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Microstructural Characterization of 3D Printed NiMnGaCoCu Based  
Magnetic Shape Memory Alloys

The main aim of this research was to produce, by laser powder bed fusion (LPBF) process, good quality material with non-
modulated martensite structure exhibiting high magnetic field-induced strain value. The microstructure and texture of NiMnGaCoCu 
alloy were investigated by SEM, TEM, and high-energy X-ray diffraction. It was shown that LPBF process combined with the post-
processing annealing allowed to obtain a homogeneous microstructure with a strong <100> fiber texture along the growth direction. 
It was also shown that the scanning strategy does not greatly affect the microstructure and crystal structure of the material while the 
only difference lies in the existence of a double texture component for alloy produced by oscillating mode. Finally, the magnetic 
field-induced strain value calculated for the alloy with non-modulated martensite produced by the 3D printing was about 0.2%.
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1. Introduction

Additive manufacturing (AM) technologies, called 3D 
printing, have gained much scientific, public, and commercial 
interest for the last three decades showing a strong alternative 
to conventional fabrication techniques [1-5]. AM provides many 
advantages such as (i) fabrication of complicated and complex 
geometries in one piece including thin walls and small holes 
(ii) the ability to print a wide range of materials (including 
metals, ceramics, polymers and even composites), (iii) reduced 
manufacturing costs and lead times while the cost saving rises 
when the part shows more complex shapes, (iv) tailoring the 
processing conditions allowing to produce desire shapes, di-
mensions etc. However, here, the drawbacks and challenges 
should also be reminisced. Firstly, AM has not been considered 
as a completely viable process yet, especially when compared 
with other conventional processes. Secondly, the produced 
pieces of materials, more often, do not show sufficient precision 
while there are some limitations in the surface finish. Moreover, 
the fast cooling rates during the process introduce stresses and 
distortions to the materials providing structural defects. Taking 
into account feedstock, energy source, and build volume, the 
metal AM technologies can be divided into three main groups: 

(i) powder bed systems, (ii) powder feed systems and (iii) wire 
feed systems [5] creating new possibilities and solutions for 
many types of functional materials. AM methods combined 
with the proper heat treatment can be successfully applied to 
produce Ni-Mn-Ga ferromagnetic shape memory alloys allowing 
to control of not only the shape of the alloys but also chemical 
composition, microstructure and texture, which in fact, determine 
the functional properties such as magnetic field induced strain 
(MFIS) values and working temperature [6-9]. Ni-Mn-Ga-based 
alloys belong to the group of so-called smart materials that can 
change their shape when changing temperature, magnetic field 
or applied stress. The abovementioned properties are related 
to thermoelastic martensitic transformation occurring in these 
alloys [10-16]. The martensitic transformation behavior can 
be tailored by chemical composition, microstructural features 
and atomic order degree. These are often associated with the 
manufacturing process and heat treatment. Thus, one of the most 
important issues is to design the chemical composition leading 
to obtain different martensite structures at room temperature 
(non-modulated, ten-layered (10M) and fourteen-layered (14M) 
structures) while the second one is to obtain the favorable micro-
structure and texture [17-22]. These would ensure the optimal 
conditions for MFIS in polycrystalline material.
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In this work, we have investigated NiMnGaCoCu alloys 
fabricated by the Laser Powder Bed Fusion technique using two 
different scanning strategies that may affect the final product 
quality and its microstructural features. The microstructural 
investigation was carried out using high energy X-ray diffrac-
tion and electron microscopy while MFIS value was calculated 
based on global texture measurements, and finally, martensitic 
transformation temperatures were determined by Physical Prop-
erties Materials System. 

