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This study aims to develop a manufacturing route for a low-cost dense magnetocaloric Ni-Mn-Sn Heusler alloy
(HA) using laser powder bed fusion (LPBF) additive manufacturing technique by in-situ alloying from its
elemental constituents. LPBF enables the production of high surface-area-to-volume 3D-printed components to
increase heat transfer efficiency in magnetic refrigerators. A laser parametric study was performed on blocks,
lattices and microchanneled cylinders for maximum densification, the highest density was observed at the
samples with laser energy density (Ey) of 18.52 J/mm?, 53.33 J/mm°® and 89.89 J/mm?®, where they achieved a
density of 6.8 g/cm®, 8.2 g/cm® and 8.3 g/cm?, respectively. After heat treatment, the three samples show the
L2; phase with a minor 4 O orthorhombic phase and double magnetic transitions, martensitie-austenite transi-
tion (Ty) and curie temperature (T’é). The maximum magnetic entropy change (AS,...) values of the three
samples around Ty are 0.53 Jkg™! K™ at 160 K, 0.5 Jkg™! K at 130 K, and 0.3 Jkg™! K'! at 170 K, respectively. And

AS.x of almost 1.0 Jkg'1 K at T‘g (~320 K) for these samples with a field change of 1 T.

1. Introduction

Magnetic refrigeration is a promising environmentally friendly
technology that may help in addressing global warming and energy
challenges around the world. Compared with conventional cooling
systems, magnetic refrigeration devices emit less mechanical noise and
vibrations [1,2], and theoretically achieve higher energy efficiency
(60% of Carnot cycle) [2]. Magnetic refrigeration is based on the mag-
netocaloric effect (MCE), which is a change in the magnetic entropy (AS)
upon applying/removing an external magnetic field, resulting in a
temperature change (AT) [1,3], where AS and AT are being maximum
around the magnetic transition temperature. The MCE has been
observed in several magnetic materials, however, Gd has been reported
with the highest room temperature MCE [4], but the high cost of that
metal hinders its wide usage in applications. So it was important to look
for alternatives such as rare earth-based composites and Huesler alloys,
which are outstanding magnetocalorics with environmentally friendly
effects, lower cost and adjustable magnetic transition temperature [4,5].
These magnetocaloric materials (MCMs) have been prepared via
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different synthesis methods such as arc melting [5,6] and powder met-
allurgy [7], ...etc. The main problem of resultant samples from these
traditional methods is the lack of shaping to suit a specific application,
which is a challenge of being machined after fabrication due to the weak
mechanical strength of these materials [8]. Additive manufacturing
(AM) technology such as LPBF has overcome the challenge of machining
by direct part production with the ability to do complex designs, where
components are designed using computer-aided design software and
then built from a raw powder in a layer-by-layer fashion [9]. However,
the microstructure defects such as cracking and porosity cannot be
avoided during the LPBF process, so laser parameters optimisation is
needed [10-12]. LPBF has been used previously in 3D printing of several
functional magnetic materials such as, AlFeyBy alloy [13], CoFeNi
[14-16], FeNi [17], functionally graded magnetic materials [18] and in
particular MCMs such as LaCe(Fe,Mn,Si);3 [11], La(Fe,Co,Si);3 [8] (Mn,
Fe)(P,Si) [18]. These reported works have shown the important role of
3D printing of MCMs in improving magnetic refrigeration efficiency.
This occurred by producing parts with high surface-area-to-volume,
which improves the heat transfer between the heat source, working
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Fig. 1. (a) Schematic illustration of the powder blending process, (b) backscattered electron image and corresponding EDS elemental map of the NisoMn3;Sn;3

blended powder, (c) Particle size distribution of the three powders.

Table 1
Starting raw powder characteristics.

Elements  Particle d50 Shape of Melting Boiling Density
size (um) powder point point (g/cm®)
range (§®) (°C)

(um)

Ni 20-45 0.38 Spherical 1455 2913 8.9

Mn < 44 2.01 Cubic 1426 2061 7.44

Sn <45 0.74 Spherical 232 2602 6.54

body and sink [19]. Controlling the heat transfer by increasing the
surface area of MCMs by 3D printing was reported previously in LPBF
and laser beam melted La-Fe-Si based alloy [8,11,20,21]. They produced
blocks with internal micro-wavy channels [8] and blocks with straight
microchannels and lattices [11]. Despite the outstanding role of LPBF of
MCMs, some challenges have been reported such as the elemental
evaporation that may interrupt the nominal chemical composition of the
magnetic alloy, leading to a disturbance in the associated magnetic
properties [11]. This challenge can be overcome by optimising laser
parameters, using relatively lower laser energy densities and compen-
sating the evaporated elements. Despite the interesting magnetic prop-
erties of La-Fe-Si, HAs have been reported with the same AS at a much
lower cost, which make this category a kind of interest for applications,
especially at room temperature [6,7]. HAs Ni-Mn-X(In, Sn, ...etc) show a
huge MCE associated with the martensitic transition [22]. In addition,
these alloys show a conventional MCE at the austenite phase transition,
which can be used as a double cooling capacity [23]. Among this cate-
gory, Ni-Mn-Sn shows a near-room temperature magnetic transition,
which makes this alloy a kind of interest [22,24]. Only one work has
been reported in the 3D printing of Ni-Mn-Sn using LPBF technique [10].
This work used a pre-alloyed powder to manufacture parts with hex-
agonal/square/circular macro channels (3 mm) inside were built by
using LPBF pre-alloy Ni-Mn-Sn powders, with reported magnetic prop-
erties of AS of 1.4 Jkg! K at 288 Kand 1 T [10].

