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Abstract 

It’s well known that MnAl(C) material consists of a metastable phase (𝜏) with promising 

ferromagnetic properties, produced either by controlled cooling from the high-temperature 

hexagonal 𝜀-phase or rapid cooling that freezes the 𝜀-phase followed by low-temperature 

annealing. Due to the high cooling rates involved, additive manufacturing (AM) especially 

selective laser melting (SLM), has been identified as a possible method to retain the high-

temperature 𝜀-phase, hence containing a potential capacity to produce permanent magnets upon 

low-temperature annealing. Moreover, the competency of additive manufacturing to address 

manufacturing design complexity, material scarcity and tailored properties, yields a great 

opportunity to produce permanent magnets with suitable magnetic properties for complex 

applications. This work provides a systematic study on three main aspects; development of 

printing parameters for improved relative density of as-printed MnAl(C) samples; investigation of 

the influence of scanning strategies on the crystallographic texture of as-printed and annealed 

samples; investigation of the influence of annealing time and temperature on 𝜏-phase purity and 

magnetic properties. It was found that laser remelting (multiple laser exposure) combined with 

specific scanning strategies is a promising path to enhance the relative density of as-printed 

samples. Some specific scanning strategies were found to be capable of retaining relatively strong 

crystallographic textured 𝜀-phase in as-printed samples. Following the annealing process for 𝜀 →

𝜏 transformation, only a partial transformation of crystallographic texture was observed. 

Characterization of annealed samples through XRD (x-ray diffraction) and phase fractions 

calculations through Rietveld refinement reveals that relatively short annealing times and low 

temperatures result in incomplete 𝜀 → 𝜏 transformation. In addition, longer annealing times and 

higher temperatures surpass the complete 𝜀 → 𝜏 transformation and lead to the formation of 

equilibrium phases subsequently reducing the magnetic performance. Furthermore, the 

experimental findings demonstrated a pronounced influence of higher carbon content in the 

powder, resulting in improved magnetic properties. 
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1 Introduction 

In some countries, electricity generation from renewable energy sources is approaching a 

level of almost 70% [1–4]. The efficiency improvement of renewable energy extraction and 

generation is given high priority. For example, electric motors consume 45% of global 

electricity and an efficiency increment of 10% would have a tremendous impact on both 

economic and environmental sustainability aspects [5, 6]. Replacing induction motors 

with permanent magnet motors could save 5-15% of energy [7]. Permanent magnets can 

be mainly categorized into three groups: hexagonal hard ferrites (e.g. BaFe12O19), rare 

earth-free alloys (e.g. Alnico), and materials that involve rare earth elements (e.g. 

Nd2Fe14B) [5]. Rare earth permanent magnets are widely used in renewable energy 

generation for example in wind turbines due to their excellent magnetic properties. 

However, most of the rare earth elements are not sustainable from the supply chain 

perspective and are furthermore very expensive. The rare earth material crisis in 2012, 

has led to price growth by more than 900% within four years stimulating scientists to 

develop cheaper and more sustainable alternatives [8]. 

To predict the magnetic behaviour at room temperature, the exchange energy concept and 

Bethe-Slater curve may be used. The Bethe-Slater curve (see Figure 1 [9]) shows the 

relationship between exchange energy (𝐽𝑒𝑥) and the ratio 𝑎/𝑟3𝑑 of different metals where 

𝑎 is the interatomic distance and 𝑟3𝑑 is the radius of the 3d electron shell [10]. 𝐽𝑒𝑥 exhibits 

a positive value for some metals with quite large 𝑎/𝑟3𝑑 ratios like Gd, Ni, Co, and Fe hence 

favour a ferromagnetic state due to parallelly oriented magnetic moments. Negative 𝐽𝑒𝑥 

values implicate an anti-parallel magnetic coupling for metals like Mn and Cr. Mn as a 

free atom consists of five 3d electrons that result in a large local atomic magnetic moment 

and exhibits antiferromagnetic ordering below the critical temperature of 𝑇𝑁 = 95 𝐾 [11]. 

As mentioned above, Mn exhibits antiferromagnetic ordering due to nearly half-filled 3d 

orbitals and direct exchange coupling between Mn atoms caused by the close proximity of 

Mn atoms [12, 13] and is known as the so-called ‘manganese dilemma’ [14]. In general, 

antiferromagnetism in Mn atoms materializes when the distance of Mn atoms is less than 

2.9 �̇� [15]. Mn alloys however, such as MnAl, MnBi or MnGa may present ferromagnetic 

behaviour [14, 16]. Considering the MnAl system, with the addition of the Al layer (see 

Figure 8), Mn-Mn distances are effectively increased which results in ferromagnetic 

coupling [17]. The MnAl binary system includes the 𝜏-phase which is ferromagnetic and 

thermodynamically metastable [18] as can be identified in the phase diagram (see Figure 

2 [19]). However, the magnetic moment per volume is significantly diluted due to alloying 

 

1 Main supervisor: Professor, Department of Chemistry, Uppsala University, Sweden 

2 Co-supervisor: Senior research engineer, Department of Materials Science and Engineering, 

Uppsala University, Sweden 
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with non-magnetic Al [6, 20]. In reference to its intrinsic magnetic properties, MnAl 

magnets can be identified as a feasible option to fill the gap (“gap magnets”) between 

cheap, low-performance hard ferrite based magnets and expensive, high-performance rare 

earth elements based magnets (e.g. Nd-Fe-B) [21]. 

 

 

 

 

 

 

 

From a theoretical point of view, MnAl-based permanent magnets (with 𝜏-phase) provide 

a combination of sufficient magnetocrystalline anisotropy energy (𝐾1), high curie 

temperature (𝑇𝑐) and a high enough maximum energy product (𝐵𝐻)𝑚𝑎𝑥 to be a high-

performance gap magnet if an appropriate processing route could be developed [14]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1 - Bethe-Slater curve, adopted from [9] 

Figure 2 – MnAl binary phase diagram, adopted from [19] 
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2 Literature review 

2.1 Atomic origin of magnetism and types of magnetic materials 

Sub-sections 2.1 and 2.2 offers more descriptive information about the origin of magnetic 

materials and permanent magnets as a phenomenon based on [22] and respective 

references. A material which can withhold its magnetism without the requirement of an 

external power source is defined as a permanent magnet. In materials science, magnets 

are considered crystallographic ordered materials. The magnetic moments originate from 

the spin and orbital momentum of the atom’s unpaired electrons and govern the net 

atomic magnetic moment (see Figure 3 [23]). In general, atoms with paired electrons with 

each electron in a pair having an opposite spin cancel out each other’s magnetic moments 

resulting in no overall magnetization. Therefore, generally, transition metals in the d-

block and rare earth metals in the f-block of the periodic table with unpaired electrons in 

their outermost energy level (3d and 4f orbitals respectively) show the highest net 

magnetic moments. 

 

 

 

 

 

 

In materials science, four main types of magnetic materials can be identified; 

paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic, (see Figure 4 [24]). 

Paramagnetism has random alignment relative to each other due to the noninteraction of 

atomic magnetic moments while the rest of the mechanisms are related to the existence 

of long-range magnetic order propagation. Antiferromagnetism occurs from antiparallelly 

aligned magnetic moments and results in zero net magnetic moments. Parallelly aligned 

magnetic moments cause ferromagnetism and possess an overall magnetization. 

 

 

 

 

 

 

 

 

 

Figure 4 - Types of magnetic materials: a) paramagnetic b) ferromagnetic c) 

antiferromagnetic d) ferrimagnetic, adopted from [24] 

a) 

b) 

c) 

d) 

Figure 3 – a) Electron’s orbital motion around the nucleus b) electron’s spin motion 

around its own axis, adopted from [23] 
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If magnetic moments are larger in one direction than the other direction with 

antiparallelly aligned magnetic moments, the material is called ferrimagnetic. 

2.2 Introduction to magnetic properties and hysteresis loops 

The behaviour of magnetic material in response to an external magnetic field (𝐻) can be 

expressed as magnetization (𝑀) and a common way to measure the magnetic properties. 

Both volume magnetization (𝑀) and the applied external magnetic field (𝐻) are measured 

with the units of A/m. In general, an irreversible nonlinear relationship for permanent 

magnets can be manifested as a magnetic hysteresis loop (illustrated in Figure 5). The 

virgin curve depicts the initial magnetic response of a non-magnetized magnet to an 

applied magnetic field. 

 

 

 

 

 

 

 

 

 

 

𝑀 increases when applying an increasing external magnetic field 𝐻, to a non-magnetized 

sample, due to the degree of overall alignment of magnetic moments starting to increase 

with the field direction. Saturation magnetization, 𝑀𝑠, represents the uppermost 

achievable alignment of magnetic moments. The response of domain walls under the 

influence of an externally applied magnetic field is depicted in Figure 6 [25]. A magnetic 

domain wall is an interface separating magnetic domains with different magnetization 

orientations particularly, in a non-magnetized material [26]. A magnetic domain can be 

identified as a region in which the magnetic moments of atoms are grouped together and 

aligned [27] while the existence of magnetic domains is related to the energy reduction of 

the system [28]. 

After reaching saturation 𝑀𝑠, decreasing the external magnetic field leads to the rotation 

of magnetic domains to the initial conditions which lowers the 𝑀 of the sample. However, 

some aligned magnetic moments will be sustained (sustained magnetization) even when 

the external magnetic field is turned off (𝐻 = 0) and called the magnetic remanence (𝑀𝑟).  

Coercivity (𝐻𝑐) can be defined as a measure of the resistance of a magnet against 

demagnetizing fields [29] and can be calculated by the point where the demagnetization 

curve intersects the horizontal H-axis [30] (the field value (𝐻) at zero magnetization 𝑀 =

0). More specifically, the magnetization field required to demagnetize a saturated magnet 

is called intrinsic coercivity, 𝐻𝑐,𝑖. Higher coercivity makes the hysteresis loop broad and 

Figure 5 – Magnetic hysteresis loop 

Virgin curve 

Demagnetization 

curve 

(𝐵𝐻)𝑚𝑎𝑥 

 
𝐻𝑐,𝑖 
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is essential for permanent magnet based industrial applications [11]. Coercivity is 

physically originating from the magnetocrystalline anisotropy field (𝐻𝑎) (or 

magnetocrystalline anisotropy energy, 𝐾1) which sets the upper limit of the coercive field 

value. In some crystalline materials, 𝐻𝑎 yields alignment of magnetic moments along a 

magnetic easy axis. 

 

 

 

 

 

 

 

 

 

The alignment of magnetic moments is temperature dependent and above a critical 

temperature called Curie temperature (𝑇𝑐), ferromagnets and ferrimagnets lose their long-

range magnetic order and become paramagnets. This is due to the overcoming of thermal 

energy over the exchange energy. 

The maximum energy product (𝐵𝐻)𝑚𝑎𝑥 is the performance index of a permanent magnet 

which is a measure of magnetic flux density that can be stored and is also defined as the 

maximum energy that a magnetic material can supply to an external magnetic circuit [30, 

31]. (𝐵𝐻)𝑚𝑎𝑥 is measured in the SI units of J/m3 and approximately calculated by the area 

of the largest rectangle that can be drawn to the demagnetization curve located in the 

second quadrant of the hysteresis loop (see Figure 5); also given by eq(1) theoretically 

where 𝜇0 is the vacuum permeability. 

