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Abstract: In the present study, tungsten inert gas wire and arc additive manufacturing was used to
process an iron-based FeMnAlNi shape memory alloy. By a layer-by-layer method, a wall structure
with a length of 60 mm and a height of 40 mm was generated. Bidirectional welding ensured grain
growth parallel to the building direction. To maintain a nearly constant temperature–time path
upon cooling, the structure was fully cooled after each weld to room temperature (298 K). With this
approach, an anisotropic microstructure with a grain length of up to 8 mm (major axis) could be
established. The grain morphology and formed phases were investigated by optical microscopy and
scanning electron microscopy. The images revealed a difference in the orientation with respect to the
building direction of the primarily formed γ grains along the grain boundaries and the secondarily
formed γ grains in the heat-affected zones. Subgrains in the α matrix were observed also by scanning
electron microscopy. With X-ray diffraction, the preferred orientation of the α grains with respect to
the building direction was found to be near 〈100〉. Overall, an anisotropic polycrystalline material
with a columnar texture could be produced, with a preferred grain orientation promising high values
of transformation strains.

Keywords: iron-based shape memory alloy; FeMnAlNi; tungsten inert gas welding; wire and arc
additive manufacturing; microstructure; grain morphology; texture; thermomagnetization

1. Introduction

Shape memory alloys (SMAs) feature special mechanical properties. NiTi alloys,
which were discovered by Buehler et al. [1] are still the most widely used SMA. NiTi-based
systems and all ternary and quaternary compounds are characterized by high pseudoelas-
ticity (pseudoelastic transformation strains up to 10% in a single crystalline material) [2–4],
a high temperature dependence of the critical transformation stress dσc/dT of between
5 and 8 MPa K−1 [5–7] and high production costs combined with poor cold workabil-
ity [8]. Fe SMAs, such as FeMnSi [9,10], FeNiCoAlTa [11] and FeMnAlNi [12], provide
a lower-cost alternative to the NiTi-based systems while exhibiting promising process-
ing properties. Omori et al. demonstrated pseudoelastic transformation strains of up to
5% for Fe43.5Mn34Al15Ni7.5 [12]. A particular advantage of this novel iron-based SMA
is the low temperature dependence of the critical transformation stress dσc/dT of only
0.53 MPa K−1 [12]. The combination of low-cost materials and low temperature depen-
dence makes Fe-based SMAs particularly interesting for civil engineering, especially in
damping applications.

Conventional iron-based alloys usually undergo a phase transition from a γ phase (A1,
fcc) to an α phase (A2, bcc), where an altered α/γ equilibrium can be observed at high Mn-X
contents (X: ferrite-stabilizing element). With increasing Mn-X content, a characteristic γ

loop, similar to the binary FeCr system, forms [13]. The equilibrium temperature Tα/γ
0 ,

defined by the equality of the Gibbs energy of the α phase as well as the γ phase, can be
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calculated for different Mn-Al contents of the FeMnAl alloy by the CALPHAD (calculation
of phase diagrams) method [12,13]. The α phase is stabilized at the Curie temperature
Tα

C up to 30 at.% Mn, resulting in the formation of a γ loop in the phase diagram, and
a conventional γ/α′ martensitic transformation (MT) takes place. At >30 at.% Mn and
>15 at.% Al, the Tα

C decreases to near room temperature, which stabilizes the γ phase at
room temperature, resulting in an α/γ′ MT [12]. The altered phase transition is caused by
the magnetic contribution to the Gibbs energy, as the Gibbs energy ∆Gα/γ

total can be separated
into a magnetic ∆Gα/γ

mag and a non-magnetic ∆Gα/γ
nonmag contribution. With increasing Mn

and Al content, the magnetic contribution ∆Gα/γ
mag to the Gibbs energy ∆Gα/γ

total decreases,
lowering the T α

C , and the γ phase is stabilized at low temperatures [12].
The rapid functional degradation of polycrystalline SMA is partly caused by grain