This study aims to manufacture high-performance MCE prototypes of
NisoMns7Sn;3 HAs using LPBF in situ alloying as a low-cost approach
and an alternative to the pre-alloyed powder. A series of experiments
were designed to study the influence of the process parameters on the
microstructure development of the in-situ alloyed Ni-Mn-Sn block
samples. Microchanelled cylinders and lattice strut samples were also

manufactured to increase the surface-area-to-volume of the compo-
nents, which can maximise heat transfer efficiency.

2. Material and methods
2.1. Powder preparation

The NisoMnsySn; 3 alloy was prepared by in-situ alloying as seen in
Fig. 1a of spherical gas atomised Ni powder (TLS Technik GmbH, Ger-
many, Purity > 99.5%), spherical Sn powder (Sigma-Aldrich, USA, Pu-
rity > 99.8%) and irregular Mn powder (Aldrich, USA, Purity > 99%),
see Fig. 1b. Additional 2 at% Mn and 1 at% Sn powders were added to
compensate for the elemental evaporation during LPBF process, which
was observed following initial trials. Ni, Mn, and Sn powders were
blended for 48 h. The particle size distribution for all powder is pre-
sented in Fig. 1c and details are listed in Table 1, which is following a
Gaussian distribution.

2.2. Sample fabrication and design of experiment

The as-fabricated (AF) samples were manufactured by LPBF tech-
nique on top of steel substrate using Concept Laser M2 machine attached
with a continuous wave mode Yb-fibre laser (spot size is ~ 67 um,
maximum power = 400 W) as the primary heat source for melting in
argon atmosphere with the oxygen content kept below 1000 ppm.

Three designs were optimised, 5 x 5 x 10 mm blocks, body-
centered cubic (BCC) strut-based lattice structure and cylinders with
microchannels (MC cylinders) (see Fig. 2a-b) using a fixed layer thick-
ness of 30 um. The details of the three designs are shown in Fig. 2c-d.
Among the parameters in the LPBF process, the effective laser power (P),
the laser scan speed (V), the laser scan spacing or hatch distance (h), and
the layer thickness (d) are the most important in controlling the build
integrity [25]. Different scanning strategies were used as shown in
Fig. 3. During the LPBF process, the volumetric energy density (Ey) is
used to define the effective laser energy or linear energy density (Er)
using the key process parameters, as given by Eq.1 and Eq.2 [26]:

P

B =yened M
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Fig. 2. (a) and (b) LPBFed parts, (c) Geometry of blocks, lattices, and microchannel cylinders, (d) Details of three different designs.

o
' |
e % I
335333535091 R e T h -
_ 7 b ESEREESE A ()" layer | FEETRETEL—(n+1)" layer L (n+1)" layer
= Py AR S
=< E A EA AL pth P, ptct s oy IR "
88 2| parm g T e SRR IR A" tayer " layer
A s~ Y === - J——— -
/R 7 3 ’
§ /
s
X Smm <
Fig. 3. Three different scan strategies; 90 raster, island scan and chess scan strategies.
P
Table 2 B = v @
The investigated LPBF processing parameters for blocks with the 90° raster scan The optimisation process for maximum densification was performed
strategy. . . . . . .
on blocks using the parametric combinations detailed in Table 2. The
Laser Power Scan Speed (mm/  Hatch Distance E“e;gy Density (J/ results of the microstructure of blocks assessed with continued scanning
w) s) (mm) mm~) . . . .
strategies, parameters (shown in Table 3) were observed to build satis-
60-150 600-1500 0.03-0.09 18-133

factory blocks with island and chess scanning strategies (with an island
size of 3 x3 mm), MC cylinders and lattices.

The LPBF made (LPBFed) samples were encapsulated in argon-filled
quartz ampules and heat-treated (HT) in a calibrated furnace at 1123 K
for 504 h before water quenching.
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The LPBF processing parameters for blocks with island and chess scan strategies, MC cylinders, and lattices. (y/: Succeed; x: Failed).

