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Increasingly, metal parts made by additive manufacturing are produced using powder bed fusion (PBF). In this
paper we report upon the combined effects of PBF parameters, including power and scan speed, in layer-by-layer
manufacturing of gas atomized non-modulated (NM) Ni-Mn-Ga alloy. The effects of process parameters upon
PBF is studied by applying nine different parameter sets in the as-printed state and after homogenization and
ordering. The chemical composition of the samples is analyzed using EDX attached to an SEM, and the crystal
structures are determined by X-ray diffraction. The phase transformation temperatures are measured using a
low-field ac susceptibility measurement system and the magnetic properties are measured with a vibrating
sample magnetometer (VSM). Before the heat-treatment, all as-printed samples showed paramagnetic behavior
with low magnetization and no phase transformations could be observed in the susceptibility measurements.
After annealing, the samples recovered the ferromagnetic behavior with comparable magnetization to annealed
gas atomized powder. The as-printed samples were composed of a mixture of different crystal structures.
However, after annealing the original NM structure with a = b = 5.47 A and ¢ = 6.66 A with a c/a -ratio of 1.22

was recovered and crystallographic twins could be observed in an SEM.

1. Introduction

Ferromagnetic Ni-Mn-Ga alloys are known for their large, fast and
reversible magnetic-field-induced strains (MFIS) [1-3], which are made
possible by twin boundary reorientation induced either by a magnetic
field and/or external stress [4]. However, the MFIS is highly dependent
upon the chemical composition [5], which defines the crystal structure
and phase transformation temperatures [6], and also, as a defect-con-
trolled property, depends on how many obstacles such as grain
boundaries and other crystal defects the twin boundary movement
needs to overcome during straining [7]. The achievable deformation of
the different crystal structures can be estimated by using the formula
g = (1 — 9Y,), where c and a are the lattice constants for the different
martensitic crystal structures 5M, 7M and NM [8,9]. For these mar-
tensitic structures the maximum deformations are typically around 6%
for 5M [10], 11% for 7M [9] and 20-22 % for the NM [1,11] mar-
tensites. The non-modulated Ni-Mn-Ga is known for its large de-
formation resulting from twin boundary movement and also possesses
the highest twinning stress, 17-25 MPa, as compared to the 0.5-4 MPa

of the 5M structure and 3-5 MPa of the 7 M structure [12]. Thus, it is
extremely suitable for vibration damping applications [13,14] as the
energy of vibration can be absorbed by twin boundary movement.

The highest reversible MFISs are found in single crystal structures,
but these structures can be challenging to manufacture. In an effort to
increase MFIS in polycrystalline structures, research has been made to
both reduce constraints created by grain boundaries by manufacturing
highly porous foams [15] or composite structures [16,17] with pre-
ferred orientation [18]. Manufacturing Ni-Mn-Ga foams requires the
use of special casting replication techniques concomitant with direc-
tional solidification [18]. However, these techniques can produce
structures of only limited sizes or foams with random distribution of
pores. In the present study, we use powder bed fusion to manufacture
samples from gas atomized Ni-Mn-Ga powder [19] having a non-
modulated crystal structure and good flowability [20].

Powder bed fusion (PBF) is one of the most used additive manu-
facturing (AM) methods for making high quality metals parts for ex-
ample in aerospace, automotive and medical sectors [21,22]. Since the
technology is rather new there are only a few material systems which
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have been studied [22,23]. This is especially true for AM manufactured
magnetic materials. In AM, parts are built in a layer-by-layer basis and
complex geometries can be easily achieved. Process parameters in PBF
have a remarkable effect upon the material properties of the final part
[24]. For example, the composition of the material can change because
of the evaporation of alloying elements, or the density of the parts can
be so low that the parts become delicate. Nevertheless, AM is a po-
tential method for producing complex shape components [25] of ma-
terials that are challenging in traditional manufacturing or limited by
their geometry as the geometry does not significantly effect to the
process [26].

As AM manufacturing methods have become more familiar, several
attempts to use AM to manufacture Ni-Mn-Ga structures [27-33] and in
other magnetocaloric materials [34] have been made. Additionally, the
interaction of laser beam and Ni-Mn-Ga has been studied [35,36]. The
AM methods that have so far been utilized with MSM have been binder
jet printing [27,28,31], direct metal deposition [30,32] or a combina-
tion of both methods in the use of elemental inks [29]. So far it has been
proved that complex shapes can be produced [29,31,33] using additive
manufacturing methods. However, twins spanning grain boundaries
have been observed only in a few studies [28-31,33], and only one
study has so far reported MFIS [33] and the reported strain was lower
than in polycrystalline Ni-Mn-Ga structures [7]. Additionally, in the
case of additive manufacturing processes that utilize binders, extra care
must be taken during binder removal so that no residual carbonaceous
material is present after final sintering [29]. The diffusion of carbon
during removal of binder can lead to carbon or oxygen contamination,
which is detrimental [37,38] to Ni-Mn-Ga. In many of the previously
reported articles the manufacturing process has additionally led to
formation of dendritic structures [30,32] and some compositional in-
homogeneity [27,32]. Thus, the aim of this paper is to study whether
Ni-Mn-Ga structures can be manufactured using the PBF process
without changing the chemical composition of the alloy or creating a
dendritic structure. The effect of the PBF process parameters is studied
by varying the powder, scanning speed and energy density, with the
goal of reaching fully dense parts. Once the optimal parameters are
ascertained, it will be possible to later manufacture structures with
more complex internal morphology.

