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Abstract: In order to overcome constraints related to crack formation during additive processing
(laser powder bed fusion, L-BPF) of Fe-Mn-Al-Ni, the potential of high-temperature L-PBF processing
was investigated in the present study. The effect of the process parameters on crack formation,
grain structure, and phase distribution in the as-built condition, as well as in the course of cyclic
heat treatment was examined by microstructural analysis. Optimized processing parameters were
applied to fabricate cylindrical samples featuring a crack-free and columnar grained microstructure.
In the course of cyclic heat treatment, abnormal grain growth (AGG) sets in, eventually promoting
the evolution of a bamboo like microstructure. Testing under tensile load revealed a well-defined
stress plateau and reversible strains of up to 4%.

Keywords: additive manufacturing; laser powder bed fusion; shape memory alloy; Fe-Mn-Al-Ni;
cyclic heat treatment

1. Introduction

During the past decades, the development of new shape memory alloys (SMAs)
gained a lot of interest in academia and the industry, in order to meet the demand for light
and extremely compact actuators and damping devices. It is well-known that binary Ni-Ti
SMAs suffer from poor cold workability, relatively high costs, as well as a narrow temper-
ature window for practical application, limiting a more widespread industrial usage [1].
Thus, other SMA systems came into focus of academic and industrial research to extend
the application range, e.g., to higher transformation temperatures, as in the case of Ni-Ti-
Hf alloys [2], or to higher application frequencies, as in the case of magnetic SMAs [3,4].
For providing more economic, low-cost SMAs, substantial work was conducted on iron-
based SMAs, such as Fe-Mn-Si [5], Fe-Ni-Co-Al-Ta [6], and Fe-Mn-Al-Ni [7]. Based on
these alloys it is possible to realize novel applications, e.g., in the construction sector [8].

However, good functional properties strongly require adequate microstructures in
Fe-based SMAs. Thus, the microstructure should be tailored with respect to the crystallo-
graphic orientation, grain size, grain morphology, and phase fractions, in order to enable
high transformation strains, good reversibility, as well as cyclic stability [5,9–17]. Thus,
complex thermo-mechanical treatments like combined hot-cold rolling, wire drawing,
and cyclic heat treatments were investigated in several studies [5,9–17]. However, even if
there is reasonable progress, efforts spent on thermomechanical processing are tremendous,
and up to now microstructure design in Fe-based SMAs still remains challenging.

With the emergence of the additive manufacturing (AM) technologies, such as laser
powder bed fusion (L-PBF) or electron beam powder bed fusion (E-PBF), which enable the
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production of components, layer by layer, on the basis of a computer-aided design (CAD)
file, new possibilities are opened up. Based on this principle, a high geometric complexity
is offered without the need of tooling operations [18]. Furthermore, via L-PBF and E-PBF,
the microstructure with respect to grain size, grain morphology, and texture can be tailored
by applying different exposure strategies for melting the initial powdery starting material,
e.g., as shown for Ni-base alloys [19], aluminum [20], and stainless steel 316 L [21,22].
In consequence, processing of SMAs by AM techniques came into focus of research [23–26].
Numerous studies focused on AM of Ni-Ti revealed that the processing window of Ni-Ti
seems to be rather small [27]. Recently, some of the current authors investigated AM of
Fe-Mn-Al-Ni by L-PBF [28] as well as E-PBF [29]. It was shown that the alloy is generally
suitable for processing by both AM techniques. Adequate functional properties were
revealed after additional heat treatments. These post treatments aimed at promoting
abnormal grain growth (AGG) [16,30] and precipitate formation [31]. However, up to now,
superelastic properties were only shown under compressive loading. Most detrimentally,
crack formation occurred especially in material processed by L-PBF. Since it is well known
that rapid quenching and cooling, respectively, can lead to crack formation in Fe-Mn-Al-
Ni [17], it is likely that cracking occurs due to the high cooling rates and the general thermal
history prevailing in L-PBF during processing. To substantiate this assumption, in the
present study, Fe-Mn-Al-Ni was processed using a built platform heated up to 500 ◦C
during processing, in order to ensure lower cooling rates during processing and, eventually,
promote crack-free conditions, showing superelastic properties in tension.