Laser Power (W) Scan Speed (mm/s) Hatch Distance (mm) Ey (J/mm®) Ep (J/mm) Chess Island 90° Raster Scan Strategy
Blocks MC Cylinder Lattice
60 600 0.05 66.67 0.1 v v v v
60 600 0.07 47.61 0.1 v v v v
60 800 0.07 35.71 0.075 Y/ v Y/ v
60 1000 0.05 40 0.06 v v v v
70 1000 0.05 46.67 0.07 v v v v
80 1000 0.05 53.33 0.08 Y/ v y/ v
80 600 0.07 63.49 0.13 x x x v
115 1750 0.05 43.8 0.065 x x v v
115 2000 0.05 38.33 0.057 x x Y/ v
125 1500 0.06 46.29 0.083 x x v v
125 1750 0.05 47.62 0.071 x x Vv v
125 2000 0.04 52.08 0.063 x x v v
125 2500 0.045 37.04 0.05 x x v/ v
Defef:ts c) Crack density
fraction 0.09 (1/mm)
(%)

(2)

0.08 0.10
E, (J/mm)

P=150W
H=0.09mm
Bi=0.05J/mm
Ev=18:52d/mm’

P=115W.
H=0.06mm
E;=0.0575J/mm

T mm
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Fig. 4. The correlation of E; and Hatch with the (a) Defects fraction, and (b) Crack density of all AF blocks with 90° raster scan strategy.

2.3. Sample preparation and analysis

The Ni-Mn-Sn samples were cut from the steel substrate using Elec-
trical Discharge Machine (EDM). The samples were then sectioned
longitudinally to the build direction (to view the X-Z plane). The density
of samples was measured using the Archimedes method in terms of
ASTM B962-17 [27]. The samples were ground incrementally using SiC
papers and then polished using 3 and 1 um diamond suspensions, fin-
ishing with a 0.04 pm silica suspension. Then, Hitachi TM3030 and FEI
Quanta 3D FEG Dual Beam SEM fitted with an Energy Dispersive X-ray

microanalysis system (EDS) microscopes were used to analyse the
microstructure of the polished samples. Image analysis using Image J
software was used to quantify the defects fraction (defects area/area, %)
and cracking density (sum of cracks length/total image area, 1/mm)
[28]. 8 SEM images in the X-Z plane were considered for every sample at
the mid-thickness of the Y-Z section. The crystal structure was examined
using a Proto AXRD diffractometer X-ray diffraction (XRD) with Cu-Ka
radiation (A = 1.5406 A) at room temperature and using a Panalytical
Empyrean XRD diffractometer with Mo-Ka radiation (A = 0.7093 ;\) for
the tests at low temperature (100 K, 200 K and 295 K). For comparison,



K. Sun et al. Additive Manufacturing 69 (2023) 103536

Fig. 6. SEM-BSE micrographs showing the defects in the best sample (No.2-AF).

all XRD results with Mo-Ka radiation were converted to Cu Ko radiation sample were confirmed using the FEI Quanta 3D FEG Dual Beam
using Bragg’s Law. The chemical compositions of ten small uniform SEM-EDS. The average composition was then used to represent the
areas within the microstructure, without element segregation, of every chemical composition of all uniform areas. The chemical composition of
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Fig. 7. SEM-BSE micrographs showing the defects in the sample with high energy density.

the whole sample was determined using x-ray fluoresce (XRF) for Ni,
Mn, and Sn, and combustion and non-dispersive single wavelength IR
analysis for Oxygen analysis.

Magnetic measurements were performed using a Quantum Design
Magnetic Property Measurement System (MPMS). All test samples were
extracted from the centre of the blocks. The zero-field cooled heating
(ZFCH) thermo-magnetisation data were collected under 0.01 T within
the temperature range of 2-380 K. The isothermal magnetisation curves
were measured every 5 K (field up from O to 1 T, then back to 0 T). The
magnetic entropy change (AS) was calculated from the isothermal
magnetisation curves M(H) using Maxwell’s relation (Eq.3). The change
in the applied magnetic field is represented by AH (AH = Hp — Hj, H:
the final magnetic field; H;: the initial magnetic field).

Ar (oM
AS = L , (ﬁ)HdH 3

The RCP of MCMs can be evaluated from the plots of AS vs T, as
shown in Eq. 4. §Tpwpy is the full width at half maximum of AS(T) curve
[2].

RCP(S) = ASmax X 8Trwam “4)

3. Results and discussion
3.1. Microstructure of the as-fabricated samples

To identify the processing windows that achieved the least pores and
cracks, contour plots were constructed. As shown in Fig. 4a-b, the
volumetric defects fraction (%) and crack density (crack length/area, 1/
mm) were plotted against the E;. The blocks with low Ep, and high hatch
saw a high quantity of defects and a low number of cracks due to a large
number of interconnected holes within the blocks possibly releasing the
residual stress during LPBF processing, decreasing the level of cracking,
as illustrated in Fig. 4c.