2. Experimental details 

The powder precursor with irregular, non-spherical shapes 
and an average particle size of 15.2 ± 4.4 μm was prepared via 
milling of melt-spun ribbons, with the nominal composition of 
Ni47Mn25.5Ga21.5Co3Cu3, in a vibration mill under 1 mm vibra-
tion amplitude for 2 h. The detailed procedures concerning both 
ribbons and powders production were described in Ref. [23-25]. 
Then, the alloys were built by Laser Powder Bed Fusion (LPBF) 
technique using a single-line strategy with two sub-strategies 
called normal (N) and oscillating (O). The main difference 
between both sub-strategies lies mainly in the scanning vector 
length and direction. And so, in the first case, the laser goes from 
the starting to the end point along a straight line whereas in the 
second case the laser moves in a zigzag manner. Moreover, the 
following process parameters: 37.5 W of laser beam power, 
laser beam diameter of 50 µm, and laser scanning speed of 250 
mm/s were used. For more details see [26]. The 3D printings 
were subjected to annealing at 300, 600, 900°C for 1 h and at 
900°C for 24 h and 72 h in an argon atmosphere followed by 
air cooling. The structure, phase composition, and global texture 
were examined by high-energy X-ray diffraction measurements 
at DESY in Germany, Hamburg, using the beamline P07B (87.1 
keV, λ = 0.0142342 nm) [26,27]. Microstructural observations 
were carried out by FEI Quanta 3D field emission gun scanning 

electron microscope (SEM) equipped with Trident energy-
dispersive X-ray spectrometer (EDX) produced by EDAX 
and TSL electron backscattered diffraction (EBSD) system as 
well as Tecnai G2 Transmission Electron Microscope (TEM) 
equipped with energy dispersive X-ray microanalyzer (EDX). 
The characteristic martensitic and magnetic transformation 
temperatures were examined by Physical Properties Materials 
System (PPMS) with VSM mode. The field cooling and field 
heating curves were recorded under magnetic field of about 
500 Oe. Samples for SEM observations were mechanically 
polished and then etched electrolytically at room temperature 
with a Struers electropolishing LectroPol-5 using an electrolyte 
of nitric acid (vol. 1/3) and methanol (vol. 2/3). Thin foils for 
TEM were prepared with TenuPol-5 double jet electropolisher 
using also an electrolyte of nitric acid (vol. 1/3) and methanol 
(vol. 2/3) at a temperature near –25°C.

3. Results and discussion

The materials in the form of elongated plates with a length 
of 30-50 mm and width of 5 mm were produced via the LPBF 
process (see the inset of Fig. 1). The microstructural observa-
tions were performed on the surface marked by the red square. 
Fig. 1 presents the backscattered electron BSE SEM images 
revealing the microstructure of both samples (N and O) which is 
composed of columnar grains with a width between 70-100 μm, 
independently of the scanning strategy. It is well known that the 
grain growth direction is related to heat transfer during the 3D 
printing process (marked by red arrow) being perpendicular to 
the printing platform. Whereas, the small deviations of columnar 
grains of about 15-20° from the growth direction towards the 
laser vector direction are visible for both samples. This effect is 
related to the direction of laser movement and it depends on the 
printing speed. Columnar grains for N sample are deviated only 
in one direction while for O sample for two directions which 

Fig. 1. BSE SEM images of as-built N (a), (b) and O (c), (d) samples taken with different magnifications. GD is growth direction, ND is normal 
direction, LD is laser direction
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is related to the scanning strategy. Moreover, interestingly, in 
both cases, N and O samples two different regions/areas can be 
distinguished. Area 1 is composed of larger colonies with fine 
elongated martensite plates arranged in the direction of growth/
heat transfer while in Area 2 wider plates are visible. Both BSE 
and EBSD measurements along with pole figures allowed to 
characterize both regions (Fig. 2). 

The image clearly shows two areas separated by distinct 
boundaries, marked by a white dotted line. Area 1, is character-
ized by thinner martensite plates with an average width of a few 
μm while Area 2 is composed of wide twins with a size from 
10-40 μm. Moreover, inside of the coarser martensite plates, there 
are some finer in size twins. Interestingly, the twins inside of the 
wider plates are finer (a few nm) compared to those that occurred 
in Area 2 (dozen of nm). The (001) pole figures recorded from 
both regions are depicted in Fig. 2. The texture of Area 2 (blue 
in Fig. 2) can be determined as the {001}<100> cube with (001) 
being slightly rotated from GD and LD. On the other hand, area 1 
(pink in Fig. 2) with much broader macro twins and finer nano 
twins exhibits a rotated cube component. These orientations are 
rotated about 45° about GD indicating some variant selection 
during columnar grain growth. Nevertheless, both components 
account for a <100> fiber texture and are mainly related to the 
3D printing process during which the molten alloy is dragged 
by laser. 