2. Materials and methods
2.1. Powder preparation

In the PBF experiments gas atomized powder having a composition
of Nigg gMn3; »Gajg o was used. The composition of the starting powder
was measured using Tescan Mira 3 FEG-SEM with an attached Thermo
Fisher Scientific UltraDy EDX detector by measuring multiple points
from the cross-section of the powder particles. The atomization was
carried out at VTT, Finland. The atomizing gas was argon and the
atomization temperature was 1310 °C and the pressure was 50 bar, the
particle size of the powder was measured using Malvern Mastersizer
3000 and the D50 of the powder was 47.7 um, the D10 was 17.5 pm and
the D90 was 105um and the distribution followed the normal dis-
tribution as in previous experiments [19] and the measured density of
the powder was 7.91 g/cm®, which is higher than the calculated theo-
retical density of 7.88 g/cm? indicating that there were no micropores
[39]. To achieve an even flow of powder during the powder spreading
in the PBF, the atomized powder was mechanically sieved [20] to ob-
tain a size fraction from 25 pm to 45 um. The particle size distribution
of the sieved powder was then measured using Malvern Mastersizer
3000 (Fig. 1a) and the resulting D50 was 20.9 pm, D10 was 10.3 pm and
the D9 was 39.8 um. The sieved powder was also inspected with Tescan
Mira SEM (Fig. 1b).
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2.2. Design of experiment for the PBF

Important parameters involved in the PBF process are: the effective
laser power (P.q), the laser scan speed (v), the laser scan spacing or
hatch distance (h), and the layer thickness (d). The relation between
these variables and the energy density (E,), which is defined as the
relative applied laser energy per volume of material and is often used to
optimize process variables in laser PBF [24], can be calculated using Eq.
(1) [401]:

By
v¥h*d

b= &)

In addition to the above parameters, scanning strategy influences
the outcome of the process [40]. The range of energy density in our
design of experiment (DOE) was initially estimated by consulting
available literature. Research on laser interaction with materials such as
Ni-Ti, Cu-Al-Ni-Mn and Ni-Mn-Ga show that it is necessary to adjust
PBF process parameters to find a suitable processing window to achieve
the desired density without compromising the material composition.
E.g., in an experimental approach to obtain highly dense Ni-Ti material
the energy density was varied from 52.08 to 83.33J/mm?® [41] and
from 58.48 to 100.25J/mm? in another study [42]. Additional ex-
perimental work shows that the energy density needs to be lower when
highly volatile materials are added to the composition. In the case of
SMA alloys based on Cu-Al-Ni-Mn, the range of energy density applied
was from 36.67 to 49.55 J/mm? [43] due to the high volatility of Mn.
Based on the examined process parameters and energy densities of the
mentioned studies [41,42], the objective of our DOE was to explore a
combination of process parameters that can minimize the change in the
chemical composition and especially to avoid the evaporation of man-
ganese, which is a common problem when Ni-Mn-Ga is manufactured
or annealed due to the relatively high vapor pressure of manganese in
comparison to that of nickel and gallium [44].

Our research on optimal process parameters was influenced to a
large extend by earlier cited work on PBF using SMA materials as well
as on experimental research using conventional materials, such as 316 L
steel and AlSi; Mg, which are the most widely used material in scien-
tific literature as they are commodity materials in industrial applica-
tions of PBF. Prior knowledge shows a considerable number of process
parameters that affect achievable mechanical and geometrical proper-
ties as well as the densification of the material. These include interac-
tions between machine architecture, material, environmental, and
process factors [24]. In regard to machine architecture, the type of
laser, the optics, the laser spot size, and the temperature distribution in
the chamber as well as the material of the build plate, and heating or
cooling of the build plate [45] are important. From the material side the
quality of the powder and its flowability properties also contribute
[46]. Regarding environment, the type of inert gas, humidity and
temperature levels are also relevant. Finally, process parameters, such
as the laser power, the laser scan speed, the laser scan spacing or hatch
distance, and the layer thickness are also significant to achieve the
desired effect in terms of final mechanical properties, material char-
acteristics, and densification of the material. Reaching full density in
PBF requires balancing laser power, scan speed, beam size, and layer
thickness to ensure on one hand complete melting of the layer and on
the other hand that the melting does not result in development of a
large number of voids due to the keyhole mode mechanism.

Nevertheless, the fact that the bulk of research is performed with
commercial PBF systems limits the possibility to evaluate and test
multiple combinations, for example by changing the type of laser and
optics. As consequence, the experimental work requires to maintain
constant certain parameters and focus only in the ones that allow
modification. At the same time, ranking the process parameters in order
of significance is fundamental to limit the experimental explosion and
scope of DOE studies [47] this is especially applicable for new materials
at process parameters screening phases. Our strategy in this screening
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Fig. 1. (a) Particle size distribution of sieved Ni-Mn-Ga powder and (b) scanning electron microscope image of sieved powder at 500x magnification.

