc-melting and subsequent annealing. By
changing Sn-concentration, the Martensitic transformation tem-
perature changed from 150K to 350K. Thus, improving the

* Corresponding author.
E-mail address: m.m.attallah@bham.ac.uk (M.M. Attallah).
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composition uniformity is essential for LPBF-fabricated NiMnSn
parts, to ensure a consistent working temperature in the magnetic
refrigeration field. Ghosha and Mandal [11] prepared a series of
NisoMnsg5Sny3 5 samples with various HTs (annealing 0, 6, 12, 18,
and 24 h at 1173 K, followed by ice water quenching) and studied
their magnetocaloric properties. Magnetic hysteresis and (the mag-
netic entropy change) AS increased with increasing annealing times,
from O to 24 h. There have been reports of additional phases ob-
served (Ni3Sn, and Mn;77;Sn) in melt-spun ribbons where the
cooling rate is in the order of ~10% K/s [12]. The Heusler structure
(L21) is energetically the most favourable for formation [13]; how-
ever, it is challenging to obtain a homogeneous phase distribution,
with up to 5 % of Ni3Sn; detectable within the microstructure [13,14].

In magnetic refrigeration systems, the high surface area of heat
exchangers allows higher efficiency of heat transfer. However, in-
creasing the surface area of magnetic refrigerants by traditional
methods such as machining has the challenge of cracking due to the
low mechanical strength of magnetic materials [15]. Laser powder
bed fusion (LPBF) is an effective method for manufacturing heat
exchangers with high surface-to-volume ratios without the need for
machining and reducing material loss. The higher cooling rates in-
duced in LPBF result in an inhomogeneous microstructure in parts
built using in-situ alloyed powder [16], due to local variations in

0925-8388/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1

Information on powder used for in-situ alloying.
Elements Ni Mn Sn
The size range (pm) 20-45 <44 <45
The shape of the powder Spherical cubic Spherical
Melting point (°C) 1455 1426 2319
Boiling point (°C) 2913 2061 2602

chemical composition, which significantly influences the magneto-
caloric performance.

In this study, we investigate the influence of post-processing HT
on the microstructure, magnetic and MCE properties of LPBF
NisgMn37Sny3 HAs in-situ alloy as a low-cost approach and alter-
native to the pre-alloyed powder.

2. Experimental
2.1. In-situ powder alloying

To fabricate in-situ NispMns7Sny3 (NiMnSn) bulk HAs, Ni, Mn, and
Sn elements were blended in stochiometric amounts. The properties
of these raw elements are detailed in Table 1. The in-situ powder
was mixed for two days in an argon atmosphere to ensure the
powder’s homogeneity. Fig. 1 presents a schematic of the blending
process and powder morphology. Additional 2 at% Mn and 1 at% Sn
powder were added to compensate for the evaporation of Mn and Sn
elements during the LPBF process.

2.2. LPBF process and post-processing heat treatment

NiMnSn bulk HAs (5 x5 x 10 mm) were fabricated via the LPBF
technique. These bulk samples were manufactured on top of a steel
substrate in a controlled argon environment (O, < 500 ppm) using a
Concept Laser M2 machine with a continuous wave mode Yb-fibre
laser (A =67 nm, maximum laser power =400 W) as a primary heat
source for melting. A 90°raster scan strategy was used for LPBF
NiMnSn bulk samples, as shown in Fig. 2. Table 2 shows the LPBF
processing parameters and HT processes used for each of the sam-
ples in this study. Three groups of samples were encapsulated in
separate quartz tubes filled with argon and individually heat treated
at 940 °C (10 °C/min ramping rate) for one, two and three weeks
before being quenched into water (see Table 2).

2.3. Microstructural characterisation and magnetic measurements

The microstructure at room temperature was examined using a
Hitachi TM3030 scanning electron microscope (SEM). A Quanta 3D
FEG SEM with electron backscatter diffraction (EBSD) and Energy-
dispersive X-ray Spectroscopy (EDS), was used to analyse the mi-
crostructure and crystal orientations (step size of 1.5 pm). The Mn
segregation and secondary phases were investigated using a Tecnai
F20 transmission electron microscope (TEM) where appropriate,
along with high-angle annular dark-field scanning TEM imaging and
EDS mapping. The TEM samples were prepared using focus ion beam

Fig. 1. (a) Schematic of the blending processing and (b) The backscattered electron
image of NiMnSn blended powder.
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Fig. 2. The scan strategy used for the manufacture of each LPBF sample.