The quantity and size of the holes decreased with the increasing E;,
and decreasing hatch, as shown in Fig. 4d. The results presented in
Fig. 4e-f display a denser microstructure yet with some cracks. Fig. 4g-h
revealed huge macrocracks because high E; and low hatch result in high
Ey. The cracking density increases with the increasing residual stress
caused by the increasing energy density. Although it was difficult to fully
eliminate the defects, especially cracking, a narrow processing window
resulted in a lower density of defects and cracks, as shown in the red
cycle within Fig. 4b. It was established that the condition of
Ey= 53.33 J/mm?® (80 W, 1000 mm/s and 0.05 mm, Fig. 4e) showed the
lowest defects and cracks fraction and the suitable densification. Thus,
this condition is recommended as the optimum condition for block
samples.
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Fig. 8. SEM-BSE micrographs showing microstructure of LPBFed samples (a, ¢, d, and g) and HT LPBFed samples (b, e, f, and h), and EDS map for Ni, Mn and Sn

element segregations in LPBFed and HT LPBFed samples.

3.2. Microstructure evolution and defects mechanism

Fig. 5, Fig. 6 and Fig. 7 show the SEM-BSE micrographs of selected
block samples, which document the microstructural evolution with
increasing Ey. Three segregations were observed in the microstructure of
the samples. Ni segregation is grey, Mn segregation is dark grey and Sn
segregation is white in the SEM-BSE picture (proved in Fig. 9). As shown
in Fig. 5a-c, the high defects, especially some of the irregularly formed
pores, at low Ey of 18.52, 28.57 and 31.94 J/mm® was due to the
insufficient overlap between the laser tracks caused by the large hatch

spacing (90 um), insufficient melting caused by lower laser power, and
unsuitable scanning speed. The lack of fusion defects (LOFs) and un-
melted powders are very common within the microstructure of blocks
with low Ey, as shown in Fig. 5d and e, resulting in low density and
relative density (see Fig. 8 and Fig. 9). With increasing Ey, the un-melted
powder caused by the LOFs almost disappears. The macrocracks were
observed in the microstructure of the sample (Ey = 31.94 J/mm?).

Fig. 6 presented the defects of the best sample (No.2-AF). Still, a large
number of cracks could also be observed, where the cracks have grown
in a zig-zag movement. Some cracks occurred within the Sn segregation,
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Table 4
The LPBF and heat treatment processing parameters for picked blocks.
No. Laser Scan Hatch Ey (J/ Scan Heat
Power Speed Distance mm®) Strategy Treatment
W) (mm/s) (mm) Process
No.1 150 3000 0.09 18.52 90° raster 950 °C—
No.2 80 1000 0.05 53.33 scan 504 h-
No.3 80 600 0.05 88.89 strategy Quench
Table 5

Average chemical composition analysis in at% of the HT block samples using
SEM-EDS.

Ni Mn Sn e/a
Initial Mixed Powder 48.54 37.86 13.59
No.1 (18.52 J/mm®) 49.14 34.7 16.16 7.99
No.2 (53.33 J/mm®) 48.80 33.91 17.29 7.95
No.3 (88.89 J/mm?) 49.25 34.22 16.53 7.98

Table 6
Chemical composition analysis (including oxygen analysis using LECO) in at%
for the HT block samples.

Ni Mn Sn o
No.1 (18.52 J/mm®) 46.95 33.50 13.50 6.00
No.3 (88.89 J/mm®) 49.20 32.90 14.6 3.00

Additive Manufacturing 69 (2023) 103536
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Fig. 10. The relationship of Ey, E;, and the relative density of all AF blocks
with 90° raster scan strategy.

see Fig. 6¢. The small LOFs were also observed (Fig. 6d). It is caused by
the liquid metal solidifying rapidly during the LPBF process. Further-
more, some cracks grow mostly through the fusion boundary (Fig. 6e).

Fig. 7 presented the defects within the microstructure of the sample
with high energy density. The microcracks are obvious (Fig. 7a and b).
Some microcracks occurred within the Mn segregation region (Fig. 7c)
and the Ni segregation region (Fig. 7d).

3.3. Influence of post-LPBF thermal quenching post-process on the
microstructure

Fig. 8 shows SEM-BSE micrographs of the AF (a, ¢, d and g) and HT
samples (b, e, f and h). Details of the LPBF and heat treatment processing
parameters for picked blocks (No.1l, No.2, and No.3) are shown in
Table 4. The corresponding AF samples are No.1-AF, No.2-AF, and No.3-
AF. The micrographs show some segregations: Sn (bright), Mn (dark
grey) and Ni (light grey). Heat treatments typically promote micro-
structural homogeneity by decreasing segregation, especially Sn segre-
gation due to its lower melting point (231.9 °C) than the HT
temperature. There is some remnant segregation of Ni and Mn.

Different LPFB parameters caused different evaporation rates, which
lead to the samples having different chemical compositions. Table 5
shows the average chemical composition (including the electro-to-atom
ratio; e/a) of the uniform area, without any segregation, in the three
samples following the HT process. The HT processes and three different
LPBF parameters did not result in a big difference in the average
composition. Table 6 shows the average chemical composition
(including Oxygen) of the whole No.1 and No.3 samples.