Fig. 2. BSE SEM images of NiMnGaCoCu O sample with pole figures 
recorded from both areas

Fig. 3 shows EBSD phase maps for NiMnGaCoCu N sam-
ple in as-built (a) and annealed (b) state. Based on the EBSD 
images two regions are also visible for both samples after 3D 
printing and annealing. IPF color coding maps indicate different 
colonies distribution, their orientation and twin arrangement as 
demonstrated above. Additionally, the orientations maps show 
a large number of finer and less regular twins for the as-built state 
while more uniformly distributed colonies and twin structures 
can be seen in the annealed sample. 

Fig. 3. IPF EBSD maps for NiMnGaCoCu N in as-built state (a) and 
annealed at 900°C/72 h

Moreover, the chemical composition of both samples has 
been examined by SEM EDS. The point analysis was taken from 
points marked by red stars in Fig. 1 and the results are listed 
in Table 1. Both samples were homogenous along the entire 
length with only small, almost neglected differences between 
marked points. However, it should be mentioned that there is 
a significant difference in Mn concentration between nominal 
and experimental/measured chemical compositions being related 
to intense Mn evaporation caused by double remelting firstly 
during melt spinning and secondly during LPBF processes. In-
terestingly, the O laser path leads to additional remelting of the 
material when the laser goes forward and backward in a zigzag 
way, thus, the sample shows slightly lower Mn concentration 
with respect to the N one. 

Yet despite Mn depletion in both samples, the desired struc-
ture of non-modulated (NM) martensite was found for both N 

Table 1

Results of EDS SEM analysis taken from points marked by red stars in Fig. 1, average chemical compositions  
and standard deviations for both N and O as-built samples

Sample Element 1 2 3 4 5 Avg. Std. dev. e/a

as-built N

Ni(K) at.% 49.2 48.9 48.5 48.8 48.5 48.8 0.3

7.828
Mn(K) at.% 23.2 23.3 23.7 23.3 23.9 23.5 0.3
Ga(K) at.% 20.9 21.2 20.8 21.2 20.9 21.0 0.2
Co(K) at.% 3.3 3.2 3.3 3.1 3.3 3.2 0.1
Cu(K) at.% 3.4 3.4 3.7 3.6 3.4 3.5 0.1

as-built O

Ni(K) at.% 50.3 49.7 49.8 47.9 49.3 49.4 0.9

7.822
Mn(K) at.% 22.3 22.8 22.5 22.6 22.6 22.6 0.2
Ga(K) at.% 20.5 20.7 21.1 21.2 21.2 20.9 0.3
Co(K) at.% 3.3 3.2 3.3 3.2 3.2 3.2 0.1
Cu(K) at.% 3.6 3.6 3.3 3.4 3.7 3.5 0.2
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and O materials even in the as-built state. Fig. 4 demonstrates 
high-energy X-ray diffraction patterns of N and O samples in 
as-built and annealed states. 

As was mentioned before, the samples directly after the 
LPBF process show a full martensite structure with peaks 
indexed in accordance with NM phase. The heat treatment tem-
perature and time do not cause structural evolution. Nevertheless, 
the heat treatment released the internal stresses introduced during 
3D printing process which is evidenced by straight peaks for 
alloys annealed at 900°C. Thus, it can be stated that chemically 
homogenous samples, with the desired structure were produced, 
thus, the heat treatment process was applied to release the internal 
stresses and improve microstructural homogeneity rather than 
change the structure. Generally, it is well known that the stability 
of martensite phases is correlated with their chemical composi-
tion, more precisely, electron valence concentration (e/a). Lanska 
et al. reported the critical values of e/a for each 10M, 14NM and 
NM structures. The electron concentration range for ternary 
Ni-Mn-Ga alloys with NM phase is from e/a = 7.61 to 7.82 with 
martensitic transformation temperature range of 50-277°C [28]. 
The calculated values of e/a are presented in TABLE 1 while 
being in the reported electronic concentration range.