misorientations due to the anisotropic nature of σc, as well as grain boundaries and espe-
cially grain boundary triple junctions, leading to the activation of unfavorably interacting
martensite variants [14–18]. Overall, the magnitude of the shape memory effect (SME) is
determined by the grain morphology and grain orientation. On the one hand, the SME can
be improved by controlled precipitation of the γ phase along the grain boundaries [19],
and on the other, by reducing the total grain boundary interface. In the case of Fe-based
SMA, the grain morphology and in particular the grain size can be altered by exploiting
the abnormal grain growth. This minimizes the overall grain boundary interface, and the
ratio of the grain diameter to specimen thickness typically becomes greater than one [20,21].
The so-achieved oligocrystalline microstructure enables a pseudoelastic reversibility of
Fe43.5Mn34Al15Ni7.5 up to 5%, which is already observable at room temperature [12,21].
Depending on the loading direction, different martensite variants are available to accommo-
date the load [22–24]. Using the energy minimization theory [25] for the twinned martensite
and the lattice deformation theory [26] for the detwinned state of the martensite, different
theoretical transformation strains are obtained depending on the crystallographic direction.
For both twinned and detwinned states, the near 〈100〉 direction shows maximum transfor-
mation strain. In contrast, the 〈111〉 direction is less favorable. Experimentally, however,
the highest transformation strain was found along 〈123〉 [23,24].

In contrast to conventional manufacturing processes, such as casting and forming,
the components can be manufactured with additive manufacturing (AM) to a near-net shape
in a layer-by-layer fashion with high geometric complexity [27,28]. However, increased
set-up times, as well as the preparation of the initial material, might increase the overall
process costs [29,30]. As shown in [31] and according to ASTM 529000AM, AM can be
divided into seven main groups. However, only directed energy deposition (DED) and
powder-bed fusion (PBF) are widely used. Wire and arc additive manufacturing (WAAM)
processes are assigned to the DED group, which also includes the arc processes such as
metal inert gas (MIG), tungsten inert gas (TIG) and plasma welding. In contrast to the
MIG process, there is no short circuit transition of the molten material in the TIG process.
Therefore, arc stability and heat input are constant, and a spatter-free material transfer
can be ensured [32,33]. Additionally, the microstructure can be tailored by varying the
process parameters during AM, allowing control of the mechanical properties throughout
the manufacturing process [31,34,35].

Various studies on AM showed that a 〈100〉 columnar texture is formed in cubic
primary solidifying alloys [31,36–38]. The 〈100〉 direction is an easy growth direction for
bcc and fcc solidifying phases when anisotropic conditions apply, as is the case during
AM [39–41]. The formation of strong textures is influenced by the temperature gradient
grad T and the solidification rate R. The large temperature gradient between the melt
pool and the base material favors an epitaxial growth of the crystals in the melt from
the partially molten grains of the base material. For the heterogeneous nucleation that
occurs in this way, a significantly lower activation energy ∆GA is necessary. Consequently,
a lower supercooling ∆T is needed for nucleation [42]. The solidification front is directed
against the heat flux, and grains grow beyond the individual layers [31]. The dependence
of grain growth on grad T and R during the AM of FeMnAlNi has already been investi-
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gated in several studies. As shown for the selective laser melting of FeMnAlNi, the grain
morphology is impacted by the geometry in the case of fixed processing parameters [37].
While for small dimensions (specimen diameter ≈ 0.5 mm) a 〈100〉 columnar grain growth
occurs, this texture disappears with increasing dimensions (specimen diameter ≈ 5 mm).
The change of the geometrical shape leads to a different solidification mode and therefore
to a change of texture. In [36] it is shown that a variation of the cooling conditions during
the laser powder-bed fusion process leads to a different correlation between the formed
grain morphology and the specimen dimensions. An elevated building platform tempera-
ture causes a microstructure transition of equiaxed grains with irregular orientation to a
〈100〉 columnar texture with increasing specimen diameter, while in [37] the opposite was
reported. Still, both studies showed an epitaxial growth of the grains past the individual
layers with a mean grain length of about 0.5 mm.

With the aim to achieve a pronounced columnar texture with an overall low grain
boundary interface in the polycrystalline FeMnAlNi, AM with a high deposition rate,
in particular the TIG WAAM process, was used in the present study. WAAM components
made from FeMnAlNi are attractive for damping applications, and the columnar texture is
favorable as it minimizes the intergranular strain. The higher deposition rate compared to
PBF processes should result in grains with a larger major axis than those obtained from
low deposition rate processes promising less susceptibility to cracking upon cyclic loading.
In the present study, bidirectional welding was used to maintain the preferred growth
direction parallel to the building direction. Grains and phases formed were investigated
using optical microscopy (OM) and scanning electron microscopy (SEM). In addition,
the heat-affected zone (HAZ) between individual layers, as well as the γ phase, was
examined closely by SEM. The texture was investigated using X-ray diffraction (XRD).
Lastly, thermomagnetization was measured, and the ramifications of the data with respect
to the application in mind are discussed.