3.4. Density

In terms of the chemical composition, the theoretical density of the
investigated Ni-Mn-Sn alloy should be 8.326 g/cm? (the red-dotted line
shown in Fig. 8), which was used as a reference for all specimens. Fig. 8a
shows the influence of Ey on the Archimedes density of the AF speci-
mens. When Ey is less than 30 J/mm?, the density is very low due to the
large fraction of LOFs that occurred in the block, as shown in Fig. 4c.
When Ey is very high (>100 J/mm?>), selective elemental vaporisation of
Mn increases the density of the blocks because the density of Mn is lower
than that of Ni and Sn. As observed in Table 3, high P or Ej, will result in
failed blocks with chess and island scan strategies. Since E; density at the
edge of a short raster scan within the chess and island scanned blocks
was so high the melted powder in that area was thicker and other points
in the same layer had less time to cool down. In addition, the residual
stress and heat input also accumulated with the increasing number of
printing layers. Fig. 9b shows that the three different scan strategies
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Fig. 11. SEM-BSE micrographs showing surface morphologies (X-Y) and microstructure of cylinders with the microchannels (red circles); SEM-BSE micrographs

showing surface morphologies (X-Y/Y-Z) and microstructure lattice strut samples.
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Fig. 12. XRD patterns of the LPBFed and HT LPBFed Ni-Mn-Sn alloys.

didn’t result in a huge variation in density (<0.25 g/cm®). As shown in
Fig. 10, the relative density of some LPBFed blocks, with high Ey and E,
was above 100%, indicating that the density is higher than the theo-
retical density. This has occurred because high P and Ej, will result in
elemental evaporation, which will change the chemical composition and
increase the density of the blocks.

The surface morphologies of the MC cylinders (X-Y, normal

oL2, g ——295K
©40 o a _ — 200K
i t: S —100K
—_ °
:' [ ]
< )\/’
g [ ]
,*? °
wn
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N
=
]
[ d
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Fig. 13. XRD patterns of the HT LPBFed Ni-Mn-Sn (No.2) at different tem-
peratures (100 K, 200 K, 295 K).

direction) and lattices, and the cross-sectional (X-Y) microstructure of
both parts, produced using six different LPBF process parameters, are
shown in Fig. 11. The surface of MC cylinders and lattices contains some
partially melted residual powder particles as a result of the LPBF process
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Fig. 14. Thermo-magnetisation curves of HT LPBFed Ni-Mn-Sn samples in an
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[29]. The Ey did not significantly change (37 J/mm? to 53 J/rnms), but
the laser power changed considerably (60-125 W). Although the size of
MC cylinders and lattices is small, cracks can be seen in all the speci-
mens. More LOFs and pores were observed in the microstructure of MC
cylinders and lattices produced by using high laser powder (>115 W)
because of increased splashing and a high cooling speed. The Image J
software was used to determine the effective diameters. The diameter of
the holes in MC cylinders (1.0 mm) and X-Y plane of lattice structures
(0.4 mm) was built relatively accurately. However, the holes in the Y-Z
plane of lattice structures were not accurate. The diameter of the holes is
small (~0.24 mm) when using high-laser power. The high laser power
tended to block the pores (especially the surface morphology Y-Z, build
direction) due to the wider melt pool and deeper melt depth resulting in
more powder sticking to the channels. The MC cylinders and lattices
produced by using lower laser powder saw more recognisable, uniform
pore morphology and fewer pores within the microstructure. Therefore,
it can be concluded that low laser power (60, 70 and 80 W) is more
suitable for manufacturing MC cylinders and lattices when using the 90°
raster scan strategy.

3.5. Influence of post-LPBF thermal quenching post-process on the phase
formation

Fig. 12 shows the XRD patterns of the HT LPBFed Ni-Mn-Sn samples
at room temperature (RT). The images reveal the dominance of the L2;
austenite phase in all samples at RT. In contrast, a 4-layered ortho-
rhombic (221) peak was visible near the austenite (220) peak, revealing
the coexistence of the 4 O-type martensite phase at low temperatures
(100 K) [30,31], which decreases with increasing the temperature (see
Fig. 13). Chemical composition plays an important role in the martensite
phase volume and transition, where it has been reported that HAs with a
chemical composition of NisgMnsg_xSny (x = 13-15) show strong 4 O
and martensite phase peaks [32,33]. The samples analysed had a
low-intensity 4 O martensite peak as a result of deviation of the chemical
composition (See Table 5) from the optimum starting values, due to
evaporation and the microstructural inhomogeneity.