2. Materials and Methods

Commercially pure Fe-Mn-Al-Ni, produced by vacuum induction melting, with
a nominal chemical composition of Fe-34-Mn-14-Al-7.5-Ni (at.%), i.e., Fe 48.1-Mn 36.1.
Al 7.3 Ni 8.5 (wt.%), was cast by Stahlzentrum Freiberg e.V. (Freiberg, Germany). Subse-
quently, the material was gas atomized under argon atmosphere by TLS Technik GmbH
(Bitterfeld, Germany). The resulting mean particle size (d50) of the powder used for laser
powder bed fusion was 40 µm. Using a SLM250HL machine (SLM Solutions Group AG,
Lübeck, Germany), cubes of 5 mm × 5 mm × 7 mm, cylinders of 5 mm in diameter,
and 40 mm in height, as well as pillars/rods with diameters ranging from 0.5 to 3 mm
(height: 7 mm) were fabricated. From the cylinders, the tensile samples were fabricated by
electrode discharge machining. The pillars were conventionally separated from the base-
plate and used for the evaluation of the geometric/dimensional impact on microstructure
evolution. The build platform (in-house development of Leibniz IFW [32], see Figure 1 for
details) was heated to 500 ◦C before processing. A laser power of 200 W, scan speed of
680 mm s−1, hatch distance of 0.12 mm, and a layer thickness of 30 µm, were employed for
sample processing (stripe scanning, −90◦ scan vector rotation). After the build job ended,
the baseplate temperature was further held constant for 15 min followed by slow cooling
to 400 ◦C and switching of the heating system. After the aforementioned cooling phase,
the sample setup was quickly removed and placed on an iron-cast block to allow faster
cooling to room temperature.

Beside the as-built state, selected samples were heat-treated in evacuated quartz
tubes. In a first step, a solution heat treatment at 1200 ◦C for 12 h was followed by water
quenching. Afterwards, defined heat treatment cycles (HTC) were applied. Details on the
procedure are depicted in Section 3 for clarity. In the present work, three and five HTC
were applied to the selected samples, followed by quenching in 80 ◦C tempered water.

The chemical composition of the powder and the bulk material (L-PBF samples) was
analyzed using ICP-OES (Inductively-Coupled Plasma–Optical Emission Spectroscopy,
IRIS Intrepid II XUV from Thermo Fischer Scientific, Waltham, MA, USA). Furthermore,
the oxygen (LECO TC-436DR—powder and L-PBF) and hydrogen content (HORIBA EMGA
621 W—powder only) were determined in order to exclude contamination of the powder
and the L-PBF processed bulk. A minimum of three measurements were performed to
obtain the experimental average values and corresponding deviations.
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Figure 1. Overview of the machine setup used and selected Fe-Mn-Al-Ni samples fabricated at Leibniz IFW Dresden.
An in-house developed build envelope (substrate plate diameter of 67 mm) was used for processing at a fixed temperature
of 500 ◦C (a). Process parameter optimization for Fe-Mn-Al-Ni (b) considering varying laser power (right to left: 125–225 W)
and scanning speed (top to bottom: 610–890 mm/s). Reconstructed CT-images (c–f) revealing that crack free samples (5 mm
× 5 mm × 7 mm) can be manufactured using the optimized parameters laser power = 200 W, scanning speed = 680 mm/s,
hatching distance = 0.12 mm, in combination with (e,f) a chessboard-like scanning pattern (2.5 mm × 2.5 mm × 2 mm
box size). Box-1 and box-2, as depicted in (e) were scanned perpendicular to each other and were constantly rotated
layer-by-layer, by 90◦. Numerous pores and a major crack in case of (c,d) conventional stripe scanning without island
separation are shown in red. Please note that the images in (d,f) show the analyzed, transparent volume of the cubes
(top view) shown in (c,e), respectively.

In order to see if the samples could be processed crack-free and with a low resid-
ual porosity, selected samples, fabricated with the optimized process parameters and the
high-temperature build envelope, were investigated using a Phoenix Nanotom M (Gen-
eral Electric) computer tomograph (referred to as CT). The resolution of the CT was set
to 6 µm, using an acceleration voltage of 135 kV and a current of 100 µA. CT-scans were
performed using a beam collimator and copper filter (0.3 mm in thickness). 700 projec-
tions were recorded in total for the reconstruction of a single 3D-model. Volume analysis
was carried out using VG-Studio max 2.2 (Volume Graphics). Artefacts and imperfec-
tions (voids with low sharpness) below the voxel size were digitally filtered out and not
further considered.