2. Experimental Section

Cast and hot-rolled FeMn34Al15Ni7.5 (nominal composition) was industrially pro-
cessed by thyssenkrupp Steel Europe AG (Duisburg, Germany). A 64 mm × 45 mm ×
6 mm plate was cut from an ingot of the material and placed on a copper plate, which was
cooled by internal water cooling to approx. 289 K. The filler material used as the initial
material was machined from a hot-rolled 2 mm FeMn34Al15Ni7.5 plate by abrasive water-jet
cutting. The resulting stripes with a cross section of 2 mm × 2 mm were placed and fixed
on the base plate for the first weld layer. Later, the filler material was placed on the already
welded layers to generate a wall structure with a width of 7 mm. The feed of the filler
material therefore equaled the welding speed. The TIG torch (Abicor Binzel, Busek, Ger-
many) was mounted on a MOTOMAN HP20 robot (Yaskawa Europe, Eschborn, Germany),
ensuring a constant torch angle of 90◦ and a constant welding speed of v = 5 mm s−1.
An EWM TETRIX 521 AC/DC COMFORT FWD (EWM, Mündersbach, Germany) served
as the source. Each weld was performed in direct current mode with 120 A and a shielding
gas composition of 70/30 Ar/He (Ar: ARCALTM Prime (99,998%), He: Lasal 4 (99,996%);
Air Liquide S.A., Paris, France) with a volume flow of 12 L s−1. A total of 17–22 welds
were used for each additively manufactured structure, yielding structures with dimensions
of about 40 mm × 7 mm × 18.5 mm. As shown in [43], the growth direction of 〈100〉 is
affected by the welding direction during AM using a DED process. For a unidirectional
welding process, the 〈100〉 is tilted in the welding direction (WD), whereas the heat flux
is directed against the WD (Figure 1a). In order to obtain a grain growth parallel to the
building direction (BD) during the processing, bidirectional welding was employed in the
present study. The resulting alternating temperature gradient in each layer leads to a mean
temperature gradient perpendicular to the base plate and parallel to the BD, and therefore
the 〈100〉 direction is also parallel to the BD (Figure 1b). After each weld, the structure was
first cooled to room temperature in air, still placed on the cooled copper plate. In this way,
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a sufficient cooling rate between each weld and a suppression of the α→γ transformation
was intended.

Metals 2022, 12, x FOR PEER REVIEW 4 of 16 
 

 

a mean temperature gradient perpendicular to the base plate and parallel to the BD, and 
therefore the 〈100〉 direction is also parallel to the BD (Figure 1b). After each weld, the 
structure was first cooled to room temperature in air, still placed on the cooled copper 
plate. In this way, a sufficient cooling rate between each weld and a suppression of the 
α→γ transformation was intended. 

 
Figure 1. Grain orientation of the α-bcc phase as a function of the temperature gradient grad T 
(white arrow) and the welding direction WD (black arrow) for (a) unidirectional welding and (b) 
bidirectional welding; the structure is defined by the coordinate system containing building direc-
tion (BD), deposition direction (DD) and transverse direction (TD), respectively. 