3.6. Magnetic properties

3.6.1. Temperature dependence of magnetisation

Fig. 14 shows the thermal variation of magnetisation for the three
blocks, the M(T) behaviour agrees with the previous studies of arc-
melted Ni-Mn-Sn alloys [30]. At high temperatures (340-400 K), the
magnetisation value is close to zero due to the paramagnetic state in the
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austenite phase. By decreasing the temperature below 340 K, the three
samples exhibit a sudden increase in the magnetisation in correspon-
dence with the paramagnetic (PM)-ferromagnetic (FM) transition at T‘é
(~320 K). The (T‘é) value agrees with the previously reported values in
the arc-melted Ni-Mn-Sn alloys [33]. A further decrease in temperature
leads to a decrease in magnetisation (antiferromagnetic behaviour) due
to the start of the Martensitic transition, in agreement with [30]. Mag-
netisation continued to decrease with temperature showing a step-like
anomaly around Ts before remaining constant below T * (~50 K). The
observed difference in the magnetisation behaviour in the austenite and
martensite phases refers to the change in Mn-Mn distance [34] where,
the Mn-Mn distance decreases after the martensitic transformation due
to the twining of the martensitic phase [35] inducing an antiferromag-
netic (AFM) coupling component [6,36]. The presence of the AFM
component has been reported previously in Ni-Mn-Sn alloys and is
attributed to the existence of ferromagnetic particles/grains, which are
in a non-magnetic order [37] with inhomogeneous magnetic states [38].
The presence of the AFM component increases with a decrease in tem-
perature and leads to FM-AFM competition, locking spins from the
contribution in magnetisation, which explains the constant value of M
below T* [30,39]. It is worth noting that the three samples show
different magnetisation values, which may occur due to the change in
chemical composition resulting from the different processing parame-
ters (see Table 5 and Table 6). The lower Ni and Sn contents lead to some
of the Mn ions occupying Ni and Sn sites, which are coupled antiferro-
magnetically to those on the regular Mn sites, and lead to the AFM
interaction [34,40]. Accordingly, the lower Ni and Sn content in sample
No. 1 led to the highest magnetisation. It is worth to mention that
Ni-Mn-Sn alloys have shown small thermal magnetic hystersis 5 K in
previous works of arc melted [41] and 5 K in HT LPBFed samples [10].

3.6.2. Isothermal magnetisation

The initial M-H curves in Fig. 15a-c and Fig. 15d-f show the
magnetization dynamics near the martensite transition temperature
(Tw) and T‘é, respectively for the three samples, where, the isothermal
magnetization process was taken at two steps every 5 K (from 0 to 1 T,
then back to 0 T.) Around Ty, a small magnetic hysteresis is observed
within the temperature range 135-195K for the No.l1 sample,
115-160 K for the No.2 sample, and 125-195 K for the No.3 sample,
which is a nature of the FOPT as a result of the structural transformation
that occurs within these temperature ranges, in agreement with Raji
[42]. The M-H curves in Fig. 15d-f exhibit FM-paramagnetic (PM)
transition of austenite around T4, where below T4, the magnetisation
increases linearly with the applied magnetic field and then saturates at
~ 0.1 T, which is a characteristic of ferromagnetism. Meanwhile above
T%, the magnetisation increases linearly with the applied magnetic field
in correspondence with the paramagnetism [42]. To determine the na-
ture of each magnetic transition, the induced Arrott plots were
employed as in Fig. 16. Where the positive and negative slope of Arrott
plots around the transition temperature indicates SOPT and FOPT,
respectively [43]. Accordingly, this reveals the SOPT nature around T4
(Fig. 16d-f), meanwhile, it is not the case around Ty that shows also
positive Arrott plots but with FOPT. The FOPT around Ty is probably
weak but can be confirmed by the existing magnetic hysteresis in M-H
and Arrott plots, which is a character of the FOPT (Fig. 16a-c), in
agreement with [34]. The suppression/weakness of the FOPT arises
from the existing inhomogeneity MnO segregation, see Fig. 11 and the
presence of the orthorhombic 4 O-type martensite phase (See Fig. 13). It
can be seen in Fig. 14 and Fig. 16, the T# of the No.1 sample and No.3
sample was approximately 320 K, while the T’é of the No.2 sample
increased marginally to 323 K. Because the No.1 and No.3 samples saw
higher Ni content (see Table 5). The T2 decreased with increasing Ni
atoms because Ni has a lower magnetic moment than Mn the substitu-
tion of Ni atoms for Mn resulted in the dilution of the magnetic
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Fig. 15. (a, b, ¢) Isothermal magnetisation curves of HT LPBFed block samples with E = 18.52 J/mm?3, 53.33 J/mm? and 88.89 J/mm?® near the martensitic tran-
sition temperature, (d,e,f) Isothermal magnetization curves of HT LPBFed block samples with E = 18.52 J/mm?, 53.33 J/mm?®, and E = 88.89 J/mm® near the TZ.

subsystem in the austenite phase [30]. The nature of magnetic transition
can also be confirmed by the AS dependence on the magnetic field in Eq.
5 [44], where Fig. 17 shows that the value of n constant is below 2,
which is the case of SOPT around bothT‘g and Ty [45,46].