For scanning electron microscopy (SEM), the samples were mechanically ground,
polished down to 5 microns, and finally vibration polished. The SEM used was operated
at 20 kV and equipped with an electron backscatter diffraction (EBSD) unit (EDAX Inc,
Mahwah, NJ, USA). From EBSD data inverse pole figure (IPF) maps were obtained using
standard software tools (EDAX OIM software, version 7, EDAX Inc, Mahwah, NJ, USA).
The Vicker’s hardness was probed using a load of 4.9 N (HV 0.5). Mechanical testing
(controlled loading/unloading cycles) was conducted using flat small dog-bone shaped
samples with a gage section of 18 mm, with 1.5mm x 1.5 mm cross section, electro-discharge
machined from the as-built cylinders (diameter = 5 mm, height = 40 mm). A servohydraulic
testing rig was used at a crosshead displacement speed of 0.01 mm s−1. An extensometer
was directly attached to the sample gage section.

3. Results and Discussion

L-BPF processing of the Fe-34Mn-14Al-7.5Ni shape memory alloy at a build platform
temperature of 500 ◦C resulted in a crack-free microstructure in the as-built condition.
In Fe-Mn-Al-Ni, several precipitation processes take place as a function of time and tem-
perature [33,34]. From room temperature (RT) up to about 400 ◦C, small nanometric
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β-phase precipitates form upon aging, within minutes or hours, depending on the ag-
ing temperature applied. Niendorf et al. [28] reported that due to the formation of the
β-type precipitates and due to the high cooling rates induced by a relatively low build
platform temperature of up to 200 ◦C, significant crack formation occurs following L-PBF
processing. It was stated that L-PBF processing at 200 ◦C leads to a strong increase of the
hardness, resulting in an embrittlement of the microstructure. Eventually, the high cooling
rates during L-PBF processing and the evolution of internal stress fields led to significant
crack formation [28]. In the present study, the platform temperature was fixed at 500 ◦C.
Obviously, this had a significant impact on the thermal history and, thus, on the sample
quality and the microstructural evolution. While the thermal gradient during processing is
significantly higher in case of a build platform temperature of only 200 ◦C, a build platform
temperature of 500 ◦C promotes lower cooling rates, as well as a less pronounced defect
formation (cracks, pores, etc.) during processing (Figure 1c–f).

The as-built microstructure was processed and probed in the form of small cylinders of
different diameters, in order to evaluate the impact of geometry/dimensions on microstruc-
tural evolution (Figure 2). In the as-built condition, the increase in sample diameter from
0.5 mm to 3 mm (Figure 2a–d) led to a coarser grained microstructure and a significantly
stronger texture along the [001] direction parallel to the build direction (BD). The forma-
tion of strong textures and columnar grained microstructures is strongly promoted by
the highest thermal gradient (G) and the solidification velocity (V) during processing,
as reported in numerous studies [21,22,26]. Thus, adjusting the process parameters allows
for a microstructural design of metallic alloys, at least for a constant geometry and constant
sample dimensions. However, in the case of fixed processing parameters, geometry affects
G and V, at least when very small dimensions of cross-sections are considered.

Figure 2. Electron backscatter diffraction (EBSD) inverse pole figure (IPF) maps of additively manu-
factured Fe-Mn-Al-Ni samples plotted in build direction (BD) for diameters ranging from 0.5 mm to
3 mm for the as-built condition (a–d). BD indicates the build direction. The color-coded triangles
reveal the maximum texture. The relevant legend coding texture intensity is shown on the right side
(max. 12.000).

From the results shown in Figure 2, it can be directly deduced that the variation
in geometrical dimensions of the as-built parts is linked to a change in the evolution of
the microstructure. As stated before, this is related to a change in G and V, both values
being simultaneously affected by the volume energy, scanning strategy, and the build
platform temperature. In an earlier study by some of the current authors, a build platform
temperature of 200 ◦C was used during L-PBF processing, leading to a similar kind of
microstructure transition, as compared to the current work [28]. However, in that study
the strongest texture was observed in the smaller diameter cylinders and not, as shown
in the present results, in samples featuring relatively large diameters. Since most L-PBF
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process parameters (laser power, scan velocity, etc.) were generally similar in both studies,
the build platform temperature is supposed to have the most significant impact on the
evolution of the microstructure at this point. It can be deduced that the higher build
platform temperature led to a change in the overall thermal history during processing,
directly affecting the solidification character, and eventually, the final grain morphology
and orientation.