DOE was to include the most studied parameters that show higher
significant based on prior work, which are power and scanning speed.
This allowed us to conduct a high-resolution full factorial DOE. Other
experimental approaches include surface response methods (SRM) [48]
and nested effects modelling (NEM) techniques [49] which allow more
independent variables in the study (e.g. varying condition for layer
thickness, hatching strategies and hatching island size) at the cost of
experimental resolution.

Table 1 shows the values of the two independent variables of the
tested full factorial screening DOE. Power (P) and scan speed (v) were
varied at three discrete levels from 30 to 40 W and 500 to 700 mm/s,
respectively. Thus, the E, region of interest in this study varied from
17.49 and 32.65 J/mm?®. Other variables, such as layer thickness and
scanning strategy were kept constant. The PBF machine used during the
experiments was a Mlab Cusing (Concept Laser, Germany) machine
with a build envelope of 90 x 90 x 80 mm3. The layer thickness was
0.025 mm and the scanning strategy was based on an island exposure of
5 X 5 mm2 with a track width of 0.14 mm (W) and an overlap factor of
0.7 (A1) that represents a hatch distance of 98 um (W*A1). The laser of
the PBF system is an Ytterbium Fiber Laser Model YLM-100-AC with a
theoretical maximum power of 100 W, Gaussian distribution with mean
wavelength of 1070.15nm and standard deviation of 0.69 nm, beam
diameter (1/e2) of 54 um and a maximum scanning speed of 7000 mm/
s. The inner protective atmosphere of the build chamber was argon.

The change in material composition is calculated as the percentage
of evaporation between the resulted at.% of Mn after PBF on as-built
samples as well as heat-treated (HT) samples in relation to the original
Mn [at.%]. This percentage of evaporation is used as a performance
variable to assess the impact of the process variables on the change in
material composition. Thus, the composition of Mn remains the same
when this percentage obtains a value of zero. At the same time, the
second objective is to obtain as fully dense sample as possible. The
result of density measurement is used as another performance indicator.

To perform the experiment, two different types of samples, cuboids
and tensile rods, were manufactured for each parameter set. The

Table 1

Powder bed fusion parameters for the nine samples.
Sample # Power [W] Scan speed [mm/s] E, [J/mm®]
SMA 1 30 (L1) 500 (L1) 24.49
SMA 2 30 (L1) 600 (L2) 20.41
SMA 3 30 (L1) 700 (L3) 17.49
SMA 4 35 (L2) 500 (L1) 28.57
SMA 5 35 (L2) 600 (L2) 23.81
SMA 6 35 (L2) 700 (L3) 20.41
SMA 7 40 (L3) 500 (L1) 32.65
SMA 8 40 (L3) 600 (L2) 27.21
SMA 9 40 (L3) 700 (L3) 23.32
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cuboids had dimensions of 1 x 1x0.5 cm®, while the tensile rods had
dimensions of 1; of 0.12 ¢cm, 15 of 0.22 cm, b; of 0.02 cm, b, of 0.05 cm.
The original goal was also to study the mechanical performance of the
PBF parts in comparison to process parameters, however, due to the
high porosity of the manufactured parts tensile experiments were not
possible. As PBF has not been previously used for Ni-Mn-Ga alloys it
was unclear how the powder would perform in the process and thus the
sintering was performed in two separate sintering runs. During the first
round (Fig. 2), only samples with the lowest, average and highest en-
ergy densities were printed. After it was clear that the parameters were
acceptable, the rest of the samples were sintered during the second
round of printing.

The samples were removed from the nickel build plate using a saw
and the cuboid samples were subsequently cut in half with an EDM wire
saw. For each sample, half of the cuboid was left at the as-sintered
stage, while the other half together with the tensile samples were sealed
in evacuated crystal ampoules with high vacuum by Finnish Special
Glass and heat-treated in Nabertherm Muffle furnace (model L5/12/C6)
for homogenization first at 1000 °C for 95h and then for ordering at
800 °C for 24 h. The heating and cooling rates used were 100 °C/h and
the samples were left into furnace to cool into room temperature (e.g.
20 °C). The exact vacuum in the evacuated ampoules was not measured,
however, the vacuum was pumped for over 30 min before sealing the
ampoule and the expected level was of vacuum was better than
1.33 X 10-5Pa, which we have measured previously when making