Cross-sections with a thickness of 6 mm were used for microscopic examination and 
XRD analysis. One cross-section was prepared in the BD–TD plane (cf. Figure 1b) for the 
coordinate system), a second in the DD–TD plane and a third in the BD–DD plane. First, 
the specimens were ground and then polished (0.06 µm, VIBROMET 2: Buehler, Echt-
erdingen, Germany). After polishing, XRD measurements were carried out on a BRUKER 
D8 (Bruker Corperation, Billerica, Massachusetts, USA) equipped with a two-dimensional 
detector using Co-Kα radiation. The texture measurements were taken ranging from 34.5 
to 69.6 °2Θ, 58.9 to 93 °2Θ and 80.7 to 114.8 °2Θ, as well as φ-angles of 16°, 35.5° and 55° 
with a ψ-rotation of 360°. With this approach, the {110}, {200} and {211} could be consid-
ered for the calculation of the orientation density function (ODF) and the recalculation of 
the pole figures. Samples were then etched with a solution of 2% HNO3 (ROTH, 68%, 
pure) and ethanol (CVH, 99%). OM was performed on a ZEISS OLYMPUS BX53M (Carl 
Zeiss AG, Oberkochen, Germany). A VISITEC MIRA XV SEM (VisiTec Microtechnik, 
Grevesmühlen, Germany), equipped with a backscattered electron (BSE) detector 
(ELLCIE, Grevesmühlen, Germany) and a detector for energy dispersive X-ray spectros-
copy (EDS) (Thermo Fisher Scientific, Waltham, Massachusetts, USA), was used at an ac-
celerating voltage of 20 keV, a beam current of 70–150 pA for microstructural analysis and 
a beam current of up to 450 pA for EDS analysis. Inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES, SPECTRO CIROS VISION EOP) (SPECTRO Analytical In-
struments, Kleve, Germany) was employed to determine the chemical composition of the 
initial filler material and the as-built structure. For this purpose, three specimens were cut 
from the same 2 mm × 2 mm filler material stripe, while the specimens for the as-built 
state were sectioned from the center of a smaller 2.5 mm-thick cross section. For thermo-
magnetization tests, a specimen with a length of 12 mm in BD and a cross section of 2.5 
mm × 2.5 mm was cut using electrical discharge machining. Thermomagnetization was 
recorded in the temperature range of 125 to 450 K in an external magnetic field with a flux 
density of 27.55 µT. For this purpose, the response of the sensor coil resulting from the 
change in the electric susceptibility of the specimen with temperature was measured. 

3. Results and Discussion 
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Cross-sections with a thickness of 6 mm were used for microscopic examination and
XRD analysis. One cross-section was prepared in the BD–TD plane (cf. Figure 1b) for
the coordinate system), a second in the DD–TD plane and a third in the BD–DD plane.
First, the specimens were ground and then polished (0.06 µm, VIBROMET 2: Buehler,
Echterdingen, Germany). After polishing, XRD measurements were carried out on a
BRUKER D8 (Bruker Corperation, Billerica, MA, USA) equipped with a two-dimensional
detector using Co-Kα radiation. The texture measurements were taken ranging from 34.5 to
69.6 ◦2Θ, 58.9 to 93 ◦2Θ and 80.7 to 114.8 ◦2Θ, as well as ϕ-angles of 16◦, 35.5◦ and 55◦ with
a ψ-rotation of 360◦. With this approach, the {110}, {200} and {211} could be considered for
the calculation of the orientation density function (ODF) and the recalculation of the pole
figures. Samples were then etched with a solution of 2% HNO3 (ROTH, 68%, pure) and
ethanol (CVH, 99%). OM was performed on a ZEISS OLYMPUS BX53M (Carl Zeiss AG,
Oberkochen, Germany). A VISITEC MIRA XV SEM (VisiTec Microtechnik, Grevesmühlen,
Germany), equipped with a backscattered electron (BSE) detector (ELLCIE, Grevesmühlen,
Germany) and a detector for energy dispersive X-ray spectroscopy (EDS) (Thermo Fisher
Scientific, Waltham, MA, USA), was used at an accelerating voltage of 20 keV, a beam
current of 70–150 pA for microstructural analysis and a beam current of up to 450 pA
for EDS analysis. Inductively coupled plasma-optical emission spectroscopy (ICP-OES,
SPECTRO CIROS VISION EOP) (SPECTRO Analytical Instruments, Kleve, Germany) was
employed to determine the chemical composition of the initial filler material and the as-built
structure. For this purpose, three specimens were cut from the same 2 mm × 2 mm filler
material stripe, while the specimens for the as-built state were sectioned from the center
of a smaller 2.5 mm-thick cross section. For thermomagnetization tests, a specimen with
a length of 12 mm in BD and a cross section of 2.5 mm × 2.5 mm was cut using electrical
discharge machining. Thermomagnetization was recorded in the temperature range of
125 to 450 K in an external magnetic field with a flux density of 27.55 µT. For this purpose,
the response of the sensor coil resulting from the change in the electric susceptibility of the
specimen with temperature was measured.
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3. Results and Discussion
3.1. Chemical Composition

The mean chemical composition of the filler material and the as-built state are shown
in Table 1. The filler material differs only by 1.7 at.% in the Mn content and by 1 at.% in the
Al content, indicating a close to nominal composition obtained with the industrial process
route. As seen by the low Mn content of the as-built state, which differs by 5.3 at.% from
the nominal and literature composition, a loss of alloying elements took place during AM.
The Mn content significantly influences the phase regions in the phase diagram and the
magnetic properties, so the effect of the Mn loss was evaluated further. The loss of the Mn
during the process can be attributed to the high affinity of the manganese to react with any
remaining oxygen, forming manganese oxide.