(𝐵𝐻)𝑚𝑎𝑥 =
𝜇0𝑀𝑠

2

4
…eq(1) 

As mentioned above, atomic structure determines the fundamental magnetic behaviour 

of a material. Moreover, magnetic properties can be modulated through changes in 

intrinsic properties (e.g - 𝑀𝑠, 𝑇𝑐) such as changing the relative position of atoms and 

replacing ions. Besides that, variations to the material’s extrinsic properties such as 

crystalline size, microstructure, grain size and texture orientation is another way of 

modulating the material. 

2.2.1 Coercivity mechanisms 

The coercivity of a magnetic material depends on its crystallite size as depicted in Figure 

7 [32]. Spontaneous flipping of the magnetic moments due to thermal fluctuations leads 

to a complete loss of coercivity in the smallest paramagnetic crystals. When the crystals 

reach the size of super-paramagnetic (𝐷𝑠𝑝), they gain the ability to retain their 

orientations of magnetic moments while avoiding domain wall formation and hence 

Figure 6 – Alignment of domain walls upon an external 

magnetic field (Bo), adopted from [25] 
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become stable single-domain crystals. The maximum coercivity is achieved when the 

crystallites grow into the multi-domain region at a crystal size of 𝐷𝑠𝑑. However, the larger 

size of the particles favours the formation of magnetic domain walls and the number of 

domain walls increases with the increment of crystallite size. Coercivity tends to reduce 

at this point due to spin reversal action. 

 

 

 

 

 

 

 

 

 

 

 

Two other main coercivity mechanisms are the nucleation of reverse domains and domain-

wall pinning [11, 31]. The presence of non-magnetic inclusions, typically, dislocations, 

secondary phases, or grain boundaries can cause ‘pinning’ of the domain walls [33, 34]. 

Such pinning sites induce localization of a domain wall in a minimal energy state, and a 

certain amount of external field is required to ‘unpin’ the domain wall from its pinned 

position [33] which could be identified as the dominant coercivity mechanism [35]. 

2.3 Phases in the MnAl/ MnAl(C) system 

Thermodynamically stable 𝜀-phase can be observed at temperatures above ~870 ˚C within 

the composition range of Mn53Al47 to Mn60Al40 [36, 37] and has a hexagonal (HCP) crystal 

structure (P63/mmc). As implicated by the phase diagram (see Figure 2), below ~870 ˚C, 

𝜀-phase decomposes into a thermodynamically stable mixture of nonmagnetic Mn-rich 𝛽-

phase and Al-rich 𝛾2-phase [37, 38]. To attain the high-temperature 𝜀-phase, rapid cooling 

rates on the order of 10 - 30 ˚C/s are required starting from temperatures above ~870 ˚C 

[39]. The equilibrium 𝛾2-phase has a rhombohedral structure (belongs to the hexagonal 

crystal family) of Al8Mn5 within the space group R3m and contains Mn within the range 

of 31-47 at. % [19, 38]. Meanwhile, 𝛽 exhibits a cubic structure within the space group of 

P4132 and contains an Mn content > 60 at. % [19]. 

As mentioned above, the rare earth free MnAl system also consists of a metastable phase 

(𝜏) with a tetragonal L10 structure (𝐶𝑢𝐴𝑢 structure type) most importantly containing 

engaging ferromagnetic exchange between Mn-Mn layers. The stoichiometrically perfect 

𝜏-phase exhibits a theoretical 𝐵𝐻𝑚𝑎𝑥 value of 112 kJm-3 which is high enough to be used 

as a candidate for low-cost permanent magnets [14, 40]. The Al atom occupies the 

(1 2⁄ , 1
2⁄ , 1

2⁄ ) position while Mn atoms occupy mainly (0, 0, 0) position as illustrated in 

Figure 7 - Change in coercivity as a function of crystallite size, adopted from [32] 
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Figure 8b ([41]) and Figure 11b [17]. However, according to the phase diagram (see Figure 

2), the 𝜏-phase generally does not take strict 1:1 composition and approximately ~10% 

more Mn than Al can be identified [11]. For example, in Mn54Al46 𝜏-phase, 4% of Mn atoms 

(excess) substitute the ideal Al sites (1 2⁄ , 1
2⁄ , 1

2⁄ ) (see Figure 8b), that results in a 

reduction of saturation magnetization compared to the stoichiometrically perfect L10 

structure due to antiferromagnetic coupling with the Mn atoms in the Mn layer [40]. Sato 

et al. have reported that there is no strong relationship between Mn-Mn distance and 

magnetism of the 𝜏-phase, and the mechanism of ferromagnetism is based on substitution 

of excess Mn atoms in ideal Al sites leading to the suppression of super-exchange 

interaction (however, at the expense of reduced saturation magnetization as mentioned 

above) [42]. Please note that in literature, the stoichiometrically perfect tetragonal L10 

structure of MnAl 𝜏-phase was described using two different unit cells as shown in Figure 

8. 

 

 

 

 

 

2.4 Synthesis of the 𝜏-phase 

The metastable 𝜏-phase could be formed within a narrow formation window when the Mn 

content range between 50-60 at. % [43, 44]. Two formation routes for the 𝜏-phase have 

been experimentally investigated: rapid cooling that freezes the 𝜀-phase followed by low-

temperature annealing at ~600 ˚C (route 1) and controlled cooling from the high-

temperature hexagonal 𝜀-phase (route 2) [45]. 

Kim and Perepezko prepared Mn0.55Al0.433C0.017 alloy ingots with an induction furnace and 

initially carried out a heat treatment process at 1100 ˚C for ~20h (for homogenization) 

followed by water quenching where the single 𝜀-phase was obtained. Thereafter, the alloy 

ingots were cycled past the liquidus temperature with a controlled cooling rate of 20 K/min 

for the formation of ferromagnetic 𝜏-phase, (the theoretical TTT diagram developed 

during their investigation is depicted in Figure 9) [46] which corresponds to the route 2 

mentioned above. However, upon thermal activation, the decomposition of the 

ferromagnetic 𝜏-phase into a non-ferromagnetic two-phase mixture (𝛽 and 𝛾2) takes place 

easily [47] at slow cooling rates or by maintaining a moderate temperature for a long time 

which is the major drawback of this route [11]. 

 

 

 

Figure 8 - Schematic illustration of stoichiometrically perfect tetragonal L10 structure of MnAl 𝜏-phase 

using two different unit cells, adopted from [41] 

Mn 

Al 

a) b) 
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2.4.1 𝜀 → 𝜏 phase transformation 

An early study (Van den Broek et al.) based on TEM (transmission electron microscopy) 

proposed a two-step process: initially, an ordering reaction driven through a 

heterogeneous nucleation and growth process transforms the 𝜀-phase (disordered A3 

structure) into an intermediate orthorhombic 𝜀′ (ordered B19 structure), and then a 

martensitic (shear) transformation forms the ferromagnetic face centred tetragonal (f.c.t, 

see Figure 8a) 𝜏-phase (L10 structure) as illustrated in Figure 10 [48]. 

 

 

 

 

 

 

 

The difference between the local coordination of atoms in 𝜀′ and 𝜏-phase are illustrated in 

Figure 11 [49]. 

 

 

 

 

 

According to S. Kojima et al., the order reaction 𝜀 →  𝜀′ followed by 𝜀′  →  𝜏 martensitic 

shear reaction leads towards a particular orientation relationship [50]. Distortion of the 

Figure 9 - Calculated TTT diagram for the solid state transformation of ε-phase to τ-phase, 

adopted from [46] 

Figure 10 - Illustration of lattice correspondence and proposed 

transformation sequence by [48] 

Figure 11 – Local coordination of atoms in a) 𝜀′-phase b) 𝜏-phase, the 𝜀′-phase has 

extra atoms and connected to show the similarity to the 𝜏-phase, adopted from [49] 

a) b) 
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hexagonal lattice results in the reduction of sixfold symmetry (c axis) into twofold 

symmetry during 𝜀 → 𝜏 transformation. As a consequence of the absence of mirror 

symmetry along (001)𝜀′, a single 𝜀′ crystal yields two symmetry-equivalent 𝜏 variants, 

which eventually result in six symmetry-equivalent 𝜏 variants w.r.t the original 𝜀 crystal 

[50]. Therefore, depending on the type of transformation coherent formation of the 𝜏-phase 

is evident following an orientation relationship [50] (see Figure 12 [36]). Please note that 

for this representation, Miller-Bravias indices (for hexagonal 𝜀-phase) is utilized while the 

𝜏-phase is described using the unit cell illustrated in Figure 8a. 

 

 

 

 

 

 

Using X-ray diffraction studies on single crystals, Uimin et al. identified the evolution of 

two different morphologies of 𝜏 phase depending on the annealing temperature. Annealing 

at 500 ˚C produced only two orientation variants of 𝜏 with a plate-like effect while after 

annealing at 600 ˚C, isometric 𝜏 with all six orientations was observed [51]. According to 

Gundyrev et al., 𝜀 →  𝜀′ is a competitive metastable ordering transformation occurring 

below the temperatures of ~577 ˚C (850 K) such that, at high temperatures, 𝜀 →  𝜏 

transformation occurs without the formation of intermediate 𝜀′ [52]. 

Using TEM studies, Müllner et al. further stated that the second step 𝜀′ → 𝜏 

transformation is not purely martensitic (athermal). This is defined as a shear reaction 

which involves a thermally activated reordering component that controls the 

transformation rate at low temperatures. In addition, both transformation steps (𝜀 → 𝜀′ 

and 𝜀′ → 𝜏) are influenced by the presence of transformation strains, making them 

susceptible to stress variations [36]. 

However, metallographic studies performed by Hoydick et al. show that over the 

temperature range of 450 – 650 ˚C, 𝜀 →  𝜏 occurs via a compositionally invariant 

diffusional transformation. Heterogeneous nucleation of the 𝜏-phase takes place almost 

exclusively at the grain boundaries of the 𝜀-phase [53]. In particular, the 𝜏-phase exhibits 

a preferential nucleation tendency at the grain boundaries and grows epitaxially on one 

of the 𝜀 grains (say, grain 1) following the orientation relationship in Figure 12 [36]. 

However, TEM studies further disclosed that the growth of 𝜏-phase occurs behind 

advancing incoherent or partially coherent interphase interfaces with the parent 𝜀 phase 

[53]. In simple, after nucleation, the growth of 𝜏-phase occurs primarily into the grain 

(say, grain 2) which has no particular orientation relationship while almost no growth 

occurs into grain 1 [36]. Eventually, the growth of the 𝜏-phase did not show a special 

crystallographic relationship with the parent 𝜀 phase [53]. This transformation 

mechanism is characterized as a ‘massive transformation’ rather than a displacive or 

martensitic transformation [53]. In a later study, Hoydick et al. explained this 

transformation mechanism is driven by the detachment-attachment of atoms from the 

Figure 12 – Proposed orientation relationship for ε → τ 

transformation by [50], adopted from [36] 
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parent to product phases. Even though, intermediate 𝜀′ was observed, no significant 

importance w.r.t the growth of 𝜏-phase is identified [54]. 

Nevertheless, a few conflicts were pointed out in a recent study conducted by Jia et al.; 

for example, the massive transformation mechanism cannot explicate the formation of 

different twin structures observed experimentally while the shearing mechanism still 

lacks considerable experimental evidence. During the study, it was identified that both 𝜀-

phase and 𝜀′-phase consists of almost similar electron densities. 𝜀 → 𝜀′ transformation is 

an ordering process that involves substantial atomic migrations hence called a diffusion-

controlled ordering process that leads to the formation of three 𝜀′ variants. Formation of 

two variants of 𝜏 from each 𝜀′-variant is explained using a stepwise atomic migration 

(shearing) process along the direction of 
𝑥

3
< 100 > 𝜀′ (see Figure A 1 in Appendix). True 

twins (~76°), order twins (~85°) and pseudo twins (~48°) of the 𝜏-phase (total 6 variants) 

were identified where true twins were dominant among them and they are formed from 

the same 𝜀′ variant with a complete twin boundary [37]. 