Fig. 2. First powder bed fusion round using highest (SMA 7), medium (SMA 1)
and lowest (SMA 3) energy density.
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similar heat-treatments in evacuated ampoules [16,19]. The crystal
structures were studied using the PANalytical X’Pert Pro XRD and the
magnetization of all samples was measured using a laboratory-built
VSM applying a NIST nickel disk as a reference sample. The phase
transformation temperatures were determined using a laboratory-built
low-field ac susceptibility measurement device and the densities of
samples were measured using the Archimedes method. Finally, the
chemical composition was studied using a Tescan Mira 3 FEG-SEM with
an attached Thermo Fisher Scientific UltraDry EDX detector, with a Ni-
Mn-Ga sample of known composition as a reference, by measuring
multiple point and linescans from the ground and polished surfaces of
the square samples. The Ni-Mn-Ga sample used as the reference for the
standardization was obtained from a trusted source and the composi-
tion had been previously confirmed by an XRF dedicated for Ni-Mn-Ga
alloys. The standardized EDX analysis is done with NSS microanalysis
System - Pathfinder with accelerating voltage at 30kV and K lines are
used for all elements. To ascertain the error in the measurements, the
reference material was measured multiple times both before and after
standardization. Additionally, before the measurement the samples
were left inside the sample chamber for 30 min to give the beam time to
settle and special care was taken to keep the measurement, dead time,
measuring distance, voltage and beam current constant with each
measurement. Each sample was additionally measured multiple times
to get an as accurate average chemical composition. The results from
density and chemical composition measurements were analyzed in an
ANOVA test to study the main effect and interactions of laser power and
scanning speed as well as the heat treatment.

3. Results and discussion

When the samples were cut from the nickel build plate, it was clear
that the samples had not sintered fully during the PBF as some of the
samples delaminated easily when samples were handled. The
Archimedes density measurements (Table 2) confirmed that the average
density of the samples was only 91.4%. As there were no problems in
the spreading of the powder during the PBF process given the spherical
nature of the gas atomized powder [20], it was concluded that the low
density was likely due to the process parameters. Part of the porosity
can be also due to so-called gas porosity, which is a known problem in
additive powder bed methods [50] and in the SEM studies small round
pores were observed in the heat-treated samples. This porosity forms as
the argon gas that surrounds the powder particles is trapped inside the
melt pool during the melting process due to insufficient overlap of the
melt tracks [50]. Another reason for the decrease in the porosity is
likely the pore coarsening [51,52] that occurred during the heat-
treatment, which was designed for chemical homogenization and or-
dering but not for the sintering of the samples. As the heat-treatment
procedure was same for all samples, this would explain the similar
densities after the heat-treatment compared to the densities in the as-
printed samples. Thus, it is likely that the reduced density, after

Table 2
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annealing, is due to the combined effect of both gas porosity and pore
coarsening. To stop similar decrease in density in the future, the effect
of pore coarsening must be taken into effect while designing the heat-
treatment procedure [51,52]. To stop water from entering the pores,
the samples that showed the highest porosity in the SEM examination,
e.g. SMA 2, SMA 3, SMA 5 and SMA 6, were lightly coated with
beeswax before immersion for accurate density results. The small
change in the chemical composition in comparison to the starting
powder can be attributed to the manganese evaporation during heat-
treatment, which was performed in vacuum instead of Argon atmo-
sphere. However, this small change is still within the typical manganese
loss that can occur during heat-treatment of Ni-Mn-Ga [53].

Fig. 3 presents the calculated main effect on sample density as—
printed and after heat-treatment per level of P and v process para-
meters. The difference between the largest mean minus the smallest
mean per factor and per level implies a higher significance of the pro-
cess parameter over the response. In this regard, P has a slightly higher
effect than v when measuring the density as-printed, whereas, this ef-
fect is reversed when the heat-treatment is applied, making the effect of
v more significant. Both figures display a strong interaction between P
and v, therefore the interaction between them and non-linear second
order effects are significant on the achievable part density. The results
after heat-treatment in Fig. 3b show that while increasing v has a ne-
gative effect on part density, increasing the P level creates a denser
structure.

Next we considered the material composition and the effect of P and
v on percentage of Mn evaporation during the PBF process as well as
after heat-treatment. Table 3 shows the chemical composition of the
samples obtained by EDX using a reference Ni-Mn-Ga sample. The re-
sults displayed show the material composition of all 9 samples as-
printed as well as after further the heat-treatment. Fig. 4 shows the
average main effect on percentage of Mn evaporation of as-printed and
after further heat-treatment per level of P and v process parameters.
Again, the difference between the largest mean minus the smallest
mean per process parameter and per level on the main effect plot im-
plies a higher significance of the process parameter over the response
part density as-printed and after heat-treatment. In this case, due to the
strong interaction between P and v the differences are minimal, thus
both process parameters show equal significance. Nevertheless, the
trend shows that in the case of as-printed samples, the higher the P the
larger the evaporation of Mn whereas v has an opposite effect. At a
fixed scan speed, higher power implies larger energy density levels thus
the evaporation of Mn is higher.

The results after heat-treatment in Table 3 and Fig. 4b show that the
chemical composition has been maintained to a large extent and the
average Mn evaporation is about 1.6% with a standard deviation of
0.005 in relation to the initial Mn at.% of 31.21. This is promising, as
previously manufactured AM samples [27,30,32] have shown that the
fast heating and cooling in the AM processes can lead to dendrite
growth and chemical inhomogeneity. The chemical composition

Chemical composition of the as-printed and the heat-treated samples measured with EDX, with the standard deviation used as the error, and Archimedes density
measurement results of the samples as-printed and after further heat-treatment.