The applied heat treatment procedure employed to stimulate AGG is depicted in
Figure 3a. Figure 3b–d shows the impact of the repetition of the HTC for 1, 3, and 5 times,
for the given heat treatment procedure (Figure 3a). In Figure 3b, after 1 HTC, a columnar,
fine-grained microstructure is seen. Already after 3 HTC (Figure 3c), a change towards a
coarser grained microstructure is obvious. A large grain formed by consuming the initially
columnar grains. After 5 HTC significant grain growth occurred, and a single grain of
around 7 mm characterized by the <111> direction could be identified (Figure 3d). Thus,
from the IPF maps presented, it was obvious that the AGG occurred in the additively
manufactured Fe-Mn-Al-Ni. However, the results indicated certain inhomogeneities in
the microstructure, i.e., the initial texture was not strong enough to be transferred into the
abnormally grown grains.

Figure 3. (a) Schematic highlighting a single heat treatment cycle (HTC) step (horizontal arrow) of the procedure employed
to promote abnormal grain growth (AGG). (b–d) EBSD IPF maps depicting the cyclically heat-treated samples plotted in
BD, after 1 HTC (b), 3 HTC (c), and 5 HTC (d).

Vickers hardness tests on all samples in the as-built condition, as well as after 1
and 5 HTC (without aging) were conducted (Figure 4). The as-built condition showed
a noticeably higher hardness than those samples following 1 or 5 HTC. A similar result
was observed in the already mentioned former study, where the hardness in the as-built
condition increased up to 420 HV [28]. L-PBF processing at a build platform temperature
of 200 ◦C resulted in the formation of nanoscaled β-phase precipitates in the L-PBF-
processed Fe-Mn-Al-Ni alloy and, in consequence, led to a significant increase in hardness,
as compared to a solution-treated condition. As detailed before, it was reported in several
other studies (primarily focusing on conventionally processed material) that an artificial
aging at 200 ◦C led to the formation of the β-phase precipitates, and thus, material strength
and hardness can be substantially increased. In the present study, the elevated platform
temperature of 500 ◦C obviously also had a significant impact on the hardness, since in the
as-built condition, the hardness was even found to be higher than in the former study [28],
i.e., 600 HV in present work (Figure 4). This difference clearly indicates that precipitates
might also have formed during L-PBF processing at 500 ◦C. Moreover, it is likely that β-Mn
phase evolved here. It was already reported for conventionally processed Fe-Mn-Al-Ni
that above 300 ◦C, the β-Mn phase evolves in addition to the β-phase precipitates [33,34].
Taking into account that following L-PBF processing the samples were held at 400 ◦C for
15 min, it could be assumed that the high hardness values following L-PBF processing
at 500 ◦C, were at least partly related to the formation of the β-Mn phase. However,
the related increase in hardness did not seem to affect the formation of defects upon
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quenching, since no significant defect formation was observed in the material following
processing at 500 ◦C (Figure 1). In other words, the build platform temperature seemed
to be high enough to impede any kind of process-related cracking mechanism during
processing and subsequent cooling.

Figure 4. Vickers hardness of laser powder bed fusion (L-PBF) processed Fe-Mn-Al-Ni in the as-built
condition, as well as after 1 and 5 HTCs.

In the course of any heat treatment routes considered, the as-built condition was solu-
tionized and both the nano scaled β-precipitated and the β-Mn phase dissolved, eventually
leading to a decrease in hardness to about 379 HV and 428 HV for 1 HTC and 5 HTC, re-
spectively. This was in line with the findings presented in previous work [28]. Considering
the grain growth induced by the HTC (Figures 2 and 3), the slight increase of hardness
after 5 HTC (Figure 4) could be linked to the abnormally grown grains, i.e., the local effect
of crystallographic grain orientation of abnormally grown grains, or marginal differences
in quenching rates, eventually affecting the absolute value of Vickers hardness.

Analysis of the chemical composition of different conditions revealed a significant
loss in the Mn content (Table 1) in the L-PBF processed condition. Whereas the nominal
chemical composition contains 34 at. % of manganese, high-temperature L-PBF processing
obviously results in a loss of around 3 at. % of Mn. Thus, a considerable change in the func-
tional material properties, e.g., critical stresses for phase transformation, transformation
temperatures, and phase stabilities, had to be expected. However, although this change in
chemical composition is significant, the superelastic properties of the studied Fe-Mn-Al-Ni
alloy are seen to be very promising (Figure 5).