2.4.1.1 Influence of refined solidification microstructure 

The nucleation of 𝜏-phase is favoured by increased grain boundary density of the 𝜀-phase 

[55], due to higher interfacial energy (random arrangement of atoms and different 

orientations) at the grain boundaries. Therefore, a refined solidification microstructure 

with a high density of grain boundaries eventually leads to the reduction of 

transformation temperature 𝑇𝜀→𝜏. This further suppresses the decomposition of 𝜏-phase 

into thermodynamically stable phases during annealing and is beneficial to 𝜏-phase purity 

[56]. Maccari et al. have reported similar conclusions where the initial grain size of 𝜀-

phase influences the phase transformation despite the annealing method used and 

smaller 𝜀 grains favour faster transformation [57]. 

2.4.1.2 Annealing conditions and methods 

As mentioned above, the purity of the 𝜏-phase is crucial to magnetic properties. Hence, 

the synthesis process must be well-controlled by optimizing the processing window (time 

and temperature). Following the low-temperature conventional annealing of the 𝜀-phase, 

Maccari et al. have identified that it takes 30 minutes to obtain the single 𝜏-phase at 500 

˚C and incomplete transformation was observed at lower dwelling times. Dwelling time 

could be reduced to 5 min by an increased annealing temperature of up to 550 ˚C. 

Furthermore, SPS (spark plasma sintering) based annealing produced the single 𝜏-phase 

at the optimal conditions of 500 ˚C / 5 min and 475 ˚C/ 15 min for melt-spun ribbons at a 

speed of 50 m/s (see Figure 13). The reduction of annealing temperature relates to the 

quasi-similar thermal process involved in SPS [57]. 

Pacheco et al. conducted annealing treatments on as-printed MnAl(C) SLM samples 

consisting of 𝜀-phase. The vacuum sealed samples in quartz tubes were kept inside a 

furnace at room temperature followed by a temperature ramp of 10 ˚C/min [58]. Once the 

temperature reached 580 ˚C, samples were kept for 5 minutes followed by water 

quenching to obtain 𝜏-phase [58]. Radulov et al. observed a high phase fraction of 𝛾2-phase 

with 𝜀 and 𝜏 in as-printed MnAl EBM (electron beam melting) samples (see Table 1). A 

two-step annealing procedure; step 1: high-temperature annealing at 1100 ˚C for 60 h (to 

obtain 𝜀-phase), step 2: low-temperature annealing at 500 ˚C for 30 minutes followed by 
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water quenching produced 𝜏-phase with ~90% purity [59]. The optimal annealing 

temperature and time that leads to maximum magnetization and coercivity were 

identified as 500 ˚C and 30 minutes respectively [59]. 

 

 

 

 

 

 

 

2.5 Magnetic properties of the MnAl/ MnAl(C) 𝜏-phase 

The theoretical curie temperature of the MnAl 𝜏-phase is reported as 650 K [21] while the 

theoretical saturation magnetization (𝑀𝑠) for Mn50Al50 is reported as 161 Am2/kg (lowered 

to 144 Am2/kg for Mn54Al46) [40]. As stated by Jia et al., previous studies exhibit that 

specimens containing high purity 𝜏-phase have approached the calculated theoretical 

values of saturation magnetization (𝑀𝑠) [11, 56], however, enhancement of coercivity (𝐻𝑐) 

remains a challenge for MnAl bulk magnets and is still far below the respective theoretical 

magnetocrystalline anisotropy field value of 38 kOe (~3024 kA/m) [40, 56]. The saturation 

magnetization exhibits a direct relationship with the relative amount of ferromagnetic 

phase (in this case, 𝜏) present in the sample [11]. In the context of remanence (𝑀𝑟), a 

combination of both intrinsic factors and extrinsic factors influences its magnitude. The 

intrinsic aspect relies on the material properties such as 𝑀𝑠 while the external aspect 

depends on the microstructure including the degree of crystallographic texture and 

density [11]. 

The coercivity is typically dependent on the microstructure (before it reaches the 

paramagnetic threshold of single domain size) [11]. Interestingly, no significant influence 

of 𝜏-phase purity on the coercivity is observed [57]. The magnetic properties of the 𝜏-phase 

strongly depend on the type of 𝜀 → 𝜏 transformation mechanism. In most cases, quenching 

followed by annealing (route 1) has produced 𝜏-phase with relatively higher coercivity 

values in the range of ~ 95 – 143 kA/m (0.12 – 0.18 T) in contrast to controlled cooling 

(route 2) [60]. 

As mentioned in section 2.4.1.1, Jia et al. noticed a significant coercivity enhancement in 

refined solidification microstructures (formed by Bridgman directional solidification 

technology and melt spinning) whereas the coercivity is remarkably improved from 0.16 

kOe (~13 kA/m) to 1.47 kOe (~117 kA/m) due to ultrafine columnar grain microstructure 

[56]. Zeng et al. also observed similar results where much higher coercivity is reported for 

the mechanically milled samples compared to bulk samples due to smaller 𝜏-phase grain 

size [47]. The increment of coercivity with gradually decreasing primary arm spacing of 

𝜀-phase is depicted in Figure A 2 [56]. Furthermore, the increment of coercivity could be 

Figure 13 – Estimated phase fractions of 𝜏-phase of a) SPS annealed and b) conventionally annealed melt-

spun ribbons at a speed of 50 m/s, adopted from [57] 

a) b) 
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related to a large number of antiphase boundaries and their domain wall pinning action 

[61] or else precipitation of equilibrium phases (𝛽 and 𝛾2) [62]. However, both grain 

refinement and 𝛽, 𝛾2 precipitation leads to the reduction of saturation magnetization [48], 

[63]. Zeng et al. revealed that the single 𝜏-phase microstructure obtained in the bulk 

materials exhibit higher magnetization in contrast to mechanically milled samples [47] 

which further demonstrates the argument.  

In-situ Kerr microscopy observations performed by Jia et al. revealed that the degradation 

effect on coercivity is severe for order twin boundaries (~85˚) compared to true twin 

boundaries (~76˚) hence true twin boundaries are beneficial for enhanced coercivity in 

MnAl magnets. Application of uniaxial stress (using hot rolling) on polycrystalline 𝜀-phase 

specimens during solid state transformation found to be provisional to manipulating 

higher fractions of 𝜏-phase true twins (compared to order twins) and also strong [001]𝜏 

texture compared to conventional annealing [37]. 

2.5.1 Influence of crystallographic texture 

Crystallographic texture can be identified as a major factor to enhance coercivity since 

magnetization is linked to distinct crystallographic directions so-called easy 

magnetization directions or preferred magnetization directions. Alignment of grains along 

a common direction within a polycrystalline material thus, alignment of easy 

magnetization directions can advance the difficulty for the rotation of magnetic moments. 

Therefore, a stronger magnetic field is required to demagnetize the material leading to 

higher coercivity [29, 58]. [001]𝜏 is the easy magnetization direction of the 𝜏-phase [37]. 

In this sense, powder bed fusion (PBF) based additive manufacturing techniques are 

highly beneficial for example, process parameters and scanning strategy can be tailored 

to obtain particular microstructures and crystallographic texture [64, 65]. 

2.5.2 Importance of carbon in the MnAl(C) system 

Wei et al. observed much higher and narrower XRD peaks corresponding to the 𝜏-phase 

(decrease in lattice parameter 𝑎, a slight increase in lattice parameter 𝑐 and unit cell 

volume 𝑉 with increased carbon content) in carbon-doped MnAl alloys compared to 

carbon-free alloys [66]. This is an indication of internal stress relief due to the insertion 

of carbon at the interstitial sites since the atomic radius of carbon is much smaller than 

that of Mn or Al [66, 67]. However, it has been reported that the addition of carbon leads 

to a decrease in Curie temperature 𝑇𝑐 due to the negative contribution to exchange 

coupling by reduced Mn-Mn bond distance in the ab-plane [66]. Saturation magnetization 

was found to be increased with C with a larger resultant Mn moment [43, 68]. A schematic 

illustration of the lattice structure of 𝜏-phase (see Figure 8b) including possible 

occupancies of solid solution carbon atoms is depicted in Figure 14 [69]. Using the 𝜏-phase 

unit cell illustrated in Figure 8a, Wei et al. stated that carbon atoms enter the interstitial 

sites, namely (0, 1
2⁄ , 1

2⁄ ) (similar to type II in Figure 14). (1
2⁄ , 1

2⁄ , 0) sites were not 

considered (similar to type I in Figure 14) because the lattice parameter 𝑎 would not 

reduce if carbon atoms enter these interstitial sites [66]. 

Although an increment of 𝜏-phase stability is observed through carbon doping by 

suppressing the decomposition effectively at high temperatures [69–71] it cannot prevent 

the formation of equilibrium phases during annealing [47]. The solubility limit of carbon 
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atoms in 𝜏-phase is about 3 at. % [69]. Zhao et al. studied the carbon content dependence 

on intrinsic magnetic properties as summarized in Figure A 3 where coercivity implicated 

interesting variations [69]. In addition, Si et al. concluded that the influence of carbon 

content on the magnetic properties may be partially linked to the lattice parameters of 

the 𝜏-phase [72]. 

 

 

 

 

 

 

 

 

 

 

2.6 Additive manufacturing of MnAl/ MnAl(C) system 

The cooling rates involved within PBF (Powder Bed Fusion) processes which are above 

103 ˚C/s exceed the critical cooling rate to retain the 𝜀-phase (estimated around 20 ˚C/s) 

[45, 73]. Therefore, PBF processes such as SLM and EBM can be identified as a potential 

method of fabricating permanent magnets based on the MnAl, MnAl(C) system. 

2.6.1 Magnetic properties and crystallographic texture 

In a recent study, Radulov et al. used electron beam melting (EBM) coupled with post 

heat treatment to produce fully dense (~5.1 g/cm3) MnAl-based permanent magnets. As 

mentioned in section 2.4.1.2, out of different heat treatment procedures, Sample D (see 

Table 1) produced high purity 𝜏-phase. A magnetization up to 100 Am2/kg (measured in a 

magnetic field with 𝜇0𝐻 = 2 T) with a maximum coercivity of ~119.4 kA/m (0.15 T) was 

reported based on heat-treated EBM samples [59]. 

 

 

 

 

 

Pacheco et al. observed a relatively strong texture in response to (002)𝜀 reflection 

(< 001 >𝜀 directions are parallel to the build direction) in as-printed MnAl(C) SLM 

Table 1 - Phase fraction analysis of as-printed and heat-treated EBM samples using XRD results,      

adopted from [59] 

Figure 14 – 𝜏-phase with possible occupancies of carbon atoms, 

adopted from [69] 
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samples with high purity 𝜀-phase [58]. The as-printed samples exhibited relatively low 

densities (~4.5 g/cm3), which had a detrimental impact on the volumetric magnetization. 

Even though the inheritance of some texture features from 𝜀-phase was expected to be 

included within the 𝜏-phase, after heat treatment (580 ˚C for 5 minutes followed by water 

quenching), the absence of texture could be observed (see Figure 15). The lack of texture 

in the 𝜏-phase was related to the transformation mechanism proposed by Hoydik et al. 