As-printed Heat-treated
Sample # Ni [at.%] Mn [at.%] Ga [at.%] Density [%] Ni [at.%] Mn [at.%] Ga [at.%] Density [%]
SMA 1 50.1 = 0.04 31.1 = 0.12 189 + 0.11 88.5 = 0.57 50.4 + 0.20 30.6 = 0.09 19.0 + 0.23 89.6 = 0.56
SMA 2 50.2 = 0.18 30.9 = 0.13 189 * 0.23 91.6 = 0.55 50.4 = 0.14 30.7 = 0.12 18.9 = 0.14 78.8 = 0.64
SMA 3 50.1 = 0.33 31.1 = 0.43 18.8 + 0.11 90.4 = 0.55 50.6 = 0.19 30.7 = 0.14 18.8 = 0.15 75.2 = 0.67
SMA 4 50.4 = 0.36 30.7 = 0.28 18.9 + 0.39 92.9 = 0.54 50.4 + 0.29 30.6 = 0.25 19.0 + 0.33 84.1 = 0.60
SMA 5 50.2 = 0.18 30.9 = 0.09 189 + 0.14 91.6 = 0.55 50.7 = 0.12 30.6 = 0.06 18.7 = 0.14 82.6 = 0.61
SMA 6 50.3 = 0.11 31.0 = 0.17 18.8 + 0.15 91.6 = 0.55 50.5 = 0.09 30.9 = 0.09 18.6 = 0.10 80.5 = 0.62
SMA 7 50.3 = 0.17 30.9 = 0.15 189 + 0.16 91.0 = 0.55 50.6 = 0.17 30.8 = 0.19 18.5 = 0.22 87.1 = 0.58
SMA 8 50.3 = 0.09 30.8 = 0.21 189 * 0.21 92.8 = 0.54 50.5 = 0.15 30.6 = 0.06 19.0 = 0.11 85.2 = 0.59
SMA 9 50.3 = 0.15 31.0 = 0.16 18.7 + 0.07 92.1 = 0.54 50.6 = 0.12 30.6 = 0.09 18.8 = 0.08 84.9 = 0.59
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Fig. 3. Plot of the main effects of power (P) and scan speed (v) on sample density as-printed (a) and after heat-treatment (b) with L1, L2 and L3 representing the
combinations of low, medium and high power (P) and scanning speed (v) respectively as shown in Table 1, with error bars from propagated error of the scale.

analysis using EDX revealed that the PBF process and the following
heat-treatment led only to a small compositional change from the
starting composition of powder. Based on the change in the chemical
composition, both the scanning speed and power have comparable ef-
fects as higher power increases manganese evaporation, while in-
creasing the speed reduces it. For example, if the amount of manganese
in SMA 7 is compared to SMA 3 there is approximately 0.3 at.% less
manganese in SMA 7. A similar trend can be also seen with other
samples, which have comparable energy densities such as SMA 4 and
SMA 8.

To explore further the effect and significance of first order, second
order, and interaction terms, an ANOVA test was performed. Table 3
evaluates quantitatively the significance of the process parameter terms
as well as the impact of the heat treatment (HT) in the densification of
the samples. Simultaneously, the percentage of Mn evaporation re-
sponse of the process is also analyzed. In the ANOVA test, the con-
tinuous predictors (i.e. P and v) and one categorical predictor (i.e. the
effect of HT) were included and a backward elimination of terms was
applied. Initially, all potential first order, second order and interaction
terms were included in the model and the least significant term were
removed at each step. The algorithm stops when all the terms in the
model have P-values that are lower or equal to 0.1. Thus, second order
and interaction terms with higher P-value than 0.1 are removed from
the regression model. For terms with P-value < 0.1 the difference be-
tween the means are statistically significant.

For both responses, the effect of the HT has more significance when
compared with process parameters P and v. In the case of the densifi-
cation of the SMA powder, the significance of the HT treatment
(P = 0.004) is notably higher in comparison to process parameters P

Table 3

(P =0.303) and v (P = 0.345). In addition, quadratic terms and in-
teraction terms between HT, P and v show also high statistical sig-
nificance. In the case of percentage of Mn evaporation, the significance
of HT is even higher (P = 0), but in this case process parameter have
stronger influence P (P = 0.063) and v (P = 0.074) in the evaporation
of Mn during the PBF process. Similarly, quadratic terms and interac-
tion term between P and v show high statistical significance. However,
the interaction terms between P, v and HT were excluded from the
model due to lower significance with P-value > 0.1.

Table 4 shows the regression equations after HT for [%] density and
[%] Mn evaporation as function of process parameters P and v. At the
same time, the results for the model summary are displayed to de-
termine how well the regression equation fits the data. In the case of
densification process, we compare the [%] density achieved during the
AM process and the HT of the SMA samples. The model summary shows
good results with a high R*> = 97.9%, low standard error of the re-
gression S = 1.387 and the ability to predict the response for new ob-
servation of R*(pred.) = 76.58%. On the contrary, regarding the per-
centage of Mn evaporation during the same process the percentage of
variation drops to R®> = 76.22%, standard error of the regression
S = 0.003 and the ability to predict the response for new observation of
R%(pred.) = 20.45%.