ASaH" )

11

3.6.3. Magnetocaloric effect (MCE)

The experimental results show that the start temperature of
martensite (Ms) is very sensitive to chemical composition [47]. The
three samples showed different Ms, due to the different valence electron
concentrations per atom (e/a; determined as the
concentration-weighted sum of s, d, and p valence electrons [24,48]),
caused by different chemical compositions, as presented in Table 5. The
No.2 sample had the lowest Ms because of the lower density of the



K. Sun et al.

4000

- \
i 3000 5K
S~
=
E \
2 2000
NE 135K

1000

0.01 0.02 0.03 0.04

0.00 0.05
rH/M (T-g/emu)
160 K
5000 - \ (b)
o 4000 5K
Py
]
g L
g 3000 115K
2
e 2000
-
1000
0.00  0.01 0.02 003 004 005
pH/M (T-g/emu)
4000 195K (C)
(o] - \
' 3000 Sk
~
E \
3 2000
NS 125K
1000
0 1 1 1 1
0.00 001 002 003 004 0.5

pH/M (T-g/emu)

Additive Manufacturing 69 (2023) 103536

(d)

1200
1000 - 300 K
800

600

5K

M? (emu/g)’

400

200
350K
L\ o L

0 / yaw,
0.1 0.2 0.3

pH/M (T-g/emu)

0.4

1200 /300K (E)
1000 f

- 5K

// / /\ K
o 0.1 0.2

0. 0.3
pH/M (T-g/emu)

0.4

1000 -

()

300 K

800 -
600

400

M? (emu/g)>

200

5K
350 K
i L L

//. yA,
0.1 0.2 0.3

pH/M (T-g/emu)

0
0.0 0.4
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and (d, e, f) near the T2.

valance electron number [24]. When the valance electron number in-
crease, the energy of the system increase because the energy conduction
electrons exceed the Fermi level and move to the corners of the Brillouin
zone [49,50]. The system tends to minimize the free energy by creating
distortions and generating the new crystal structure, which is the
martensite transition [49,50]. In addition, Ms also decreased as the
lattice parameter increased [24,51,52]. When the Sn content of the No.2
sample was increased to 17.29% the lattice parameter increased leading
to a decrease in Ms [24].

The MCE is an intrinsic property of Ni-Mn-based HAs [53]. To
evaluate this characteristic in the vicinity of FOPT and SOPT, the
reversible change of magnetic entropy (AS) can be quantified from the
magnetisation versus magnetic field (M-H) curves at various tempera-
tures using Maxwell’s relation (Eq.3). Fig. 18 shows AS as a function of

12

temperature when applied 1 Tesla (T) fields around the martensitic
transition region and the T4 range for the three samples with different
parameters. The maximum magnetic entropy change (4S,,,x) values of
FOPT are 0.53 Jkg' K at 160 K, 0.5 Jkg' K at 130 K, and 0.3 Jkg 1 K
at 170 K for the No.1, No.2, and No.3 samples, respectively. And AS,,,,x of
almost 1.0 Jkg’1 K'lat T’é (~320 K) for the three HT LPBFed samples (see
Fig. 18b).

It is worth mentioning that the obtained results are lower than the
recently published results of LPBF NigsMn44Sni; [10]. This is due to the
use of pre-alloyed powder that results in more homogeneity and strong
FOPT. The study reported that the homogenised LPBFed NissMny4Sngq
alloys exhibited a FOPT, and the maximal value of AS is ~ 1.3 Jkg! K1
at 1 T magnetic field [10]. Table 7 shows a comparison between the
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results of this work and previous works of Ni-Mn-Sn HAs. It is obvious
that the AS,,,x in this work is lower than other reports. The difference in
the AS,x was caused by the large amount of segregation within the HT
LPBF samples. The LPBF process of in situ powder inevitably results in
elemental segregations, as shown in Figs. 5-7 and Fig. 11. The segre-
gations (Ni and Mn) cannot be reversed with future HT procedures, and
has a detrimental effect on the magnetic properties of the alloy. In
addition, the different chemical compositions in the annealed LPBF
samples can affect structural transition. In Fig. 13, the XRD result of the
No.2 sample at low temperatures showed a little Martensite phase. It is
obvious that the AS,,,x of SOPT in this work is better than some reports,
as shown in Table 7. The T% of the samples only changed marginally. The
above results conclude that the different LPBF process parameters didn’t
significantly affect the AS value around T4. Because the T2 is insensitive
to the changes in the Mn/Z ratio and remains close to RT in
NigMn; xZ;1_x (Z = In, Sn, Sb) series [54]. The FM order is almost fully
defined by the positive exchange interactions between the Mn and Ni
atoms, which always constitute the same number of nearest neighbours
[54]. Another factor in measuring the MCE efficiency is the RCP as
calculated and shown in Table 7. The RCP at T4 of the three samples is
similar (about 27.5 J kg"l). However, the RCP at Ty of the three samples
saw a difference. Although AS,,,x of No.3 is the lowest, the RCP of No.3
shows higher value (17.86 J kg™) because of the broad working tem-
perature. The high RCP implies great cooling efficiency.
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4. Conclusion