(see section 2.4.1) [58]. In addition, impurity phases (non-magnetic 𝛽, Mn3AlC, 𝛾2) 

influenced the reduction of magnetization (𝑀) of SLM processed samples [45, 58]. The 

magnetic properties of the samples observed during this study are characterized as, a 

saturation magnetization of 39.3 Am2/kg, a coercivity of 168 kA/m and a remanence of 

17.5 Am2/kg [58]. 

 

 

 

 

 

 

 

 

 

 

 

 

2.6.2 Process parameter development and scanning strategies 

Krakhmalev et al. used SLM to produce MnAl single tracks and investigated the influence 

of process parameters on the microstructure and its cracks and defects. A zigzag scanning 

strategy with a layer height of 30 μm was employed along with the process parameters 

(including corresponding results) reported in Table A 1 [74]. It was observed low 

metallurgical contact between the substrate and the tracks at low laser powers and also 

high irregularities at higher laser powers coupled with low scanning speeds. At higher 

laser powers, balling was observed and laser powers of 300 W and above resulted in the 

complete delamination of layers from the substrate. More interestingly, a decrease in the 

number of cracks with increasing laser powers was observed [74]. 

Soltani-Tehrani et al. have investigated the influence of scanning the cross-section with 

or without stripes (Figure 16a) in relation to thermal history on the porosity and 

mechanical properties of Ti-6Al-4V [75]. Even though shorter tracks with a finite stripe 

width (of 5mm) are beneficial for achieving a consistent thermal history with a uniform 

temperature distribution (see Figure 16b), deeper melt pools were observed due to 

excessive heat input. In addition, a higher number of defects (mostly keyhole pores) also 

Figure 15 - Comparison of the XRD patterns of the SLM sample after the heat 

treatment (yz cross-section) and the simulated diffraction pattern, adopted from [58]  
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could be identified especially at the beginning and end of tracks. Therefore, the 

“skywriting” option available on EOS M290 was activated to prevent overheating at the 

onset and end of tracks (by turning off the laser) where the laser turns are performed 

without overlapping hatch lines. However, variations in stripe width resulted in negligible 

changes in microstructure and tensile properties [75]. Moreover, Mancisidor et al. 

observed a significant reduction of residual porosity by enabling the “skywriting” function 

as it prevents long interaction time between the laser and powder (reducing the 

susceptibility of forming keyhole porosity) [76].  

 

 

 

 

 

Pacheco et al. have performed process parameter development experiments for the 

MnAl(C) material system using an EOS M100 SLM machine [58]. The best stability of 

samples was obtained when relatively low laser powers are employed together with a 

remelting step at each layer. A narrower set of parameters were identified: laser power 

between 18-25 W, scanning speed between 160 - 240 mm/s, hatch spacing of 70 µm, layer 

thickness of 20 µm, and stripe width of 5 mm. The best average density observed among 

the samples was reported as 4.46 g/cm3 (based on Archimedes and pycnometry) where the 

relative density can be calculated as ~87% considering the theoretical density of the 

epsilon phase 5.12 g/cm3 [58]. 

The term ‘laser remelting’ refers to the laser exposure of the desired cross-section more 

than once which results in several melting and solidification cycles. Yasa et al. have 

concluded that laser remelting is a promising method for the enhancement of density, core 

and surface quality regarding SLM of AISI 316L stainless steel and Ti6Al4V alloys [77].  

Marattukalam et al. observed a strong influence of scanning strategies on the formation 

of the crystallographic texture of as-printed SS 316L samples [65]. When looking from the 

XY plane, a nail-head melt pool pattern was observed for the unidirectional scan strategy 

(Z-scan) which can be explained by the Marangoni effect where a positive convective 

thermocapillary flow is directed from the melt pool centre towards its bottom more 

willingly than towards the sides of the melt pool. Continuous epitaxial growth (strong        

< 110 > texture in build direction and < 100 > texture along scan direction) of the 

columnar grains is also observed along the centerline of the melt pool which can be 

attributed to the direction of the thermal gradient in relation to the thermal cycling effect 

in PBF processes [65].  

Figure 16 – a) Description of stripe width b) temperature gradient of shorter tracks vs longer tracks, 

adopted from [75] 

a) b) 
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3 Aim and objectives 

One of the primary challenges encountered in the SLM processing of MnAl(C) is the 

significantly low sample densities, which subsequently results in a decrease in volumetric 

magnetization. Previous studies have reported an elevated occurrence of porosity and 

cracks in as-printed samples, potentially attributed to suboptimal printing parameters 

and limited comprehension of the technical intricacies associated with the printing 

process. Furthermore, the research conducted on the additive manufacturing of MnAl-

based permanent magnets is notably scarce, with only a limited number of studies 

available. Even though, MnAl samples produced by EBM reached near theoretical 

densities, increasing the density of SLM-processed samples remains a challenge, 

potentially due to the insufficient understanding of laser material interaction. Regarding 

magnetic properties, SLM-processed samples seem to dominate over EBM-processed 

samples most probably due to the high purity of 𝜀-phase observed with a relatively fine 

microstructure in the as-printed samples. Following the phase purity of as-printed 

samples, the heat treatment route to obtain high purity 𝜏-phase is much simpler in the 

case of SLM as compared to EBM. In general, AM, especially PBF processes provides 

significant advantages and opens up the path for MnAl-based permanent magnets with 

complex geometries also associated with the beneficial aspect of sustainability. Moreover, 

the capability of PBF processes to tailor the preferential crystallographic orientations in 

the bulk materials by utilizing different scanning strategies is an inspirational aspect, 

especially beneficial for improved coercivity. 

The selection of the material system in this particular case carries considerable 

significance, as it enables the production of "gap magnets" possessing satisfactory 

magnetic properties, all while eliminating the need for rare earth elements. In future, the 

utilization of rare earth materials in potential industrial applications will stimulate a 

geopolitical discourse as regards the monopolies held by specific countries over these 

resources. Environmental sustainability issues associated with rare earth mines are also 

another key motivating factor to perform this research. The design of experimental 

methodologies in this study aims to accomplish the following primary objectives. 

1. Process parameter development to improve as-printed sample densities with 

minimal secondary phases 

2. Investigating the influence of scanning strategies on the crystallographic texture 

of as-printed samples 

3. Investigating the ability to produce 𝜏-phase with crystallographic texture 

4. Studying the influence of annealing time on the formation of high purity 𝜏-phase 

5. Analysis and improvement of magnetic properties w.r.t phase fractions, 

crystallographic texture observed in annealed samples 

6. Investigating the influence of powder composition on magnetic properties 

The primary aim of this study is to produce MnAl(C) based permanent magnets with 

better magnetic properties as compared to the reported values up to date using selective 

laser melting technology. 
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4 Experimental methodologies 

4.1 Selective laser melting (SLM) of MnAl(C) 

Several batches of gas-atomized MnAl(C) powders produced by Höganäs AB were used 

throughout this work. Due to the limitations of the received powder amounts per batch, 

several powder batches were utilized during parameter optimisation tests. All as-received 

powders had a maximum particle size of 63 μm. The chemical composition of the utilized 

powders including the respective parameter optimisation test no. is listed in Table 2. 

Note: for clarity in describing the results, a unique code was assigned to each parameter 

optimisation test (or print job) as defined below. 

e.g. – PO-Test1 stands for parameter optimisation test no. 1 (or print job no. 1) 

Table 2 – Chemical composition of MnAl(C) powders 

 

Process parameter development experiments performed by Pacheco et al. imply the use 

of high laser powers even combined with high scan speeds is not effective to produce 

samples with higher relative densities due to formation cracks and porosity [58]. Hence, 

significant attention was given to laser remelting as this method showed some promising 

results, however, significantly impacts the productivity of the build. During this work, 

process parameter development experiments were conducted attempting to improve the 

relative density of the samples further. In addition, to study the influence of different 

scanning strategies on the crystallographic texture of as-printed samples, several 

scanning strategies were employed during the experiments. A graphical illustration of the 

scanning patterns used is listed in Table 3. See Figure 17 for a graphical illustration of 

layers, layer thickness (𝑡), hatch distance (ℎ) and stripe width. To facilitate clarity in the 

presentation of findings, various abbreviations were employed in the results section, as 

outlined below. 

Rot67 – A rotation scanning pattern is followed layer by layer (for example, the X direction 

in the latest layer (layer n+1) is rotated by 67 degrees w.r.t the X direction in the previous 

layer (layer n). 

2mXY+Rot67 – each layer is subjected to laser exposure two times (pre-exposure and post-

exposure). Concerning layer n, if the first exposure is performed in the X direction, then 

the second exposure is performed in the Y direction (X ┴ Y). During the subsequent layer 

n+1, both the X direction and Y direction are rotated by an angle of 670. 

All other scanning strategies are defined in a similar way as illustrated in Table 3. 

Batch 

No. 

Mn 

(wt.%) 

Al 

(wt.%) 

C 

(wt.%) 

O 

(wt.%) 

Composition 

(at.%) 

Respective parameter optimisation 

test (print job) 

G996 72.3 27.4 0.270 0.032 (Mn56.4Al43.6)100C0.96 PO-Test4, Test5 

G998 71.9 27.5 0.620 - (Mn56.2Al43.8)100C2.18 PO-Test3, Test6, Test7 

G1023 71.5 27.6 0.900 0.027 (Mn56.0Al44.0)100C3.11 PO-Test8 

G1267 74.9 24.3 0.782 0.063 (Mn60.8Al39.2)100C1.7 PO-Test1, PO-Test2 
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Table 3 – Graphical illustration of scanning strategies 

Scanning 

strategy 

 

Layer n Layer n+1 

First laser 

exposure 

Second laser 

exposure 

First laser 

exposure 

Second laser 

exposure 

2mXX 

    

2mXY 

    

2mXX+Rot67 

    

2mXY+Rot67 

    

2mQuad+Rot45 

    

X 

Z 

Y 20 𝜇𝑚 (𝑡) 

Layer n+1 

Layer n 

ℎ 

Stripe width 

hatch lines 

Figure 17 - Graphical illustration of layers, layer thickness (𝑡), hatch distance (ℎ) and stripe width 
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2mCheck+Rot45 

    
 

The energy density of the melt pool w.r.t each set of parameters was calculated based on 

equation 2. 

𝐸 =
𝑃

𝑣ℎ𝑡
…eq(2) where 𝑃 is laser power and 𝑣 is scan speed. 

For clarity of description of each as-printed sample, the following method of identification 

is used in the report hereafter. 

e.g. – T1S1 – Sample no. 1 in the first parameter optimisation test (PO-Test1) 

4.2 Metallography and sample preparation 

Following printing, samples were cut off from the build plates using an IsoMet High Speed 

Precision Cutter (Buehler, USA) equipped with an 11-4217-010 cut-off wheel 

(MetAbraseTM, USA). Cylindrical and cubic samples were cut to reveal both transversal 

(perpendicular to the build plate) and cross (parallel to the build plate) sectional surfaces. 

After cutting the samples, they were immersed in ethanol and dried in an oven at 60 ˚C 

for 10 minutes followed by an extra drying step upon a blast of compressed air; for the 

purpose of storage. Subsequently, the samples were encased in a polymer resin (bakelite) 

using a hot mounting press (Pneumet 2, Buehler®, USA). The used polymeric resin 

contains carbon which makes the samples conductive and aids in scanning electron 

microscopy. Mounted samples were ground and polished using a Tegramin 20 Automatic 

Polisher (Struers, Denmark) achieving a mirror-like finish, following the polishing regime 

mentioned in Table A 3. 