(FEI FIB Quanta 3D SEM) milling. TEM was conducted immediately
following the creation of the TEM sample using FIB to prevent oxi-
dation. Magnetic measurements were performed using a super-
conducting quantum interference device (SQUID) magnetometer
magnetic properties measurements system. The temperature-de-
pendent magnetisation curves (M-T curves) were obtained in zero-
field cooled warming, field-cooled cooling, and field-cooled
warming modes at 0.01T and 1T, all of which investigate the mag-
netic phase transitions and hysteresis. Under applied magnetic fields
of up to 1T, isothermal magnetisation curves were measured every
5K. The change in magnetic entropy (AS) was calculated using
Maxwell’s relation (Eq. (1)) [1], where Hg: the final magnetic field
strength; and H;: the initial magnetic field strength).

As = [ (a_M) dH
Ho\ 0T H (1)

3. Results and discussion
3.1. Microstructure

3.1.1. Influence of HT on the microstructure

SEM micrographs for the as-fabricated (AF) and heat-treated (HT)
samples are shown in Fig. 3. The micrographs show that the AF
sample contains segregations of Sn, Ni and Mn (See Fig. 3a, b), which
are diffused in the matrix alloy after HT, enhancing homogeneity.
The Ni element is a based alloying element. Mn segregations are
observed even after the three weeks’ HT process. Fig. 3f and the
corresponding EDS map show Mn segregations which contain
oxygen elements, which is also proved by the EDS result in Fig. 5.

Fig. 4 shows the XRD patterns with different HT times at room
temperature. The AF sample shows the L2, austenite phase at room
temperature. After HT, the three samples display highly ordered
cubic L2, austenite phase, with minor peaks relevant to MnO. Mn is
highly sensitive to oxygen, therefore MnO was observed within the
structure due to oxygen infiltration during the LPBF process [17].

To confirm the structure of the segregated Mn, the diffraction
pattern (Kikuchi pattern) was obtained using EBSD, as shown in
Fig. 5. The red cross shows the Kikuchi pattern (Fig. 5b) and d)) from
the L2; Ni;MnSn structure, which is the primary phase. The Kikuchi
pattern also confirmed the MnO cubic phase within the regions of
Mn segregation. The EDS line analysis result was obtained through
the Mn segregation, as shown in the inset picture in Fig. 5a). The O
and Mn elements increased significantly, especially the Mn, whereas
the Ni and Sn concentrations have significantly decreased in this
region. The EDS compositional analysis shows that the small area of
Mn segregation contains 1.7 at% Ni, 84.3at% Mn, 1.4at% Sn, and
12.6 at% O elements, as shown in the inset table in Fig. 5a).

Table 3 and Fig. 6 illustrate the chemical composition, mor-
phology, and distribution of secondary phases within the No. 3
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Table 2
The LPBF processing parameters and HT processes.

Journal of Alloys and Compounds 961 (2023) 171063

No. Laser Power (W) Scan Speed (mm/s) Thickness (mm) Scan spacing (mm) The volume Energy density (J/mm?>) The heat treatment process
AF 125 1750 0.03 0.05 47.62 /

No.1 940 °C-one week-Quench
No.2 940 °C-two weeks-Quench
No.3 940 °C-three weeks-Quench

sample using TEM. The Mn-rich phases (dark grey phase in
Fig. 6a)-c)) can be seen clearly. The selected area electron diffraction
(SAED) in the 1st red dotted circle and the EDS at point a further
show the Mn-rich phase contains MnO. The NiSn-rich phases (white
phases) in the Mn-rich region (see Fig. 6a)) are L2;-type Ni,MnSn
phases, as proven by the SAED in the 2nd red dotted circle and the
EDS at point b. The crystal structure of the matrix is also the L2;-
type phase (see the SAED in the 3rd red dotted circle ¢, as shown in
Fig. 6e)). However, the chemical composition of the matrix differs
from the white phases, as shown in Table 3. The EDS at point d with
high Mn at% proved the appearance of Mn segregation. MnO is a
face-centred cubic antiferromagnetic phase [18] which has been
shown to have deleterious effects on the MCE of these alloys [19].