This study investigated the LPBF of Ni-Mn-Sn-based Heusler alloys
with different shapes, blocks, MC cylinders and lattices. The density
increases with increasing Ey reaching an average value of ~8.3 g/cm®.
The LPBF processing parameters were optimised where the optimuim
condition for the blocks was defined as EV = 53.33 J/mm? (P = 80 W,
v=1000 m/s and h=0.05 mm). The low laser powers (60, 70 and 80 W)
with low energy density are more suitable for manufacturing MC cyl-
inders and lattices when using the 90° raster scan strategy. The AF parts
were homogenised by heat treatment for 504 h and then quenched in
water. The XRD has shown the L2; phase for all samples with a minor
4 O orthorhombic phase. The samples showed also double magnetic
transitions, martensitie-austenite transition, and curie temperature. The
maximum magnetic entropy change (AS,,,x) values of the three samples
around Ty are 0.53 Jkg' K at 160 K, 0.5 Jkg* K™ at 130 K, and 0.3 Jkg
L K1 at 170 K, respectively. The different LPBF process parameters
didn’t significantly affect the AS value around T4 because it was
insensitive to changes in the Mn/Sn ratio. The ASmax for the three LPBF
samples around T4 (~320K) is approximately 1.0 Jkg! K1 when
applied to the 1 T field. The results demonstrated that it is possible to
successfully produce 3D printed Ni-Mn-Sn Heusler alloy magnetic
refrigerant with acceptable MCE efficiency. Although the MCE efficiency
of the LPBF block samples was lower than the alloy manufactured using
arc melting, it is predicted that the MCE of LPBF samples can be
increased by using the pre-alloy powder. Furthermore, The cracking
problem of LPBFed Ni-Mn-Sn HAs needs to be solved. Heat exchangers
with the more large surface area should be manufactured to increase the
efficiency of heat exchange. The structures in this work will also be used
in a mini heat exchanger prototype to improve the cooling performance.
The heat treatment processes will be studied to improve the magnetic
refrigeration of LPBFed Ni-Mn-Sn alloys.
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Table 7
Comparison of the magnetic entropy of the Ni-Mn-Sn Heusler alloys with those reported in the literature.
Alloy Applied Field =~ —ASp,x of SOPT (J AShax of FOPT (J RCP at Té RCP at Ty Manufactured method Reference
) kg K kg' K /kg) (I/kg)
Nigg.14Mns34 7Sn16 16 1 0.94 0.5 27.27 13.73 Additive manufacturing in-suit powder & This work
Nigg gMn33 91507729 1 0.99 0.53 27.94 9.74 950 °C for 504 h & Quench This work
Nigo2sMnzs20SMgs3 1 0.96 0.3 27.56 17.86 This work
NigsMng4Sny; 1.5 / 2.1 / / Additive manufacturing pre-alloy powder & [10]
1173 K for 24 h & Quench
NigsMnysSnqq 5 4 15 34 71 Arc melting & 1273 K for 24 h & quenched in [55]
ice water
NisoMn3sSnys 5 2.105 / 132.5 / Arc melting & Melt-spun ribbons 40 m/s [56]
Nip 12Mn; 2gSno6 5 ~2 10.2 / 80 Arc melting & 1173 K for 24 h & slowly cooled [30]
down
Niy 18Mnj 55Sng 6 5 5.9 2.16 / 89 Arc melting & 1173 K for 24 h & slowly cooled [30]
down
Nig7MngoSn 3 5 / 7.5 207 62 Mechanical alloying & 1223 K for 16 h & [571
quenched in ice-water
NiggMnzg 550125 1.8 7.8 92.1 55.5 Melt-spun ribbons (25 m/s) [58]
NisoMn3;Sn; 3 1.2 1.1 1.9 / / As melted & 1123 K for 4 h & quenched by Ar- [33]
flow
NisoMnzeSni4 1.2 ~1.4 / / / As melted & 1123 K for 4 h & quenched by Ar-  [33]
flow
NisoMnss5Sn;5 1.2 ~1.2 / / / As melted & 1123 K for 4 h & quenched by Ar- [33]
flow
NisoMn3oSnzg 1.2 ~1.3 / / / As melted & 1123 K for 4 h & quenched by Ar-  [33]
flow
NisoMngoSnszg 1.2 ~1.12 / / / As melted & 1123 K for 4 h & quenched by Ar- [33]
flow
NisoMn3sSns 5 / 15 / / Arc melting & 1273 K for 2 h & quenched in ice [32]
water
NisoMn37Sny3 5 ~1.8 18 / / Arc melting & 1273 K for 2 h & quenched in ice [32]
water
NisoMnosSnos 2 1.4 / / / Hybrid microwave heating method [591
Nig3MnyeSny 5 43.2 / / Arc melting & melt spun ribbons & 1173 K for [60]
10 min
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