In summary, both multivariable regression equations have good fit
with the existing data and they were used to define optimal process
parameter regarding the fabrication of SMA (i.e. gas atomized non-
modulated Ni-Mn-Ga alloy) using PBF layer-by-layer manufacturing.
Fig. 5 shows the contour plots for [%] Density and [%] Mn evaporation
based on the presented regression equations. At first glance can be seen
that low P and high v values are responsible for reduced [%] density of

ANOVA table for [%] Density and [%] Mn evaporation including P and v as continuous predictors and HT as a categorical predictor.

[%] Density

[%] Mn evaporation

Source DF Adj SS Adj MS F-Value P-Value DF Adj SS Adj MS F-Value P-Value
Regression 11 537,918 489,017 25.43 0 6 0.000411 0.000068 5.88 0.006
P 1 2,438 24,384 1.27 0.303 1 0.00005 0.00005 4.28 0.063
A% 1 2,018 20,183 1.05 0.345 1 0.000045 0.000045 3.9 0.074
HT 1 39,362 393,618 20.47 0.004 1 0.00032 0.00032 27.51 0

P2 1 2,004 20,041 1.04 0.347 1 0.000051 0.000051 4.37 0.061
V2 1 1,772 17,716 0.92 0.374 - - - - -

P*v 1 0.177 0.1773 0.09 0.772 1 0.000048 0.000048 4.08 0.068
P*HT 1 21,727 217,271 11.3 0.015 - - - - -
V*HT 1 23,234 232,340 12.08 0.013 - - - - -

P2 1 12,169 121,686 6.33 0.046 - - - - -
P*v*HT 1 24,175 241,749 12.57 0.012 - - - - -
P2%v - - - - - 1 0.000049 0.000049 4.21 0.065
V*2*HT 1 8,160 81,603 4.24 0.085 - - - - -
Error 6 11,537 19,228 - - 11 0.000128 0.000012 - -
Total 17 549,455 - - - 17 0.000539 - - -
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Fig. 4. Plot of the main effects of power (P)

il and scan speed (v) on percentage of evapora-

tion of Mn [at.%] of as-printed samples (a) and

after further heat-treatment (b) with L1, L2

and L3 representing the combinations of low,

. medium and high power (P) and scanning

speed (v) respectively as shown in Table 1,

with error bars calculated from the propagated

error from EDX standard deviation divided by
the amount of measurement points.

1.60 T

T T T

L1 L2 L3 L1

the samples (density < 75%). Similarly, the [%] of Mn evaporation is
lower when P and v are at the lowest and highest level, respectively
(Mn evaporation < 1.4%). To this end, low laser power (P) and high
scan speed (v) implies lower energy density.

The highest density of the SMA samples (density > 87.5%) is ob-
tained when the P is at maximum level and the v is at the lowest, which
implies the highest energy density used during the DOE. However, as a
general trend, this increased density is achieved at the cost of [%] Mn
evaporation (Mn evaporation > 2.0%). The experimental work and
regression equations shows a tradeoff between objectives. Therefore,
process parameters need to be carefully formulated to have the ability
to produce Ni-Mn-Ga components with increased density without pe-
nalties in material composition.

If we take a closer look to Fig. 5 and the region of maximum [%] Mn
evaporation. The contour plot, based on the results of the multivariable
regression, shows a region of maximum [%] Mn evaporation > 2.0%,
when the P is within the range of 32.2 W and 38 W and the v is within
the range of 500 mm/sec and 535 mm/sec, thus a region of higher
energy density. On the contrary, the region of minimum [%] Mn eva-
poration < 1.4% is within the range of 31.5W and 35.5 W and the v is
within the range of 680 mm/sec and 700 mm/sec, thus a region of
lower energy density in comparison.

The aforementioned tradeoff between achievable [%] density and
[%] Mn evaporation can be understood further by looking at Fig. 6. The
horizontal axis shows the tested energy densities (E,), while the vertical
axis in the left hand side shows the [%] Mn evaporation, and the ver-
tical axis on the right/hand side shows the achieved part [%] density
after the samples were heat-treated. If we simplify the overall trend
using a linear fit, Fig. 6 shows how the part density increases at higher
energy density levels at the cost of Mn evaporation. However, in the
case of the Mn evaporation non-linear effects between P*v are more
significant (P-value = 0.068) as well as the second order interaction
P"2*v (P-value = 0.065), which explains the irregular trend in [%] Mn
evaporation. It should be noted that, the resulting percentage of var-
iation of regression model drops from R? = 97.9% of [%] density to R®
76.22% of [%] Mn evaporation. Therefore, we can deduct that
modelling the changes in material composition is more complex in
comparison to the densification. Future experiments are planned to
account for a larger energy density range that can help to model the
change in material composition, additionally it will be necessary to
include the process uncertainty by including experimental and mea-
surement repetitions in a more systematic way.

Overall, after these initial set of experiments, it should be

Table 4

L2

700 .
[%] Density
] < 75,0
W 750 - 77,5
m 77,5 - 80,0
650 80,0 — 82,5
- W 82,5 - 85,0
] I 850 - 87,5
% 600 | > 87,5
E
>
550
500
30
700
[%] Mn
evaporation
<14
1,4 -16
650 mi6 -18
—_ m18 -20
@ u > 2,0
d
E 600
E
>
550
500
30 32 34 36 38 40
P [W]

Fig. 5. Contour plots for [%] Density and [%] Mn evaporation based on the
regression models of HT samples.

mentioned that the evaporation of Mn has been maintained very low
with no large change in the chemical composition. At the same time,
the density of all the samples was relatively low which led to the
breaking of tensile rods during sample preparation. However, once the

Multivariable regression equations for [%] Density and [%] Mn evaporation including P and v terms after HT process.