As shown in the SEM pictures in Fig. 7, the Mn segregation is
observed within all samples, proving that the HT process can not
dissolve the Mn segregations. All grains within LPBF samples are
equiaxed. Fig. 7 also shows the inverse pole figure (IPF) images of the
AF and HT samples. The different colours within IPF images re-
present the different orientations of the unit cells across the grains.
As shown in Fig. 7c, g, k, and o, all samples exhibited various colours,
demonstrating how the samples did not possess strong preferential
orientations.

A Kkernel-averaged misorientation (KAM) map estimates the
plastic strain in individual grains, revealing local variations in lattice
orientations and suggesting the change of dislocation density in the
material [20,21]. Fig. 7d, h, 1, and p present KAM maps of the LPBF
NiMnSn alloys in AF and HT conditions. Higher local misorientation
was observed in the AF sample (Fig. 7d), with an average KAM value
of 0.34. Due to the complex thermal cycling, the rapid heating and
solidification cycles in the LPBF process, plastic strain and residual
stresses are created in the AF samples, which induced a higher
dislocation density [22,23]. In contrast, the KAM map of the No.l
sample presents a slight decrease in misorientation. The average
KAM value decreased to 0.31. When the annealing time increased to
two and three weeks, the average local misorientation within sam-
ples was further reduced to 0.21 and 0.23 respectively, indicating the
internal plastic strain is relieved [21]. The local misorientation
within the LPBF samples decreased with increasing HT time as the
rate of atomic diffusion increased and atoms preferred to move from

As-fabricated
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Fig. 4. XRD patterns of annealed LPBF NiMnSn alloys. The # peaks fit the MnO phase.
Other peaks correspond to the L2; Heusler phase.

high- to low-stress regions at high temperatures (940 °C) [23]. The
KAM is often used as a qualitative measure of localised plastic de-
formation [24,25]. Strain can indirectly represent residual stresses
[26]. The HT processes (two weeks and three weeks) remove local
misorientation (see Fig. 7) and therefore, can release some stored
strain and residual stresses imparted by the LPBF process.

3.1.2. Composition evolution

The composition evolution also plays a vital role in the magnetic
properties, as the ratio of the three elements affects the character-
istic transformation temperatures and the MCE [10,27,28]. To in-
vestigate the evolution of the chemical composition upon the HT
time NiMnSn alloys, SEM-EDS was used. Five random small areas
without Mn segregations within three different random areas of
each sample (the total amount is 15 small areas) were selected for
the SEM-EDS test. The composition for each sample is defined as:
Nici, Mng;, and Sng; (i is from 1 to 15). Nicg, Mncg, and Sncg are the
average chemical composition. The composition deviation of Ni, Mn,
and Sn elements ({y;, $ynr @and &,) is introduced and calculated re-
garding Eqs. (2)-(4) [29]. The composition deviation of oxygen

.

25

Fig. 3. SEM-BSE micrographs of the microstructure of (a) the as-fabricated sample; (b) the Mixed EDS map for the as-fabricated sample; (c, d, e) the HT samples; (e) and (f) the Mn
segregation (red box in (e)).
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Fig. 5. (a) The SEM picture of the No.3 sample (the inset picture is the EDS line analysis); (b and d) the EBSD Kikuchi pattern from L2; Ni,MnSn structure in the No.3 sample; and

(c and e) the EBSD Kikuchi pattern from MnO structure in the No.3 sample.