Table 1. Nominal and experimentally determined chemical compositions of Fe-Mn-Al-Ni charac-
terized in form of powder and L-PBF processed bulk material. The relative standard deviation
(three measurements) was found to be below 1%.

Chemical Composition Nominal Powder As Built

Ni (at. %) 7.50 7.49 7.87

Al (at. %) 15.00 15.44 15.88

Mn (at. %) 34.00 33.21 30.81

Fe (at. %) 43.50 42.52 44.86

Figure 5a depicts the stress–strain response obtained at RT under tensile loading
for a Fe-Mn-Al-Ni sample initially processed by L-PBF. Such data are shown for the first
time in literature. Following 5 HTC, good superelastic material properties can be seen
(Figure 5), being similar to other stress–strain hysteresis curves shown in literature [35].
The critical stress for stress induced phase transformation (SIMT) was about 405 MPa.
Following the first loading cycle up to 2% only about 0.2% irreversible strain could be iden-
tified. Following loading up to 4% about 0.6% residual strain accumulated. The relatively
fast accumulation of residual strains indicates the activation of irreversible processes in
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parallel to phase transformation. Thus, the formation of dislocations capable of pinning the
evolving martensite phase boundaries can be expected [36–38]. Analysis of such elemen-
tary mechanisms is currently under investigation and will be reported in follow-up studies.
Up to now, it is assumed that the martensitic phase boundaries are mechanically stabilized
and the back transformation into the austenite is suppressed, as was already revealed for
conventionally processed material [36–38].

Figure 5. (a) Stress–strain response under tensile loading obtained from Fe-Mn-Al-Ni at RT after
5 HTC; (b) recovered strain plotted against the applied strain.

Figure 5b shows the applied strain plotted against the reversible strain. It can clearly
be seen that the material shows a high reversibility upon loading in the very first supere-
lastic cycle, i.e., loading to 2% strain. With further increase of the applied strain, the share
of recovered strain decreases. This leads to the conclusion that the remaining grain con-
straints, imposed by the imperfect bamboo-like microstructure, dominated the evolution
of residual strain. In this context, the loss of Mn is supposed to detrimentally affect the
AGG process. Thus, the main challenge for further investigations will be the preservation
of the chemical composition, as this can be seen as a key factor towards robust functional
material properties in additively manufactured Fe-Mn-Al-Ni SMAs.

4. Conclusions

In the present work, laser powder bed fusion (L-PBF) processing of a Fe-Mn-Al-Ni
shape memory alloy (SMA) at an elevated build platform temperature of 500 ◦C was con-
ducted, followed by post-treatments, microstructure analysis, and tensile testing. The fol-
lowing conclusions could be drawn from the presented results:

1. L-PBF processing at 500 ◦C leads to crack-free Fe-Mn-Al-Ni bulk samples offering the
possibility to fabricate individually designed, near-net-shaped parts by employing
only one manufacturing step. This was not achieved so far due to the limited heating
capabilities of most L-PBF systems available.

2. L-PBF processing leads to a noticeable change in chemical composition of the Fe-Mn-
Al-Ni shape memory alloy. Mn is reduced by about 3 at. % upon L-PBF processing.

3. It is shown that a strong texture along the <001> direction primarily forms parallel to
the build direction. However, the solidification microstructure is somehow affected
by the geometry of the processed parts. In the as-built condition, an increase of the
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diameter leads to a columnar grained microstructure and a strong texture in <001>
direction.

4. Vicker’s hardness measurements reveal a higher hardness in the as-built condition.
This can likely be correlated to the formation of the β-Mn phase promoted by the
elevated build platform temperature.

5. The application of a cyclic heat treatment promotes abnormal grain growth (AGG) in
the L-PBF processed Fe-Mn-Al-Ni.

6. The microstructure established by the optimized heat treatment route is characterized
by a good shape recovery ratio under tensile loading. However, elementary degra-
dation mechanisms still limit the full potential of the L-PBF processed Fe-Mn-Al-Ni.
A relatively fast accumulation of residual strains is seen promoted by prevailing grain
constraints.
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