S R? R? (pred.) Regression equation
1,387 97.90% 76.58% [%] p = 413.6 — 10.42P — 0.496v + 0.0995 P2 + 0.000192 V2 + 0.00653 P *v
0.003 76.22% 20.45% [%]Mn = —122.9 + 7.33P + 0.2v — 0.106 P> — 0.118 P*v + 0.000171 P> *v
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Fig. 6. Evaporation of Mn and part density after heat-treatment in relation to energy density on PBF.

correct manufacturing parameters are found, more complex internal
structures can be designed with controlled porosity to achieve high
strains, since grain boundaries can act as pinning sites for the twin
boundary movement [31,33].

Apart from the ANOVA test and statistical analysis of the process
conditions, the X-ray diffraction measurements of the as-sintered sam-
ples showed that the crystal structure was composed of a mixture of
different structures (Fig. 7a). The intensity of the measured spectra
changed according to the density of samples (Table 2) SMA 8 having the
highest intensity. However, the heat-treatment recovered the original
non-modulated martensitic crystal structure (Fig. 7b) and the crystal
parameters were a = b = 5.47 A and ¢ = 6.66 A while the calculated ¢/
a -ratio was 1.22.

As the heating and cooling occurs rapidly during the process, it was
expected that some inhomogeneity and thermal stresses would form
during the process. It is likely that this could be diminished by using a
heated powder bed as it is known to reduce the formation of stresses
and increase density of PBF parts [54]. A similar effect has been seen in
the previously produced AM parts in the as-printed structures [30] with
the main difference being that in samples manufactured using the
binder-jet method [28,31,33] the homogenization and ordering can
occur during the sintering treatment of the sample. However, as no
binders containing carbon and oxygen [27] are needed in PBF, the risk
of contamination during the heat-treatment process is lower.

222
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T T
100 110
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120 49

When the heat-treated samples were studied using scanning electron
microscopy, the pores created by the gas bubbles showed up as sphe-
rical pores. The SEM images also revealed twin structures in the bottom
of the unpolished pore-plateaus (Fig. 8) and twins could be observed
clearly in SMA 2, SMA 4, SMA 8 and SMA 9 samples, which all had
large open pore structures. Similarly to previous Ni-Mn-Ga structures
manufactured using AM methods, the twins go across the visible grain
boundaries [29,31,33]. This is promising, as it can indicate the sintered
boundaries are not necessarily a hindrance to the twin boundary
movement [29]. Additionally, the PBF did not produce a dendritic
cooling structure which occurred in previously reported studies
[30,32]. Based on the SEM examination, the scanning speed has a
higher effect on the formation on large pores than the power in the PBF
process as the samples that were printed at higher speeds have larger
pores, while the pores in SMA 1, SMA 4 and SMA 7 are smaller.

Even though there was no apparent change in the chemical com-
position the magnetic measurements indicated that the as-printed
powder was paramagnetic (Fig. 9a) and no phase transformation could
be observed in the low-field ac susceptibility measurements. This is
likely due to chemical inhomogeneity and internal stresses due to the
fast cooling in the PBF process. The subsequent homogenization and
ordering heat-treatment recovered the ferromagnetic properties of the
alloy (Fig. 9b). A similar effect has been previously observed when
magnetic properties of the as-atomized Ni-Mn-Ga powder are compared

222

—— SMA 8 HT

400
622
440 44

422 444

60 70 80
260

T T T T 1
50 90 100 110 120

Fig. 7. XRD measurements of PBF sample 8: a) before heat-treatment and b) after heat-treatment with some identified peaks.
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Fig. 8. Scanning electron microscopy images of: a) SMA 2, b) SMA 4, ¢c) SMA 8 and d) SMA 9 at 1000x magnification of large unground pore-plateau showing twins,
the small white particles are contaminations created when sample was removed from quartz ampoule. The grain boundaries are marked with a red line in the images
to make them more visible. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 9. Vibrating sample magnetometer measurements of the: (a) as-printed samples and as-atomized powder and (b) homogenized and ordered samples and powder
heat-treated using the salt-method [17] at 760 °C for 24 h.
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Table 5

Phase transformation temperatures of heat-treated powder and heat-treated
PBF samples measuring using laboratory built low-field ac susceptibility mea-
suring system.