Table 3
The EDS result of four points in Fig. 6.
Ni (at%) Mn (at%) Sn (at%) 0 (at%)
a 0.3 49.2 0.2 50.4
b 453 235 29.1 2.2
C 51.7 28.9 183 12
d 0.8 94.0 04 48

should not be calculated as it always combines with the Mn segre-
gation. The composition deviation (¢) for all components in a sample
is calculated regarding Eqs. (2)-(5).

i = [(Nicy = Nico)? + (Nica — Nico)*+...+(Nic1s — Nico)?]/15 (2)

Syun = [(Mngy — Mngo 2 + (Mngy — Mngo +...+(Mngys — Mngo)?]/15
(3)
on = [(Sncr — Sneo)? + (Snez — Snco)?+...+(Sncis — Sno)?/15  (4)

;‘: gNi + gMn + §Sn (5)

As shown in Table 4, although the different HT processes did not
have a great effect on the average chemical composition, the overall
compositional deviation was reduced. The compositional deviation
(¢) decreased from 0.413 to 0.339 with increasing HT time from one
week to three weeks, which means the chemical composition

Fig. 6. The SEM micrograph of (a) the FIB lift-out region with Mn segregation in the No.3 sample; (b) TEM samples; (c) STEM bright-field image showing the precipitate-matrix
boundary and nano-scale phases within the precipitates with corresponding element mapping by STEMEDS; and (d and e) The TEM image and SAED pattern were collected from

the red dotted circle.
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Fig. 7. EBSD analysis of the AF and HT NiMnSn alloy (X-Z section) (the SEM picture, corresponding image quality maps, IPF map, and KAM map): (a-d) as-fabricated sample; (e-h)
annealed for one week; (i-1) annealed for two weeks; and (m-p) annealed for three weeks.

becomes more uniform. The ¢, and ¢, decreased from 0.175 and
0.161-0.062 and 0.023, respectively, when the HT time increased
from one week to three weeks, as the long HT time improved the
diffusion of Mn and Sn through the structure. The O and corre-
sponding Mn elements were deleted to obtain the accurate chemical
composition of the matrix and the valence electron concentration (e/
a), as O always combines with Mn to produce MnO, as shown in
Figs. 3 and 4. As shown in Table 4, the e/a of the No.1 sample was the
biggest (8.038), then it decreased to 8.025 and 8.029 for No.2 and
No.3, respectively, which affects the characteristic temperature of
structural transition (as shown in Fig. 9 and Table 5) as FOPT is
sensitive to chemical composition changes [27,30].

3.2. Magnetic properties

3.2.1. Thermo-magnetisation curve

Fig. 8a shows the thermo-magnetisation curve in an applied field
of 0.01T, with Fig. 8b showing dM/dT vs Temperature for the HT
NiMnSn alloys. The AF sample’s magnetisation does not show the
structural transformation. In contrast, the HT samples show a dif-
ferent behaviour, where the magnetisation remains constant with
the increase in temperature up to 30 K (T*), as the spin moments are
locked/frozen [21,24]. The further increase in temperature above
T *increases the thermal energy of these spin moments, leading to
unlocking and observing an abrupt increase in magnetisation [21].
The HT samples show two transitions in an applied field of 0.01T,
the martensite-austenite structural transition occurs at 150K, and
the ferromagnetic to paramagnetic transition occurs at the Curie
temperature (T.~320K, see Table 5). The AF sample does not show
any transition. The chemical composition is more uniform after long

Table 4

The average chemical composition and the composition deviation for LPBF samples with different HT processes.
Sample Average Composition Average Composition without MnO ¢ ni Svin $on efa
No.l Nisg.oMn3.65M15703.4 Nis; sMn31 65160 0.413 0.078 0.175 0.161 8.038
No.2 Nigg1Mn3255n161032 Nis1sMn3135n171 0.343 0.178 0.130 0.035 8.025
No.3 Nig78Mn3355n15603.0 NispoMn3255n166 0.339 0.254 0.062 0.023 8.029
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Fig. 8. (a) Thermo-magnetisation curves in an applied field of 0.01 T for the HT NiMnSn alloys; (b) the dM/dT vs temperature for NiMnSn alloys.
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Fig. 9. Thermo-magnetisation curves in an applied field of 1T for the annealed LPBF
processed NiMnSn alloys.