After each polishing step until step no. 6, samples were subjected to a flow of water 

followed by a sonicating step in an ultrasonic sonicator to remove any debris or leftover 

particles. After the ‘OP-U Non-Dry’ chemical polishing step (no. 7) to remove the final 

scratches from the 1 µm polishing step (step no. 6), samples were washed with a flow of 

water and flushed with ethanol immediately to displace any water present avoiding 

susceptibility to oxidation of the surface. Eventually, the samples were dried under a blast 

of compressed air. For the disclosure of the microstructure and its features, samples were 

etched with a modified Keller’s reagent (H2O (95%) : HNO3 (2.5%) : HCl (1.5%) : HF (1%)). 

4.3 Light optical microscopy (LOM) 

Light optical microscopy was conducted using an Olympus BX60M Optical Microscope 

(Olympus, USA). In order to gain a preliminary understanding of powder particle 

sphericity and its impact on flowability during the printing process, multiple powder 

batches were examined at higher magnification levels. Images were obtained at a 

magnification of 5× to calculate the relative densities of the samples upon image analysis 

using ImageJTM software. In addition to image analysis, the density of the samples printed 

from some of the tests was calculated using the Archimedes principle. 
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4.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy was performed on a Zeiss LEO 1550 microscope (Carl Zeiss 

SMT GmbH, Oberchoken, Germany), equipped with an Oxford Instruments X-Max® EDS 

detector (Oxford Instruments, Abingdon, UK), available at Myfab Uppsala University. To 

examine the porosity and cracks of the as-printed samples at a more detailed level, 'In-

Lens' and 'SE' (Secondary Electron) detectors were employed, resulting in the generation 

of a topographic map depicting the surface characteristics of the sample and melt pools. 

In addition, the ‘BSE’ (Back-scattered electron) detector that provides an image based on 

variational atomic contrast of the elements is also used to analyse the distribution of 

secondary phases especially in the annealed samples. The aforementioned EDS detector 

was utilized for the quantitative assessment of the atomic or weight percentage of 

elements present in both the as-printed and annealed samples, providing valuable 

insights into the analysis of material evaporation effects. 

4.5 X-ray diffraction (XRD) 

D8 Advance Diffractometer (Cu Kα) (Bruker, Germany) and D5000 Bragg-Brentano 

(Siemens, Germany) experimental setups were used for sample characterization. In this 

study, the experimentally observed normalized diffraction patterns were compared with 

intensities of normalized diffraction peaks of specific phases available in the existing 

literature and crystallographic databases. This comparison aimed to provide insights into 

the crystallographic texture present in the samples under investigation. Furthermore, 

relative percentages of phase fractions were estimated based on the Rietveld refinement 

method using the TOPAS software. 

Reference XRD patterns (or simulated), along with peak intensities, corresponding to 

MnAl phases were obtained from crystallographic databases. PDF IDs of each reference 

pattern are listed in Table A 4 which have been incorporated for both phase identification 

and Rietveld refinement. 

4.6 Differential scanning calorimetry (DSC) / thermal analysis (TA) 

A differential scanning calorimeter namely the STA449F1 (NETZSCH, Germany) 

instrument was used to determine the structural temperatures. Alumina (Al2O3) crucibles 

were used to hold the samples during the experiments. MnAl(C) powder batch ‘G1267’ 

was annealed under an argon (Ar) flow of 70 mL/min using a temperature ramp of 10 

˚C/min up to 1300 ˚C. Similarly, a DSC measurement following the same Ar flow and 

temperature ramp was performed on the as-printed sample ‘T3S10’. Once the 

temperature reached 1000 ˚C, a cooling cycle was initiated towards the room temperature 

with the same cooling rate of 10 ˚C/min. 

4.7 Heat treatment (annealing) 

Samples were sealed under a vacuum in quartz tubes (ampoules) with an inner diameter 

of 7 mm as shown in Figure 18. A crucible furnace namely VBF-1200X (MTI Corporation, 

USA) was used for all heat treatment experiments. Two different annealing approaches 

were investigated. 
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Approach No. 1: Ampoules were placed in the middle of the pre-heated furnace and held 

for a certain amount of time, subsequently followed by quenching in water. 

Approach No. 2: Ampoules were placed in the middle of the furnace at room temperature 

(~20 ˚C). The furnace is programmed to heat up at a rate of 10 ˚C/min. Once the 

temperature of interest is reached, the samples were held for a certain amount of time 

followed by quenching in water. 

 

  

 

 

 

 

 

For clarity in describing annealed samples, the following method of identification is used 

in the report hereafter. 

e.g. – T5S1_annealed(1)_560C_5min – T5S1 sample was annealed following the annealing 

approach no. 1 at 560 ˚C for 5 minutes (followed by water quenching). 

e.g – T5S1_annealed(2)_560C_5min – T5S1 sample was annealed following the annealing 

approach no. 2 and kept at 560 ˚C for 5 minutes before water quenched. 

4.8 Vibrating sample magnetometer (VSM) 

For magnetic measurements, samples were glued into plastic capsules to avoid falling off 

during the measurements due to vibrations (see Figure 19). The magnetic measurements 

were performed using Lakeshore 8600 series VSM at room temperature (~20 ˚C). It was 

observed that the maximum magnetic field that can be produced by the equipment is not 

sufficient enough for the samples to reach saturation. Therefore, mass magnetization 

(moment normalized by the mass of the sample) at a certain field is discussed in the 

results section instead of the magnetic property ‘saturation magnetization’. In addition, 

the coercivity of the magnetic samples is discussed instead of intrinsic coercivity. In this 

work, for the plotting of hysteresis loops', SI units of kA2/kg and kA/m are used for mass 

magnetization and applied field respectively. 

 

 

 

 

 

  

Figure 18 - An ampoule which contains three samples in a vacuum 

Figure 19 - Annealed samples glued inside plastic capsules 
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5 Results and discussion 

5.1 Powder characterization 

5.1.1 Light optical microscopy 

LOM was performed as a rough measure to investigate the printability of the powders 

based on the sphericity and particle size distribution. Based on the LOM images (Figure 

20), it was concluded that all powder batches contain a large amount of spherical particles 

and therefore can be considered suitable candidates for SLM in terms of the particle size 

distributions as given by the manufacturer. Additionally, all powders utilized during this 

project have shown good printability during past experiments conducted at Uppsala 

University. 

 

 

 

 

 

 

 

 

 

 

5.1.2 X-ray diffraction 

XRD was carried out in order to identify the phases present in the as-received powders, 

especially to investigate the probable inclusion of unwanted secondary phases (phases 

except for 𝜀). All powders showed almost similar diffraction patterns. All larger peaks 

correspond to the 𝜀-phase with two minor peaks corresponding to the 𝛾2-phase was 

identified as depicted in Figure 21. 

 

 

 

 

 

 

 

Figure 20 - LOM images of MnAl(C) powder batch ‘G1267’  

50 µm 
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5.1.3 Differential scanning calorimetry 

A DSC test was performed (see Figure 22) for powder batch ‘G1267’. With increasing 

temperature, an exothermic peak is observed (with an onset of 524.6 ˚C) corresponding to 

𝜀 →  𝜏 transformation. As 𝜏 is a low-temperature metastable phase compared to the high-

temperature 𝜀-phase, the 𝜀 →  𝜏 transformation reaction releases energy and the reaction 

completes around ~580 ˚C. Later an endothermic peak is observed with an onset of 790 

˚C. Following the phase diagram this endothermic peak should correspond to the 𝜏 →  𝜀 

transformation. No peaks corresponding to the decomposition of 𝜏 into 𝛾2 + 𝛽 reaction are 

noticed.  

A DSC study by Liu et al. showed only two peaks in the DSC curve for carbon-containing 

MnAl while three peaks including the 𝜏 → 𝛾2 + 𝛽 phase transformation was observed in 

carbon-free MnAl. Furthermore, they concluded that C doping prevents the decomposition 

of 𝜏-phase into nonmagnetic phases, reduces the 𝜏 → 𝜀 transformation temperature (from 

~850 ˚C to less than 800 ˚C) and slightly increases the 𝜀 → 𝜏 transformation temperature 

[78]. These results are in good agreement with the results observed here. 

 

 

 

 

 

Figure 21 - XRD patterns of different powder batches utilized during this work, reference patterns for each 

phase are displayed at the bottom 
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Figure 22 - DSC result of the powder batch ‘G1267’ 
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5.2 Parameter optimisation (PO) 

Initial screening of optimal parameters was carried out in the first two test experiments 

(PO-Test1 and PO-Test2). They resulted in samples with poor quality and low strength. 

Please note that when stepping into the subsequent parameter optimisation tests, the 

selection of parameters was done aiming not only for parameter development but also for 

producing some stable samples for annealing. Hence, some sets of parameters have been 

repeated and are not related to parameter development directly. 

5.2.1 PO-Test3 

Based on the first two initial experiments, the PO-Test3 was designed. Here samples with 

sufficient strength could be printed as shown in Figure 23. Printing parameters and 

calculated respective relative densities are listed in Please note that, all numbers relating 

to the results and discussion section are rounded to 2 digits except the values of lattice 

parameters (consists of 4 digits). 

Table A 5. As can be seen, the relative densities determined by the Archimedes principle 

vary from ~93-96% while measurements with image analysis show a density range of ~71-

78%. Two examples of the LOM images are shown in Figure 24. The accuracy of the 

density values calculated based on the Archimedes principle is somewhat unreliable since 

the as-printed samples exhibit surface porosity which might be directly connected to an 

interconnected pore network. The formation of bubbles during the density measurements 

is an indication of such an interconnected pore network exposed to the outer surface. 

Therefore, the most reliable density measurements are based on image analysis of LOM 

images. 

As can be seen in Figure 23, material wear along the vertical edges (parallel to the build 

direction) of the cubes is present in most of the samples. ‘T3S4’ resulted in the least 

material wear with a higher degree of geometric accuracy (cubic shape). This could be 

related to the lowest energy density used in ‘T3S4’, however, no significant improvement 

in relative density is noticeable. Therefore, material wear at the edges can be most 

probably related to short hatch lines (lower stripe width) as represented by the enlarged 

image of the sample ‘T3S12’. 

The parameter ‘stripe width’ in the EOS program gives the maximum distance of a single 

hatch line. The length of a hatch line can be shorter than the stripe width in order to 

expose the respective contour. When shorter hatch lines are positioned near the corners 

of the 2D rectangular contour, the higher energy density leads to evaporation of the 

material hence a material loss. 

In addition, the sample ‘T3S12’ exhibits visible stripes on the top surface originating from 

the scanning strategy ‘2mXX’. The overlapping of the starting position and ending position 

of hatch lines in each layer leads to overheating of the material along the build direction. 

Therefore, protruded stripes are formed along the onset and end position of the hatch lines 

as shown in Figure 23. This effect also explains the material wear at the vertical edges of 

the cubic samples. Despite enabling the 'Skywriting' option within the EOS program to 

prevent overheating, no significant benefits were observed for the specific printing 

parameters under investigation. 
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The motivation towards the next parameter optimisation tests was to incorporate lower 

energy densities. However, PO-Test 4 was unsuccessful possibly due to a technical issue 

associated with recoater mounting. Likewise, PO-Test5 could not produce stable samples 

and the majority of specimens exhibited material wear similar to those produced in PO-

Test3. It is important to mention that, for both PO-Test4 and PO-Test5, the powder batch 

‘G996’ is used. 