Table 1. Mean chemical composition of the filler material and the as-built state measured using
ICP-OES.

Specimen Composition (at.%)
Mn Al Ni Fe

Filler material 32.3 13.9 7.5 balance
As-built 28.7 13.5 7.3 balance
Nominal 34 15 7.5 balance

Literature [12] 34 15 7.5 43.5

3.2. Microscopy

Figure 2 shows optical microscopy images of the BD-TD section. As seen in Figure 2a,
grain growth is nearly parallel to the BD. The temperature conditions lead to heterogeneous
solidification being preferred over homogenous solidification. Further, a strong solidifica-
tion texture of the α grains is present across the individual layers, so epitaxial solidification
controlled by high grad T/R ratio can be assumed. Whether this texture actually exhibits
the 〈100〉 preferred orientation typical of bcc solidifying phases was clarified by XRD.
Nevertheless, it is already apparent that AM with TIG-WAAM achieves a pronounced
columnar grained microstructure, even when large sample cross-sections are considered.
At the same time, grains with a major axis of up to 5.5 mm are present in BD, which are
an order of magnitude longer than for structures produced with a low deposition rate,
such as PBF processes [36,37]. The enhanced grain growth reduces the grain boundary
surfaces, lowering susceptibility to functional fatigue during loading tests. In Figure 2b, the
area of the last welded top layer is shown enlarged. The γ phase has precipitated mainly
along boundaries of the α grains. For the mechanical properties, the precipitated γ phase
is beneficial as it suppresses intergranular cracking [19]. Although cooling between the
individual layers to approx. 298 K was maintained to minimize α→γ phase transforma-
tion, Figure 2c shows that a large area with a γ phase occurs between the weld layers,
forming a heat-affected zone (HAZ). Due to the layer-by-layer processing, the majority
of the area of the prior welded layer is molten by welding a new layer on top. Therefore,
only a small part of the previously α-bcc solidified structure remains, and a new HAZ
forms between the old and new seam. An almost-complete α→γ phase transformation
takes place. Despite the phase transformation, the orientation of the remaining α matrix is
preserved so that epitaxial growth causes the grains to grow over several layers. The high
γ content influences the SME as the γ-fcc phase does not participate in the α-bcc→γ′-fcc
MT and actually suppresses the MT due to the higher ductility. As described above, a
major proportion of the arc’s power was used to melt the previously welded layer. By
increasing the wire feed rate, the proportion of the molten, previously welded layer could
be reduced, and simultaneously most of the energy would be used to melt the filler material
instead. With this approach, the overall proportion of the γ phase in the specimen could be
controlled. Figure 2d shows a magnification of the first layer. The HAZ of the first layer,
which formed between the base material and the weld zone, is less pronounced than the
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HAZ in later welded layers. Since the base plate was placed directly on the cooled copper
plate, the highest temperature gradient appeared during the weld of the first layer. Thus,
a major part of the heat is dissipated via direct conduction. This may have led to a rapid
passage of the α→γ phase transformation region and therefore to a narrow HAZ. With the
increasing height of the wall structure, the heat will be less dissipated via convection since
the temperature gradient decreases with increasing distance to the cooled copper plate,
leading to heat accumulation and therefore to a broader HAZ. With each new welding
layer, the previous solidification structure is first molten, then it solidifies with epitaxial
growth and a grain selection takes place, and thus a preferential growth of grains that are
favorably oriented with respect to the heat flux occurs. The α grains of the first layers are
not as prominent as in the welding layers applied later, since unfavorably oriented grains
will overgrow, and the overall content of preferential orientated grains increases with the
wall built up.
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direction (DD) and transverse direction (TD).

To verify the assumptions made based on Figure 1 regarding the influence of uni-
and bidirectional welding on grain growth, the BD-DD cross-section was analyzed. In
Figure 3a, an overview of the BD-DD section is shown, while in Figure 3b some of the
larger grains are highlighted in red, which have grown beyond several welding layers and
HAZ (white lines in Figure 3b). The major axis of these intense grown grains reaches up
to 8 mm. As mentioned, the bidirectional welding should ensure a grain growth parallel
to the BD. When the major axis of the highlighted grains in Figure 3b are considered, it
becomes apparent that the major axis deviates only slightly from being parallel to BD.