Table 5

The characteristic temperature of the magnetic phase transformation.
Sample M; (K) Mt (K) As (K) Ar (K) Te (K) Tm (K)
No. 1 182 94 117 203 319.2 149
No. 2 146 89 118 177 3221 1325
No. 3 150 108 140 181 322.6 144.8

HT processes, as shown in Table 5. Therefore, uniform chemical
composition and homogeneity are more important factors affecting
the magnetic properties of LPBF NiMnSn alloys. The long HT process
releases stress in the structure, re-ordering the Mn-Mn distance and
enhancing the magnetisation [7,31,32|. Thus, the sample with the
longest HT processing time (No. 3) has a more uniform chemical
composition, homogeneity and reduced stress, leading to more sig-
nificant magnetisation. The T, of the samples are deduced from the
dM/dT vs Temperature curve in Fig. 8b, which proves that the var-
iation in chemical composition and homogeneity has minimal effect
on the T.. In addition, there is no evidence of the Néel temperature
for MnO, as there was only a trace MnO present in these samples.
This antiferromagnetic transition of MnO occurs around 120 K and
shows only a slight kink in pure MnO, which is not apparent from
these magnetisation measurements [33].

3.2.2. Temperature dependence of magnetisation at 1 T magnetic field

As shown in Fig. 9, the field cooling (FC) and field warming (FW)
curves measured at 1 T were used to study the characteristics of the
magnetic phase transformations. The FC and FW curves provided
further evidence of the structural transformation in the annealed
samples [34-36]. Thus, the transition around Ty; might be the weak
first-order structural transformation (FOPT) [37]. The characteristic
transformation temperatures for the structural transformation
(austenitic start temperature (As), austenitic finish temperature (Ag),
martensite start temperature (M;), and martensite finish tempera-
ture (My)), as well as the thermal hysteresis (ATyys), are essential.
These temperatures were calculated by extrapolating from both
sides of bends in curves through intersections between straight lines
[34,35]. The martensitic transformation temperature (Ty) is de-
termined as ((As +Ar+M; +Mg)/4). The thermal hysteresis between the
FC and FW curves was defined as the difference between As and Mg
(AThys= As-My) [34,35], confirming the nature of the martensite
transition [31]. Table 5 shows the structural characteristic transfor-
mation temperatures at 1T and T, at 0.01 T. With decreasing tem-
perature from the Mg, the martensite phase increased, and the
austenite phase decreased. The magnetisation decreased down to
Mg, where all austenite phases transform into the martensite phase
as the austenite phase possesses higher magnetisation than mar-
tensite [30]. When increasing the temperature from the A, the
martensite phase transforms into austenite, and the magnetisation
gradually increases until it reaches A¢. Here, all the martensite phase
transforms into the austenite phase.

The Ty (149 K) of No.1 is higher than the No.2 (132.5 K) and No.3
(144.8 K), as shown in Table 5. The Ty value is sensitive to the che-
mical composition and the Mn-excess [38,39]. The Mn-excess atoms
increase the e/a, as observed in No. 1, as such the energy of the
system increases as the energy of the conduction electrons exceeded
the Fermi level and move to the Brillouin zone’s corners [3]. The
lattice distortion (martensite transition) in these systems accom-
modates these corner states within a new zone pattern to achieve
minimum free energy [40]. Thus, the increase in e/a leads to a higher
Tm [3]. The e/a decrease from sample No.l to No.2 and increases
again in case of the No.3, thus, the Ty, of No.1 and No.3 is higher than
No.2. As shown in Table 5, the T, increased from 319.2 K to 322.6 K
(under the field of 0.01T) when the HT time increases from one
week to three weeks. As shown in Table 4, the Ni content decreases
with increasing HT time. The Ni atom has a lower moment than the
Mn atom, and substituting the Ni atom for Mn results in the mag-
netic subsystem’s dilution in the austenite phase [27]. Thus, the T
increased with the decreasing Ni atoms. In addition, residual stress is
released and structurally relaxed with longer HT time, which results
in an improved T, [31].
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3.2.3. Isothermal magnetisation

The isothermal magnetisation (M-H) curves were measured
around the structural and magnetic transformation temperatures
(Tm and Tc) under a decreasing field (1 to OT). Fig. 10 shows the
isothermal magnetisation M-H curves at different temperatures
(every 5K) around Ty (a, ¢, and e) and T, (b, d, and f) of three
samples. The field scanning was performed from 1T to OT. From
Fig. 10 a, ¢, and e, the magnetisation increases with increasing
temperatures as the weak magnetic martensite gradually trans-
formed into the strong magnetic austenite. Fig. 10 b, d, and f show
that the austenite converted from ferromagnetic (FM) to para-
magnetic (PM) states at higher temperatures, which led to a de-
crease in magnetisation.