 

 

 

 

 

 

Figure 23 – As-printed samples from PO-Test3 and influence of shorter hatch lines on material wear at the 

vertical edges (enlarged image of the sample ‘T3S12’ at the bottom) 

Recoater direction 

9 2 

10 3 4 

11 8 6 

12 7 5 

Protruded out lines along 

the onset/ end points of 

hatch lines 

1 

100 µm 

Figure 24 - LOM images – PO-Test3 

T3S12 T3S10 
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5.2.2 PO-Test6 

In summary, the parameters used in PO-Test3 were not suitable for building dense 

components. Another motivation from the previous tests was to investigate the use of 

different parameters in each laser exposure. A second series of tests (PO-Test6) was 

designed to investigate with a lower energy density using the powder batch ‘G998’ (see 

Table A 6). With the reduction of total energy density in each layer, it was possible to 

achieve a sample ‘T6S3’ with no visible material wear from the side surfaces (surfaces 

perpendicular to the build plate) (see Figure 25). Sample ‘T6S3’ records a significantly 

higher relative density of ~90% (based on image analysis) which is an increment of 12% 

as compared to PO-Test3 (referring to sample ‘T3S3’). A LOM image of ‘T6S3’ is depicted 

in Figure 26. Based on the printing parameters of the sample T6S3, a critical total energy 

density (sum of energy densities in each laser exposure) value of ~112 Jmm-3 could be 

identified for reduced material wear. Much higher total energy density values in 

comparison to this critical value led to increased material wear and lower relative 

densities. Starting from PO-Test6 onwards, a carbon brush was used together with the 

stainless steel recoater blade which has improved the spreading of powder layers. Please 

note that LOM images included in the report hereafter may lack a scale bar due to the 

limitations of the microscope utilized and its software. 
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Figure 25 - As-printed samples – PO-Test6 

Figure 26 – LOM image of the sample ‘T6S3’ 
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5.2.3 PO-Test7 

Based on the results in PO-Test6, the sample ‘T6S7’ showed promising stability with 

lower material wear including a relatively moderate density (~88%). A new set of 

parameters especially, ‘T7S6’, ‘T7S7’ and ‘T7S8’ were therefore selected in PO-Test7 

around the parameters of ‘T6S7’. Printing parameters and calculated relative densities 

are listed in Table A 7. As-printed samples produced during PO-Test7 are depicted in 

Figure 27. Please note that the sample ‘T7S5’ is built with a 0 mm stripe width while the 

rest of the samples were printed with a stripe width of 5 mm. 

 

 

 

 

 

 

 

 

 

 

Further enhancement of the relative density up to ~91% (based on image analysis) could 

be identified with the sample ‘T7S8’ (see Figure 28). Therefore, the utilization of different 

printing parameters in each laser exposure seems to be a promising method. All samples 

produced in PO-Test7 showed better structural stability. 

 

 

 

 

 

 

 

 

In addition to printing parameters, a moderate influence of scanning strategy on the 

relative density could be identified especially comparing ‘T7S1’ (2mXY+Rot67), ‘T7S2’ 

(2mXX), ‘T7S3’ (2mQuad+Rot45), and ‘T7S4’ (2mCheck+Rot67). Much shorter hatch lines 

involved in 2mQuad+Rot45 and 2mCheck+Rot45 scanning strategies led to increased 

porosity and cracks as shown in Figure 29. 

4 3 

10 1 2 

5 7 8 

6 9 

Figure 27 – As-printed samples – PO-Test7 

Figure 28 - LOM image of the sample ‘T7S8’ 



 

39 

 

 

 

 

 

 

 

 

 

5.2.4 Test 8 

The last print job was performed utilizing the powder batch ‘G1023’ to produce samples 

especially, for annealing. Therefore, microstructural analysis and density measurements 

have not been conducted on these samples. Corresponding printing parameters are listed 

in Table A 8. The capability of producing complex geometries has been investigated during 

this test as shown by the as-printed objects on the build plate (see Figure 30). For all 

complex geometries, the printing parameters equivalent to ‘T8S1’ (or ‘T8S2’) were used. 

Feature sizes less than a square of 2×2 mm resulted in high porosity most likely caused 

by higher accumulation of energy in the material. Therefore, further parameter 

development is required to produce samples with complex geometries. 

 

 

 

 

 

 

 

 

 

 

5.2.5 Parameter development conclusion 

In summary, it can be concluded that the best parameters observed in this thesis are 

listed in Table 4. It should be noted that the best parameters in this thesis only yielded a 

component with a ~91% and ~96% relative density based on image analysis and 

Archimedes principle respectively. 

Figure 30 – As-printed samples – Test 8 

T7S3 T7S4 

Figure 29 - LOM images of the samples ‘T7S3’ and ‘T7S4’ 
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Table 4 – Best printing parameters observed (sample ‘T7S8’) and corresponding relative density 
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T7S8 
1 20 255 0.07 

2mXY+Rot67 
56.02 

113.31 96.00 90.88 
2 22 320 0.06 57.29 

 

Furthermore, a significant number of cracks and pores which are distributed throughout 

the specimens were observed as shown in the SEM micrograph in Figure 31a. A similar 

crack distribution with a higher percentage of porosity was also observed in the previous 

studies [58, 74]. Relatively larger cracks seem to be propagated along the build direction 

while smaller, micro-cracks are originating from the larger cracks. Two major reasons for 

the formation of cracks could be analysed: cracks originating from “lack of fusion” defects 

and propagation of micro-cracks due to thermal stresses, which are similar to the 

conclusions made by Pacheco et al. [58]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 - SEM images a) distribution of cracks and porosity (‘T7S1’) b) cracks originating from a lack of 

fusion defect (‘T7S1’) c) unmelted powder particles (‘T6S9’) d) propagation of cracks due to thermal stresses 

(‘T7S1’) 

a) b) 

c) d) 

BD BD 

BD 
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Figure 31b represents the distribution of cracks originating from a “lack of fusion” defect 

where an unmelted powder particle can be observed in the middle of the pore. Unmelted 

powder particles which are trapped within cracks can be observed in Figure 31c. Some 

cracks seemingly originate without a basis of a pore and can be related to thermal stresses 

as pointed out by a dotted red circle in Figure 31d, especially micro-cracks which are sub-

branches of larger cracks. 

As compared to the relative densities observed by Pacheco et al. [58], a significant 

improvement could be achieved during this work (see Figure 32). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 32 – Evolution of relative density of as-printed samples 
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5.3 Influence of scanning strategies 

5.3.1 Crystallographic texture of as-printed samples 

As mentioned in the literature review (see section 2.5.1), the best magnetic properties are 

obtained with a textured 𝜏-phase. Before investigating the texture of annealed samples 

with 𝜏-phase, as-printed samples (𝜀-phase) were analysed. Regarding the 𝜀-phase, the 

basal plane in an hcp system (002)𝜀 and the direction of c-axis [001]𝜀  is shown in Figure 

33. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 - (002)𝜀 plane and [001]𝜀 direction in a hcp crystal structure 
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Figure 34 – XRD patterns of as-printed samples (from PO-Test6) in relation to different 

scanning strategies 
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Note that, hexagonal Miller plane/ direction indices are used regarding the description of 

hcp crystal structures for the discussion primarily while Miller-Bravais indices may be 

denoted in parentheses. Analysis of results depicted in Figure 34 (from PO-Test6) reveals 

all scanning strategies except ‘2mXX’ showed an increased intensity of the (002)𝜀 

((0002)𝜀) reflection. This can be clearly observed when comparing the red (2mXX+Rot67), 

blue (2mXY) and green (2mXY+Rot67) diffractograms with the reference diffractogram 

peak intensities at the bottom of Figure 34. The preferred orientation (texture) along the   

< 001 >𝜀 (< 0001 >𝜀) directions parallel to the build direction can be disclosed especially, 

concerning ‘2mXY’ and also ‘2mXY+Rot67’ scan strategies. 

Similarly, Figure 35 consists of a comparison of scanning strategies of ‘Quad islands’ and 

‘Checker board’ which are available in Netfabb slicing software in relation to the 

conventional scanning strategies. Both ‘2mQuad+Rot45’ and ‘2mCheck+Rot45’ strategies 

indicate relatively less preferred orientation along the < 001 >𝜀 directions as compared 

to ‘2mXY’ or ‘2mXY+Rot67’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

For quantification of the preferred orientation of the 𝜀-phase, texture coefficients are 

calculated based on equation 3 [79]. Please note that, in the results and discussion section 

of this report 𝑇𝑐(ℎ𝑘𝑙) refers to the texture coefficients but not the curie temperature. 

𝑇𝑐(ℎ𝑘𝑙) =

𝐼(ℎ𝑘𝑙)
𝐼0(ℎ𝑘𝑙)⁄

(1
𝑁⁄ )[∑(

𝐼(ℎ𝑘𝑙)
𝐼0(ℎ𝑘𝑙)⁄ )]

…eq(3) [79] 

𝑇𝑐(ℎ𝑘𝑙) is the texture coefficient of the (ℎ𝑘𝑙) plane, 𝐼(ℎ𝑘𝑙) is the measured intensity of the 

(ℎ𝑘𝑙) plane while 𝐼0(ℎ𝑘𝑙) is the reference intensity of the (ℎ𝑘𝑙) reflection observed from 

reference XRD patterns. Here, (ℎ𝑘𝑙) relates to hexagonal miller plane indices. 

Figure 35 – XRD patterns of as-printed samples (from PO-Test7) in relation to different scanning strategies  
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The higher the value of 𝑇𝑐(ℎ𝑘𝑙), the sample showcases a higher degree of preferred 

orientation in response to (ℎ𝑘𝑙) reflection, however, it’s considered more significant if the 

𝑇𝑐(ℎ𝑘𝑙) > 1 [80]. If the texture coefficient is 0 < 𝑇𝑐(ℎ𝑘𝑙) < 1, it indicates a lack of texture 

in the given planes [80]. Note that, (200)𝜀 and (004)𝜀 reflections are excluded from the 

equation during calculations due to poor peak intensities of recorded XRD patterns 

avoiding the influence of inaccuracies. 

Calculated texture coefficients concerning the (002)𝜀 reflection for different scanning 

strategies is depicted as a bar chart in Figure 36. Interestingly, all scanning strategies 

except ‘2mXX’ represent 𝑇𝑐(002)𝜀 > 1, which is an indication of strong preferential 

orientation. Especially, ‘2mXY’ scanning strategy shows the highest 𝑇𝑐(002)𝜀= 2.563. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Except for the '2mXY' scanning strategy, the relatively minor variation observed in 

𝑇𝑐(002)𝜀 across all other scanning strategies can be attributed to the conclusions made by 

Hagihara et al. These researchers pointed out that, despite the scanning strategy, as-

printed NbSi2  samples with a hexagonal crystal structure resulted in < 001 >ℎ𝑐𝑝 fibre 

texture (parallel to build direction). However, the variation in texture with the scanning 

strategy was minimal, unlike previous findings in studies involving materials with cubic 

symmetry [81]. This was related to the unique preferred growth direction < 001 >ℎ𝑐𝑝 in 

hcp structures as compared to the multiplicity of preferred growth directions ([100]𝑐𝑢𝑏𝑖𝑐, 

[010]𝑐𝑢𝑏𝑖𝑐 and [001]𝑐𝑢𝑏𝑖𝑐 are parallel to the preferred growth direction of  < 100 >𝑐𝑢𝑏𝑖𝑐) of 

cubic materials. 