Figure 4 shows the OM images taken from the DD-TD section at the level of the top
layer. In the overview (Figure 4a), areas with grains possessing a small diameter (Figure 4b)
of approx. 65–180 µm (major axis) and areas with grains with a large diameter (Figure 4c)
of up to 1.2 mm (major axis) can be identified. While grains with small diameters tend
to occur at the edges, the grains with a larger diameter are located in the center of the
specimen. This is congruent with the grain structures in Figure 2a, since in the BD-TD
section the grains with the largest diameter are also located in the center of the specimen.
During the solidification process, it is likely that frequent grain formation occurs at the
interface between the melt pool and surrounding air. The grains formed at the interface
can also be seen in Figure 2a at the upper end of the last welded layer. Due to a lower
grad T/R ratio and the fact that the formation of new grains at the interface competes with
epitaxial growth, the grains at the interface are not as pronounced as those in the center
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of the specimen. In addition, the grains at the interface will melt and re-solidify during
the next weld. Besides the grain morphology, the γ phase precipitated along the grain
boundaries and does not occur in clusters in the interior of the grain.
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Figure 4. OM images obtained of the polished and etched DD-TD section; (a) overview of the cross-
section; higher magnification detail of the area with small diameter grains (1) of approx. 65–180 µm is
shown in (b) and of the larger diameter grains (2) up to 1.2 mm in (c); the sample coordinate system
is defined by the building direction (BD), deposition direction (DD) and transverse direction (TD).
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In Figure 5, the transition of an α grain of the top layer to the HAZ and the transformed
α + γ two-phase region of the BD-TD section are shown. As seen in the SEM overview of the
region (Figure 5a), the grain boundary can still be identified in the transformed region. At
a higher magnification (Figure 5b), a globular-to-lamellar structure of the γ phase along the
grain boundary is recognizable. The γ phase has grown, starting from the grain boundary,
inside the α grain. In addition to the γ phase at the grain boundary, a pronounced lamellar
structure of γ grains in the α matrix is present in the transformed region of the HAZ. When
the transition from the primarily formed γ grains at the grain boundary to the secondarily
formed γ grains in the grain interior is considered (Figure 5c), an angular relationship
between the two grain structures and regarding the BD becomes apparent (indicated by
the dashed lines in Figure 5d). The angle between the primarily formed γ grains and the
BD is ω1 = 30–36◦ and the angle between the primarily and secondarily formed γ grains is
ω2 = 120–136◦. It is assumed that a change in the temperature–time course and a change
in the direction of the heat flux and temperature gradient during the transformation of
the primarily and secondarily γ grains have led to different preferred growth directions.
Thus, the grain boundary is still visible even after the α→γ phase transformation in the
grain interior. In addition to phase transformation in the grain interior, further α→γ phase
transformation took place during the weld of a new layer in the area of the grain boundary.
As a result, the α phase remaining after the primarily γ grain formation also transforms,
and thus the density of γ grains increases and only a small proportion of α matrix remains
in the grain boundary area.
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Figure 5. SEM image of the polished and etched BD-TD section; (a) showing an overview of the
transition to the HAZ and an adjacent grain boundary (GB); (b) interface between the primarily
formed γ grains along the grain boundary and the secondarily formed γ grains in the grain interior;
(c) higher magnification detail of (1) showing the interface between primarily and secondarily γ

grains; (d) angles between the primarily γ grains (dashed lines indicate the orientation of the major
axis) and the BD (ω1) and between the primarily and secondarily γ grains (ω2) are dotted; the sample
coordinate system is defined by the building direction (BD), deposition direction (DD) and transverse
direction (TD).

When the DD-TD section was investigated by SEM (Figure 6), subgrain structures
could be identified. The subgrain structures indicate minor misorientations of the crystal
lattice, resulting in the formation of small angle grain boundaries. Figure 6a shows a
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subgrain with a major axis of approx. 32 µm. Several grain boundary triple junctions
originate from the subgrain, and one is shown in Figure 6b in detail. In addition to the large
subgrains (Figure 6a), isolated smaller subgrains (overview in Figure 6c, enlargement in
Figure 6d) with a major axis of 7–9 µm are also present in the grain interior. No dependence
between the subgrain size and the size of the parent grain or the position in the parent
grain were detected. The subgrain boundaries are characterized by a small γ phase seam.
No enhanced growth of the γ phase, starting from the grain boundary inside the α grain,
took place. Although the martensitic γ′ needles and the γ phase seam both appear in SEM
to contrast with the same intensity and show morphologically a similar lateral spread, they
differ significantly in their longitudinal expression. While the γ phase seams show irregular
structures and the grain boundary angles do not follow any obvious regularity, the γ′