The Arrott plots were employed to determine the nature of each
magnetic transition, as shown in Fig. 11. The negative slope of Arrott
plots around Ty and T, indicates SOPT [41]. However, the existing

magnetic hysteresis in the M-T curve (Fig. 9) confirms the FOPT
transition around Ty [42]. Fig. 11 a, ¢, and e reveal the SOPT nature
around the Ty, due to the weak FOPT around Ty, The suppression/
weakness of the FOPT arises from the existing Mn segregation (see
Figs. 5 and 6), the NiSn-rich phases within the L2, phase (see Fig. 6),
and the inhomogeneous chemical composition. For NiMnSn alloys
with higher Sn content, FOPT is not observed [3,27]. As the SOPT is
observed in Arrott plots, the magnetic field dependence of AS should
vary according to Eq. (6) [43,44]. In Eq. (6), a is a constant and the
magnetic state of the sample determines n power [43]. The AS de-
pendence on the magnetic field (see Equation (7)) confirms the
nature of the magnetic transition [45].

AS = a(j H)" (6)

Fig. 12 shows the value of the n constant is below 2, which is the
case of SOPT around both T, and Ty, [46,47].
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3.2.4. Magnetocaloric effect (MCE)

Maxwell’s relation (Eq. (1)) was applied to calculate the magnetic
entropy change under 1T field near T, and Ty. As shown in Fig. 13 a,
the maximum magnetic entropy change (4S,;) values around the
martensitic transformation region increased from about 0.2 ] kg™
K to 0.45] kg™ K! when the HT time increased from one week to
three. The No.2 and No.3 samples show better MCE than No.1, as the
chemical composition is more homogeneous. As shown in Fig. 13 b,
the AS,; of No.1 sample around T, (0.90 ] kg 'K at 315 K) is slightly
lower than No.3 (0.94 ] kg 'K™! at 320K) and No.2 (0.99 J kg 'K
at 320K).

Thus, the different HT times did not significantly affect the MCE
of the LPBF sample. This is expected as the FM order is almost en-
tirely defined by the positive exchange interactions between the Mn
and Ni atoms [48], thus, as the chemical composition (Table 4) has
minimal change with HT, this will also remain unchanged. Dan et al.
also reported this phenomenon [10]. However, the temperature of
ASp, of No.1 is lower than No.2 and No.3 samples due to different Te.
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Fig. 13. (a) Thermal variation of AS around the Ty of the HT block samples; and (b) thermal variation of AS around the T. of the HT block samples.

4. Conclusion

This study presents a distinct influence of the heat treatment
(HT) process on applying Laser Powder Bed Fusion (LPBF) NiMnSn
Heusler Alloys for magnetic refrigeration applications. The following
conclusions are drawn from this work:

1. All samples exhibited highly ordered cubic L2, austenite at room
temperature. The Mn segregation was ubiquitous even after a
three weeks HT process. The Mn segregation contained oxygen
elements and was confirmed by XRD, EBSD and TEM results to
be MnO.

2. All grains within LPBF samples were equiaxed, and all samples
did not possess strong preferential orientations. The two and
three weeks HT processes decrease the average local mis-
orientation.

3. The chemical composition was more uniform when increasing
the HT time, where composition deviation (¢) decreased from
0.413 to 0.339 with the increasing HT time. Different chemical
compositions resulted in different transition temperatures. The
martensite transformation temperature (149 K) of samples HT for
one week was higher than samples HT for two weeks (132.5K)
and three weeks (144.8 K), while the Curie temperature (T.) in-
creased from 319.2 K to 322.6 K with increased HT duration.

4, The maximum magnetic entropy change (4S;;) values around Ty
increased from about 0.2]kg™! K'1-0.45] kg 'K™! when the HT
time increased from one week to three. Around T, the AS;, of the
one-week HT (0.90 | kg™'K™! at 315K) was slightly lower than
three-week HT (0.94 ] kg™ K™' at 320 K) and two-week HT (0.99 |
kg 'K! at 320K).
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