Figure 36 – Calculated texture coefficients along the < 001 >𝜀 directions for different 

scanning strategies 

2.563 

2.282 2.232 

1.040 

2.093 

1.778 



 

45 

 

However, to understand the variation of texture upon specific scanning strategies in this 

work, the presence of remelting must be studied which is out of scope in this project. For 

example, Karimi et al. have distinguished intensification of texture coefficients w.r.t 

specific reflections when laser remelting is employed for SLM processing of Ti6Al4V 

samples [80]. 

Texture coefficients for different reflections are demonstrated in Figure 37 regarding the 

sample ‘T6S2’ printed with the scanning strategy of ‘2mXY’. It is evident that the 

preferential orientation in response to (002)𝜀 reflection is much stronger as compared to 

other reflections. Our results show that the as-printed sample ‘T6S2’ has the most 

favourable texture in the 𝜀-phase for magnetic applications which is further discussed in 

section 5.5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37 - Calculated texture coefficients of the sample ‘T6S2’ for different XRD 

reflections 
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5.3.2 𝜀-phase purity of as-printed samples 

XRD patterns of as-printed samples were analyzed through Rietveld refinement to 

calculate the phase fractions. High 𝜀-phase purity exceeding 93% with a low amount of 

𝛾2-phase is observed as reported in Table 5. 

Table 5 – 𝜀-phase purity and fraction of 𝛾2 w.r.t different scanning strategies 

Scanning strategy 𝜀-phase fraction (%) 𝛾2-phase (%) 

‘2mXX’ (T6S9) 93.61 6.39 

‘2mXX+Rot67’ (T6S1) 94.58 5.42 

‘2mXY’ (T6S2) 95.00 5.00 

‘2mXY+Rot67’ (T6S4) 95.60 4.40 

‘2mQuad’ (T7S3) 94.74 5.28 

‘2mCheck’ (T7S4) 94.95 5.05 

Powder-G998 93.09 6.91 

 

Following the phase diagram, the formation of 𝛾2-phase in as-printed samples is related 

to the evaporation of Mn during the laser-material interaction. For example, the 

continuous deposition of energy following the same laser exposure pattern over all layers 

(concerning ‘2mXX’) intensifies the influence of the thermal cycling process. This leads to 

the escalation of the evaporation of the material, aiding the formation of 𝛾2-phase. 

However, as the variation of the 𝜀-phase purity across the scanning strategies is not 

significant, it’s not ideal to compare the 𝜀-phase fractions considering the accuracy of 

Rietveld refinement fitting. 

 

 

 

 

 

 

 

Figure 38 – Secondary electron image and corresponding atomic elemental maps of Mn, Al, C and O (as-

printed sample ‘T7S1’) 
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For further confirmation, EDS maps that demonstrate the distribution of atomic elements 

throughout the microstructure were acquired for the sample ‘T7S1’ built with the 

scanning strategy ‘2mXY+Rot67’ (see Figure 38). EDS maps and secondary electron 

images demonstrate mostly single-phase regions supporting the calculated phase 

fractions. 

The average composition of atomic elements (wt. %) is also observed through the point 

and id method in the EDS detector setup as shown in Figure 39. In comparison to the 

composition of the powder batch ‘G998’, the as-printed sample ‘T7S1’ indicate negligible 

evaporation of the material as reported in Table 6. Increased wt. % of C might be related 

to the influence of polymeric resin used for sample mounting. 

 

 

 

 

 

 

 

 

 

 

Table 6 – Comparison of wt. % composition of the elements between powder batch ‘G998’ and as-printed 

sample ‘T7S1’ 

 Mn (wt%) Al (wt%) C (wt%) 

Powder batch ‘G998’ 71.9 27.5 0.6 

As-printed ‘T7S1’ 69.9 24.5 5.6 

 

  

Figure 39 - Composition of atomic elements as a weight percentage 

of as-printed sample ‘T7S1’ 
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5.4 Microstructure of as-printed samples 

An SEM image observed with the secondary electron detector of the sample ‘T7S1’ 

distinctly represents the melt pools as shown in Figure 40a. Overlapping of the melt pools 

must be related to laser remelting. The SEM image observed at a higher magnification 

level (see Figure 40b), shows some microstructural features where the elongated 

structures probably correlate with cellular microstructures. The growth of columnar cells 

is directed towards the centre of the melt pool which generally follows the path of 

maximum thermal gradient. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 40 - SEM images of a) a transverse section indicating melt pools (‘sample ‘T7S1’) b) elongated 

microstructural features towards the centre of the melt pool (sample ‘T7S1’) 

BD BD 

a) b) 
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5.5 𝜀 → 𝜏 transformation 

5.5.1 Differential scanning calorimetry 

A DSC test was performed on the as-printed sample ‘T3S10’ as shown in Figure 41 

(background correction is not performed). Similarly to the thermal analysis results 

observed from the MnAl(C) powders (see Figure 22), an exothermic peak corresponding to 

the 𝜀 → 𝜏 crystallographic transition could be observed (see heating curve with a heating 

rate of 10 ˚C/min) with a peak temperature of 550.5 ˚C. The exothermic peak temperature 

corresponds to the reaction in progress while the onset temperature (523.4 ˚C) is an 

indication of the reaction has just been started. However, the completion of the reaction 

during an annealing process depends on the annealing temperature, time and heating 

rate. In comparison to the literature, Crisan et al. observed the 𝜀 → 𝜏 peak temperature 

of 504 ˚C for melt spun Mn53Al45C2 samples [82]. The delayed formation of the τ-phase in 

this work suggests an increase in required activation energy. 

Crisan et al. have investigated the 𝜀 → 𝜏 phase transformation upon various heating rates 

through DSC experiments, using melt-spun ribbons synthesized from Mn60Al40 alloys [83]. 

Based on the information provided by the authors, process parameters used for the melt-

spinning process correspond to a cooling rate of 106 ˚C/min which is relatively comparable 

to the cooling rates involved in the SLM process. Upon increasing the heating rate from 5 

to 20 ˚C/min, as-spun Mn60Al40 alloy (single phase 𝜀) reported an increasing trend of 𝜀 → 𝜏 

peak temperature from 429.85 to 469.85 ˚C [83]. A similar study conducted by Lu et al. 

using melt-spun Mn55Al45 samples (single phase 𝜀) reveals a higher heating rate delays 

the optimum transformation temperature as depicted in Figure 42 [55]. This analysis is 

salient in the case of determining a heating rate for the annealing approach no. 2 (see 

section 4.7). 

  

Figure 41 - DSC graph observed for as-printed sample 'T3S10' 

Heating 

curve 

Cooling curve 
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As shown in Figure 41, a subsequent endothermic peak (793.7 ˚C) corresponding to the 

complete 𝜏 → 𝜀 transformation becomes noticeable in the later stages of the heating curve. 

Following this, once the temperature reaches 1000 ˚C (before the melting point of the 

alloy), the DSC test was designed to initiate the cooling cycle with a cooling rate of 10 

˚C/min. The absence of visible peaks in the cooling cycle corresponding to secondary phase 

formation (𝛾2 and 𝛽) shows that a moderate cooling rate of 10 ˚C/min is sufficient to 

achieve 𝜏-phase with high purity (see section 5.5.3). During the cooling cycle, only one 

peak representing 𝜀 → 𝜏 transformation could be identified with a peak temperature of 

753.1 ˚C. 

Based on the DSC results during this work and literature information, the annealing 

experiments were designed as presented in Table 7. 

Table 7 - Design of annealing experiments 

Annealing approach no. Experiment code Sample code Temperature (˚C) Time (minutes) 

1 

annealed(1)_560C_3min T3S10 560 3 

annealed(1)_560C_10min T3S10 560 10 

annealed(1)_560C_3min T5S1 560 3 

annealed(1)_560C_5min T5S1 560 5 

annealed(1)_560C_7min T5S1 560 7 

annealed(1)_570C_9min T7S10 570 9 

annealed(1)_570C_14min T8S1 570 14 

2 
annealed(2)_580C_5min T8S1 20 → 580 5 

annealed(2)_580C_9min T8S1 20 → 580 9 

 

  

Figure 42 - Non-isothermal DSC curves (w.r.t to different heating rates) for the phase 

transformation of MnAl alloys, adopted from [55] 
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5.5.2 Microstructure of annealed samples 

In contrast to as-printed samples (see Figure 40), annealed samples 

(T8S1_annealed(2)_580C_9min) do not indicate melt pools as depicted in Figure 43. 

Images of Figure 43b, Figure 43c and Figure 43d observed from the BSE detector provide 

a clear elucidation of atomic contrast wherein the relative area of dark regions is notably 

lower compared to the relative area of bright regions. In terms of backscattered 

diffraction, the presence of bright regions can be associated with heavy elements, 

indicating the most likely presence of Mn-rich 𝜏-phase. Conversely, the dark regions are 

highly likely to be attributed to Al-rich 𝛾2-phase. As evident from the high magnification 

image (Figure 43d), the cellular like microstructure observed in as-printed samples has 

undergone a significant change, giving rise to an equiaxed-like microstructure. 

For further confirmation of 𝜏-phase purity, EDS maps were obtained as shown in Figure 

44. Both Mn and Al atoms exhibit uniform distribution within the microstructure, with 

no specific presence of precipitation or impurity phases observed.  

 

 

 

Figure 43 – SEM images of sample ‘T8S1’ annealed for 9 minutes with a magnification of a) 200× (SE2 

detector) b) 1000× (BSE detector) c) 2000× (BSE detector) and d) 4500x (BSE detector) 

a) b) 

c) d) 
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Figure 44 - EDS maps of annealed sample ‘T8S1_annealed(2)_580C_9min’ 
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5.5.3 Comparison of magnetic properties: as-printed, after thermal analysis and 

annealed samples 

VSM measurements were performed (along the build direction) on ‘T3S10’ samples which 

were subjected to different processes: as-printed, DSC-treated, and annealed (see Figure 

45). Corresponding XRD patterns and calculated relative phase fractions including 

respective magnetic properties are reported in Figure 46 and Table 8 respectively. Only 

the peaks representing the minor fraction of phases are marked in Figure 46. The as-

printed sample consists of high-purity 𝜀-phase demonstrates paramagnetic properties (as-

printed_bd) where the hysteresis loop is almost flattened out (blue graph). The observed 

ferromagnetic characteristics in the samples subjected to differential thermal analysis 

and annealing can be attributed to the corresponding XRD diffractograms, relative 

fractions of different phases present and cooling rates involved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: the sample corresponds to the orange graph (‘annealed(1)_560C_10min), was 

annealed twice for 5 minutes each time at a temperature of 560 ˚C (total of 10 minutes, 

discontinuous annealing). 

In contrast to the rapid cooling rates employed in the annealing approach no. 1 (which 

involves water quenching), as mentioned in previous sections, a moderate cooling rate of 

10 ˚C/min is utilized during the cooling cycle of the DSC test. Recall the two routes for the 

𝜀 → 𝜏 transformation mentioned in section 2.4: quenching followed by low-temperature 

heat treatment (route 1) and controlled cooling at an intermediate rate (route 2). The DSC 

test performed during this work (see section 5.5.1) falls in the category of route 2 and 

proves the capability of producing 𝜏-phase with a purity ~92%. However, the increased 

Figure 45 – Hysteresis loops of ‘T3S10’ samples: as-printed, after DSC and annealed 
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fraction of 𝑀𝑛3𝐴𝑙𝐶-phase (4.38%) in the DSC-treated sample in contrast to annealed 

samples, can be elucidated by the associated moderate cooling rate. In general, relatively 

low cooing rates facilitate unhindered atomic diffusion, promoting the formation of stable 

and impurity phases [84]. 