needles are characterized by their typical formation along lattice planes predetermined
by the α matrix. Therefore, subgrain boundaries can be distinguished from martensitic γ′

needles.
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Figure 6. SEM image of the polished and etched DD-TD section; (a) showing an overview of a
subgrain (approx. 32 µm diameter) inside a large α grain and in (b) magnification of area (1) showing
the triple junction grain boundary of the subgrain; (c) shows the grain interior of another large α

grain with a small subgrain (7–9 µm diameter) and in (d) the subgrain from area (2) is shown; the
sample coordinate system is defined by the building direction (BD), deposition direction (DD) and
transverse direction (TD).

In both the OM and SEM images, precipitates can be identified within the α grains,
which simultaneously lead to pore formation. In order to analyze the composition of the
precipitates, EDS line scans were performed. Despite the absolute error of 2–5%, EDS data
typically have much accuracy when relative changes are compared. Figure 7a shows a
precipitated particle within a pore. The black arrow indicates the length and orientation of
the EDS line scans. In Figure 7b, the change in concentration of the main alloying elements
is plotted. While the Fe and Mn content decreases inside the pore, an increase in Al and Ni
can be observed. The precipitation is characterized by an increase in Al content, while the
amount of the other three main alloying elements decreases. When the minor elements O
and S are taken into account (Figure 7c), an increase in content is also evident for oxygen at
the pore. Sulphur, on the other hand, is only detected in the precipitate. The simultaneous
increase in the Al and S content in the precipitate indicate that aluminium sulfide had
formed. At the same time, an increased oxide formation in the pore becomes apparent.
The influence of the pores and precipitates formed by segregation on the shape memory
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properties should be investigated in more detail, as these can suppress the reversible
α→γ′→α transformation and act as pinning sites of the γ′ martensite.
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distribution of the main alloying elements Fe, Mn, Al and Ni and selected minor elements (i.e., O, S).

3.3. X-ray Diffraction

Since it was confirmed by OM that AM of FeMnAlNi by TIG-WAAM results in a
preferred crystal growth in BD, texture measurements using XRD were carried out. When
the DD-TD section was investigated, the smaller grain diameter compared to the grain
diameter of the BD-TD section led to an increase in simultaneously observable grain orien-
tations. By subsequently rotating the measured and recalculated pole figure, the frequently
used viewing direction in TD was obtained. Figure 8 shows the recalculated pole figures
of the {200} planes in BD (a) and TD (b) as well as the inverse pole figure in BD (c). When
the pole figure of the {200} planes in BD is considered (Figure 8a), a preferred orientation
of the crystals with respect to BD with only slight misorientations becomes apparent. The
theoretically predominant 〈100〉 easy growth direction in bcc primarily solidifying alloys
is only slightly tilted with respect to the BD. The preferred orientation, equivalent to the
orientation with the maximum intensity when the ODF is considered, is defined by the
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Euler angles ϕ1 = 232◦, Φ= 5◦ and ϕ2 = 14◦ (triclinic specimen symmetry). The bidirectional
approach has thus led to a parallel alignment of the 〈100〉 and the BD. While in BD the {200}
shows a clear maximum, in TD a significantly higher variance of the orientations occurs
(Figure 8b). This is in agreement with the previously made assumption that the 〈100〉 in
BD grows preferentially against the heat flux. Since no pronounced temperature gradient
occurs in the DD-TD plane, no preferred growth direction can be observed. The competitive
growth of individual grains therefore leads to the formation of high angle grain boundaries
when grains with high misorientations collide. Already in [36,37], a strong dependence
of the sample geometry and the texture formation was reported. While in [37] a loss of
texture with increasing sample volume was observed, the TIG-WAAM process employed
in the present study still shows a clear columnar texture despite the comparatively high
sample volume. Due to the change in the manufacturing process, the significant increase
in sample volume does not lead to a random orientation of the grains. Tseng et al. [23,24]
have already shown that the crystallographic orientation regarding the load direction is
decisive for the magnitude of the SME. According to theoretical calculations, for both the
twinned and detwinned states, the transformation strain is highest in 〈100〉 and similar
directions. So, a high transformation strain in BD can be predicted for crystallographic
orientation of the TIG-WAAM fabricated FeMnAlNi sample. On the one hand, the grains
show a low misorientation in BD, as shown by the concentrated maximum in Figure 8a,
and on the other hand, preferential directions with high transformation strains are present
in BD. The influence of the grain boundaries, which also run in BD, and the resulting
intercrystalline stresses must be addressed in future investigations.
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3.4. Thermomagnetization