M;s [*C] Mg [*C] As [°C] Ap [°C] Curie [°C]
Powder HT 59 50 51 60 66
SMA 1 74 68 71 75 96
SMA 2 73 68 71 75 95
SMA 3 70 65 68 71 92
SMA 4 73 68 71 74 95
SMA 5 73 68 71 75 95
SMA 6 72 66 69 73 94
SMA 7 68 62 65 70 91
SMA 8 73 68 70 74 94
SMA 9 69 63 66 70 92

to heat-treated powder [19]. If the magnetization of the heat-treated
powder and sintered samples are compared, the sintered samples have
higher magnetization likely due to being solid and as they have larger
grain size than the powder particles. Additionally, the longer heat-
treatment at a higher temperature can have led to a higher degree of
ordering and chemical homogenization. If the measured magnetization
is compared to the literature reference values between 35-55emu/g
[1,55] in NM, the highest saturation magnetization found in SMA 9 is
46.3 emu/g is well inside this range.

As the as-printed samples were paramagnetic (Fig. 9a) no phase
transformation temperatures could be measured with ac susceptibility.
However, after the heat-treatment the phase transformation tempera-
tures could be measured without difficulty (Table 5). Compared to the
phase transformation temperatures of the heat-treated atomized
powder, the phase transformation in the PBF samples occurred at
temperatures that are approximately 10-20 degrees higher. As it is
known [56-59], the atomic ordering of the L2; structure affects the
properties of the structure since the ordering of the parent phase is
inherited during the martensitic transformation. The effect of increased
ordering can be typically observed by the elevated Curie and marten-
sitic transformation temperatures [56-59]. As the heat-treatment pro-
cedure for the PBF parts included both homogenization at 1000 °C and
ordering treatment at 800 °C, it is likely that the PBF parts have a fully
homogenized and ordered structure. In addition to the effect of in-
creased atomic order, the change in the transformation temperatures is
also partly due to the change in the chemical composition during heat-
treatment.

In order to make a preliminary selection of process parameters for
further experimental work, a comparison between the contour plots in
Fig. 5 and the results of the vibrating sample magnetometer measure-
ments is required. The results of the magnetometer show that all the
samples maintained magnetic properties between 35 to 55emu/g;
therefore, all the combinations of P and v were able to create samples of
non-modulated Ni-Mn-Ga with magnetic properties. In this DOE, the
[%] Mn evaporation is within the acceptable range, making more re-
levant the objective of obtaining higher [%] density of the manu-
factured samples. Consequently, future experimental work is planned to
test at wider range of energy density starting from 28 J/mm?® to 40 J/

mm°®.

4. Conclusions

We have demonstrated that PBF can be used to manufacture Ni-Mn-
Ga structures using the gas atomized powder. The as-sintered samples
were paramagnetic likely because of internal strains, chemical in-
homogeneity and atomic disorder related to the fast heating and
cooling in the sintering process. However, the following heat-treatment
procedure homogenized and ordered the structure and recovered the
original non-modulated structure and the magnetic properties. Also no
dendritic cooling structures were found in the SEM images.

Additive Manufacturing 28 (2019) 464474

The results of the DOE, ANOVA study and multivariable regression
analysis shows that there is general a tradeoff between increasing the
[%] density of the samples at the cost of increasing the [%] Mn eva-
poration. At the same time, the results of the ANOVA test show that the
heat-treatment has a major significance in the modification of material
composition as well as on the densification of the material. In addition,
the determination of the optimal process parameters is paramount,
especially when accounting for second order and interaction effects. As
consequence, process parameters, as well as material composition needs
to be carefully formulated to have the ability to produce Ni-Mn-Ga
components with increased density without penalties in material
composition.

Future experiments are planned with increased E, to study the
possibility to produce fully dense samples and to statistically model the
densification process, and therefore to obtain an operational formula
for the porosity level of the material as a function of the process
parameters with a larger energy range. Similarly, future experiments
will require to study the changes in material composition specially in
relation to [%] Mn evaporation in order to maintain magnetic proper-
ties intact. Additionally, in the future experiments, we plan to replace
the Archimedes method by Gas pycnometry to measure the porosity
level of the obtained samples. Ideally, the densification of the material
can be also evaluated by computer tomography [60] to understand the
size and distribution of porosity across the samples and determine its
morphology and whether is layered porosity or interconnected porosity
across layers. The results of this study show that the modelling of
changes in material composition is more complex in comparison to the
densification and possibly more sensitive to outliers as well as the un-
certainty in the experimental work. Consequently, in order to create a
robust model of the relationship between input and output parameters
future experiment are planned to account systematically for (i) the
experimental uncertainty, thus including several repetitions per ex-
perimental combination and to account the possible variability during
the heat treatment process as well as (ii) the measurement uncertainty.

In summary, this initial work shows that twins were observed by
SEM on the unground surfaces of the annealed samples and that no
large compositional heterogeneity could be observed in the sample as
such the PBP shows promise as a suitable way to process Ni-Mn-Ga
alloys. Additionally, as twins spanned some of the resulting grain
boundaries, it is likely that the boundaries will not hinder twin
boundary movement in samples manufactured with PBF. Thus the
complex geometry afforded by computer aided design could be utilized
with PBF to manufacture customized vibration damping elements from
the non-modulated Ni-Mn-Ga. Additionally, the results show that PBF is
suitable for producing complex shapes from Ni-Mn-Ga alloys, such as
the tensile rods, which opens the possibility of manufacturing actuators
with complex external and internal geometries, that can be used to
reduced grain boundary constraints, while retaining chemical homo-
geneity.
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