TEM observations performed on N sample reveal the exist-
ence of fine nano twins with a width ranging between a dozen 
and several dozen nanometers. Fig. 5 presents the set of BF, DF 

and SADP images of N alloys. DF TEM images were carried out 
from reflections marked by red/green circles in the SADP image.

Additionally, complete pole figures were recorded by 
high-energy X-ray diffraction to evaluate the global texture of 
3D printings and determine MFIS value. Fig. 6 demonstrates 
(004), (400) and (202) pole figures for as-built N and O alloys 
as well as for N samples annealed at 900°C/72 h before and after 
applying a magnetic field. Both alloys O and N reveal strong 
{100} texture along the growth direction, which was also shown 
in the case of ternary NiMnGa alloys in our previous work [26]. 
However, as can be seen, two components can be distinguished 
for O material, which is connected with the oscillating scan-
ning strategy leading to the growth of columnar grains along 
the growth direction with a deviation of about two directions. 
The zigzag laser path causes dragging of the molten alloy along 
two directions In this point, it should be mentioned that texture 
analysis are in good agreement with microstructural observations.

Based on the pole figures recorded before and after apply-
ing the magnetic field (perpendicularly to the lateral surface), 
using the equation

 1MFIS fiber C
ce V V
a

     
 

where c and a are lattice parameters of martensite (NM), Vfiber 
and VC are volume fraction of <100> fiber and volume fraction 

Fig. 4. High energy X-ray diffraction patterns of as-built and heat-treated N and O samples

Fig. 5. BF TEM images (a), (b), corresponding SADP (c) and DF TEM mages recorded from two marked by circles points
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of variant reoriented when applied magnetic field, respectively 
[24,26], MFIS for the sample annealed at 900°C/72 h was 
calculated. The obtained value is 0.2% for the non-modulated 
structure which is slightly lower compared to 14M structure. 
The MFIS value was calculated only for annealed alloy which 
shows the highest chemical and microstructural homogeneity as 
well as the most atomically ordered structure.

Finally, the martensitic transformation and magnetic transi-
tion have been investigated using PPMS measurements. Curves 
recorded uder magnetic field of 500 Oe during cooling and 
heating (marked by arrows) are presented in Fig. 7. When cool-
ing, the N and O as-bulit alloys show the rise of magnetization 
around 345 and 315K connected with the magnetic transition 

from paramagnetic to ferromagnetic austenite. Then, further drop 
of magnetization corresponds to martensitic transformation from 
high temperature parent austenite to low temperature martensite 
while the curves recorded during heating showing the increase 
of magnetization refer to reverse martensitic transformation. 
In the case of annealed alloys, the magnetization change at higher 
temperatures is related to magnetic transition of austenite while 
hysteresis loop (without significant magnetization change) below 
magnetic transition is connected with martensitic transforma-
tion. In all cases, the martensitic transformations show rather 
extended character which may be attributed to intermartensitic 
transformation from one type martensite.

The increase of martensitic transformation temperature 
with the increase of annealing temperature is related mainly to 
the internal stresses release and increase of atomic order degree 
of parent phase.

4. Conclusions

In this work, the microstructure and functional properties 
of NiMnGaCoCu 3D printings have been deeply investigated. 
The samples in as-built state, independently of the scanning 
strategy, show full martensite structure at room temperature 
indexed in accordance to tetragonal non-modulated structure 
while annealing does not affect the structure of the materials. 
The alloys were microstructurally and chemically homogenous 
even directly after 3D printing process. Interestingly, two 
regions with various morphological features and orientations 
of martensite variants have been found independently of the 

Fig. 6. Complete (004), (400) and (202) pole figures for as-built N and O samples and an alloy annealed at 900°C/72 recorded before and after 
applying a magnetic field

Fig 7. M(T) curves were recorded at magnetic field of 500 Oe during 
cooling and heating of N and O samples in as-built and annealed states
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scanning strategy. The calculated value of MFIS for non-
modulated printed NiMnGaCoCu alloy after heat treatment 
was found to be 0.2%.
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