The normalized electrical susceptibility in the temperature range from 125 K to 450 K
is plotted in Figure 9. Different from the measurements of Omori et al. [12], a unique
TMs , TMf , TAs and TAf cannot be determined for the TIG-WAAM fabricated FeMnAlNi
alloy, nor is a clear hysteresis of magnetization formed. The low α/γ ratio of the specimen
(as discussed previously) curtails the formation of a pronounced MT. Nevertheless, the
decrease in the χ/χmax susceptibility indicates a thermally induced α→γ′ transformation,
as the susceptibility decreases with the formation of the weak magnetic to antiferromagnetic
γ′ phase at low temperatures. A Curie temperature of Tα

C = 435 K was determined at the
maximum of the susceptibility change |∆(χ/χmax)/∆T|, which deviates significantly
from the values reported by Omori et al. for the solution treated state of polycrystalline
Fe43.5Mn34Al15Ni7.5 (Tα

C = 390 K) and the aged state (Tα
C = 397 K) [12]. By ICP-OES, a

decrease in the Mn content of the as-built state of approx. 5.3 at.% (cf. Table 1) was
determined. Tα

C is significantly affected by the Mn content and increases with decreasing
content, as shown in [12]. Thus, Mn loss during the manufacturing process leads to an
increase in Tα

C . In addition to the loss of manganese, a loss of aluminium of 1.5 at.% was
also observed after AM. While the Mn content significantly influences the Tα

C , only a minor
influence of Al on Tα

C is reported in [12]. The loss of Mn and Al during TIG-WAAM could
be counteracted by using higher alloyed filler material.
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4. Conclusions

Industrially produced FeMn34Al15Ni7.5 was processed by additive manufacturing
using TIG-WAAM. The microstructure, texture and thermomagnetization were investigated.
The main results can be summarized as follows:

(1) A columnar texture with a grain length of up to 8 mm in BD was established. When
the top layer is considered, a seam of γ phase had formed around the individual α grains
along the grain boundaries. No large-scale γ precipitates occurred in the grain interior.

(2) An α→γ phase transformation occurred in the previously welded layers when a
new layer was welded on top and a pronounced HAZ was formed. This led to a loss of the
α fraction in the sample and to an unfavorable α/γ ratio for the SME. Nevertheless, the
grain boundaries remained visible beyond several layers.

(3) When the DD-TD section at the level of the top layer is considered, areas with
grains occupying a small average diameter of 65 µm and those with a larger average
diameter of 1.2 mm were obtained. Grains with a larger diameter formed preferentially at
the center of the specimens.

(4) Within the grains in the DD-TD section, subgrain structures can be observed
surrounded by a fine γ phase seam. The subgrain structures indicate minor misorientations
of the crystal lattice, resulting in the formation of small angle grain boundaries.

(5) Primarily formed γ grains can be distinguished from secondarily formed grains by
their angular position regarding the BD, indicating diverging temperature–time paths and
temperature gradients during the α→γ transformation.
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(6) Due to conventional fabrication, impurities occur in the alloy, leading to the
precipitation of aluminium sulfides.

(7) The 〈100〉 direction is near parallel to the BD (ϕ1 = 232◦, Φ = 5◦, ϕ2 = 14◦). No clear
preferred orientation occurs in TD and DD. According to [23,24], the preferred orientations
in BD are likely to exhibit high transformation strain, both in twinned and detwinned
states.

(8) No hysteresis was observed during the measurement of thermomagnetization, and
the Curie temperature of Tα

C = 435 K is higher than the Curie temperature determined
by [12]. This is caused by the unfavorable α/γ ratio. Nevertheless, a decrease in χ/χmax
due to the α→γ′ transformation occurred with falling temperature.

Processing the FeMnAlNi alloy by TIG-WAAM offers a promising route to achieving
an anisotropic and textured polycrystalline material for use in civil engineering. Espe-
cially large-scale components with a pronounced texture are attainable. In future studies,
the mechanical as well as the shape memory properties will be investigated.
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