Based on literature findings, the lower coercivity of the DSC-treated sample (~ 38 kA/m), 

compared to the annealed samples (~135 kA/m), can be ascribed to the difference in 

cooling rates between the two methods (route 1 and 2). Route 1 is the most frequently 

used and produces 𝜏-phase with a coercivity in the range of ~ 95 – 143 kA/m (0.12 – 0.18 

T) [60, 85, 86] which holds a good agreement with the coercivity of annealed samples here. 

Contrarily, prior research demonstrates a significantly lower coercivity ~16 kA/m (0.02 T) 

[87] when employing route 2, which is comparable to the coercivity observed in the DSC-

treated sample during this work. Bittner et al. observed higher dislocation densities in 

the 𝜏-phase processed via route 1 compared to route 2 [60]. Local stress fields associated 

with dislocations cause distortions in the crystal structure which impact the local changes 

to the intrinsic magnetic properties. Such features driven by dislocations are likely to 

serve as pinning centres for magnetic domain walls, thus resulting in increased coercivity 

[60]. As mentioned in section 2.5, despite having similar mass magnetization values 

(intrinsic property), a significantly reduced remanence (𝑀𝑟) of DSC-treated sample (~14 

kA2/kg) as compared to the annealed sample for 10 minutes (~33 kA2/kg) could be 

identified. This reveals the strong relationship between the microstructure (extrinsic 

property) formed by the respective formation route and the magnetic property remanence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46 - XRD patterns for 'T3S10' samples: as-printed, after DSC and annealed 
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A strong correlation exists between the mass magnetization (measured at an applied 

magnetic field of ~1400 kA/m) and the quantity of τ-phase, particularly when comparing 

the graphs corresponding to different annealing durations (see orange and green graphs 

in Figure 45). Concerning the XRD pattern of the sample annealed for 3 minutes, 𝜀 → 𝜏 

transformation is incomplete (some amount of  𝜀-phase is left) while the sample annealed 

for 10 minutes showcases complete transformation. The increased content of 𝛽-phase in 

the 10 minutes annealed sample is most probably associated with the discontinuous 

annealing process. The relatively high amount of 𝜏-phase (~84%) in the sample annealed 

for 10 minutes records the highest mass magnetization (~72 kA2/kg) in comparison to the 

sample annealed for 3 minutes (~41 kA2/kg with ~61% 𝜏). The relationship between τ-

phase purity for a higher magnetization identified during this work is in accordance with 

previous literature conclusions (see section 2.5). However, similar coercivity values 

observed in both annealed samples (~133 kA/m and ~138 kA/m for 3min and 10min 

respectively) reveal the low significance of the 𝜏-phase fraction on the coercivity which is 

also in accordance with previous literature conclusions [57]. 

Table 8 - Phase fraction analysis and magnetic properties of 'T3S10' samples: as-printed, DSC-treated, 

annealed (𝑥=respective magnetic field) 

Sample ‘T3S10’ 
Phase fractions (%) Magnetic properties 

𝜀 𝛾2 𝜏 𝛽 𝑀𝑛3𝐴𝑙𝐶 𝐻𝑐(kA/m) 𝑀𝑟(kA2/kg) 𝑀@𝑥(kA2/kg) 

as-printed 
96.36 3.64 ND ND ND 2.95 0.00 

1.16 

𝑥=1391.99 

after-DSC 
0.71 3.33 91.58 ND 4.38 37.95 

14.20 

 

72.93 

𝑥=1417.96 

Annealed(1)_560C_3min 
30.68 8.36 60.96 ND ND 132.90 17.55 

40.78 

𝑥=1421.76 

Annealed(1)_560C_10min 
ND 8.94 83.77 7.29 ND 137.53 32.87 

72.44 

𝑥=1421.97 

 

  



 

56 

 

5.5.4 Anisotropy of magnetic properties 

Figure 47 indicates the isotropy of magnetic properties, where the hysteresis loops were 

measured while the same sample was mounted along two different orientations: along the 

build direction and perpendicular to the build direction (build plane). This could be an 

indication of the formed 𝜏-phase does not exhibit preferred orientation similar to the 

results observed by Pacheco et al [58] as mentioned in section 2.6. Contrary to VSM 

measurements, the XRD intensity comparison in Figure 48 reveals a contrasting 

narrative. An intensified (101)𝜏 reflection is evident. Therefore, texture coefficients for 

several reflections are calculated for the 𝜏-phase (for the sample 

T3S10_annealed(1)_560C_10min) as shown in Figure 49. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

During 𝑇𝑐 calculations, (102)𝜏, (201)𝜏 and (210)𝜏 reflections are ignored from the equation 

due to poorly recorded peak values of the experimental XRD pattern. Following Figure 

49, 𝑇𝑐 > 1, can be observed from (101)𝜏, (111)𝜏, (200)𝜏, (211)𝜏 and (202)𝜏 reflections. 

However, texture coefficient of the 𝜏-phase concerning the (101)𝜏 reflection which 

withhold significant importance is discussed in this work. 

The intensified intensity of (101)𝜏 reflection showing 𝑇𝑐=1.220 analogous with the 

proposed transformation sequence by Kojima et al. [50] as described in section 2.4.1. In 

particular, the crystallographic relationship follows the sequence of (0001)𝜀 ∥  (100)𝜀′ ∥

 (111)𝜏. Therefore, the strong texture observed in the (002)𝜀 reflection ((0002)𝜀in Milller-

Bravais indices – see Figure 36) must be transformed into (111)𝜏. As mentioned in section 

2.3, 𝜏-phase can be described using two different tetragonal unit cells. The (111)𝜏 planes 

Figure 47 - Hysteresis loops of ‘T3S10’ samples annealed for 10 minutes: along build 

direction and along build plane (perpendicular to the build direction) 
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in the reference system used by Kojima et al. (see Figure 8a) are equivalent to the (101)𝜏 

planes following the reference system used in this work (see Figure 8b and Figure 11b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nevertheless, during transformation, a substantial decrease in texture concerning the 

(101)𝜏 reflection can be observed when comparing it with the higher texture coefficients 

observed in the as-printed samples (for example, 𝑇𝑐=2.282 for ‘2mXY+Rot67’ scanning 

strategy regarding (002)𝜀 reflection, see Figure 36). Therefore, theoretically, there should 

be at least a low variation in hysteresis loops along the build plane as compared to the 

build direction. 

In summary, it is not accurate to state the transformation observed during this work, 

completely relies on the proposed mechanism which involves orientation relationships, 

however, might be related to a combination of transformation mechanisms proposed by 

Kojima et al. [50] and Hoydick et al. [53]. The contradictory results observed between 

VSM measurements and relatively strong texture including understanding the 

transformation mechanism require a thorough analysis through EBSD (electron 

backscatter diffraction) characterization which is out of the scope of this study. 

Figure 48 - Comparison of XRD intensities: 'T3S10' sample annealed for 10 

minutes at 560 ˚C and reference 𝜏-phase intensities 
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Figure 49 - Texture coefficients of 𝜏-phase in 'T3S10' sample annealed for 10 

minutes at 560 ˚C w.r.t different XRD reflections 

1.22 
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5.5.5 Influence of annealing time and annealing approach 

Here, the influence of annealing time on the ferromagnetic properties of the samples was 

investigated. VSM measurements (along build direction) in Figure 50 present a clear 

insight into not only the relationship between 𝜏-phase purity on magnetization but also 

the low significance of 𝜏-phase purity on coercivity. Following the annealing approach no. 

1, it is apparent that shorter annealing durations below 7 minutes, do not result in a 

complete ε→τ transformation at the temperature of 560 ˚C. This is evidenced by the 

presence of residual ε phase (~4%) even in the sample subjected to a 7-minute annealing 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In comparison to magnetic properties observed in annealed and DSC-treated ‘T3S10’ 

samples (see section 5.5.3), annealed ‘T5S1’ samples record much lower coercivity (max: 

~102 kA/m), remanence (max: ~26 kA2/kg) and magnetization (max: ~65 kA2/kg). All 

maximum magnetic properties in this case was recorded by the sample annealed for 7 

minutes.  

A higher amount of thermodynamically stable phases along with low 𝜏-phase purity is 

observed in annealed ‘T5S1’ samples as compared to annealed and DSC-treated ‘T3S10’ 

samples (compare phase fractions in Table 9 with Table 8). The observed notable 

distinction is likely attributed to the powder composition utilized, wherein the PO-Test5 

employed a distinct powder batch of 'G996' (low carbon content) compared to the 'G998' 

(relatively high carbon content – see section 4.1) used for PO-Test3. As mentioned in 

section 2.5.2, carbon doping reduces the formation of secondary phases and increases the 

𝜏-phase stability. Additional support for this proposition can be obtained through the 

Figure 50 – Hysteresis loops of ‘T5S1’ samples: annealed at 560 ˚C for 3, 5 and 7 minutes 
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examination of interesting magnetic characteristics observed in annealed samples based 

on ‘PO-Test8’ (see Figure 52) where the powder batch of ‘G1023’ is employed. See section 

5.5.6 for further analysis concerning this matter.  

In addition, the magnetic properties and arguments discussed above are analogous to the 

phase fractions calculated as reported in Table 9 based on XRD results in Figure 51. The 

longer the annealing time the higher the total equilibrium phase fraction of 𝛾2+𝛽 can be 

observed which supports the previous observations reported in the literature. 

Table 9 - Phase fraction analysis and magnetic properties of 'T5S1' samples: annealed at 560 ˚C for 3, 5 and 

7 minutes (𝑥=respective magnetic field) 

Sample ‘T5S1’ 
Phase fractions (%) Magnetic properties 

𝜀 𝛾2 𝜏 𝛽 𝑀𝑛3𝐴𝑙𝐶 𝐻𝑐(kA/m) 𝑀𝑟(kA2/kg) 𝑀@𝑥(kA2/kg) 

annealed(1)_560C_3min 56.34 16.04 26.91 0.71 ND 96.23 8.51 
23.14 

𝑥=1389.95 

annealed(1)_560C_5min 20.07 13.03 65.03 1.87 ND 100.91 21.68 
55.65 

𝑥=1389.69 

annealed(1)_560C_7min 4.49 15.53 76.31 3.67 ND 101.60 26.02 
65.04 

𝑥=1389.68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analysis of Figure 52, reveals that regardless of the annealing approach (recall the two 

experimental approaches in section 4.7), once the 𝜀 → 𝜏 transformation is complete, 

samples do not indicate notable differences in magnetic properties (for samples from PO-

Test8). The sample followed the annealing approach no. 1 resulted in slightly higher 

magnetization (~78 kA2/kg) most likely can be explained via the slightly higher 𝜏-phase 

fraction observed (see Table 10). Relatively longer annealing times of more than 10 

Figure 51 – XRD patterns of ‘T5S1’ samples annealed for 3, 5 and 7 minutes 
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minutes are required for the complete phase transformation if the annealing approach no. 

1 is followed. All three measurements, in this case, demonstrated complete phase 

transformation based on the estimated phase fractions. As shown in the respective XRD 

pattern comparison (see Figure 53), no peaks corresponding to 𝜀-phase were identified. 𝜏-

phase purity of around ~90% was observed from all annealed samples (see Table 10) 

Annealed ‘T8S1’ samples produced with ‘G1023’ powder batch, shows very interesting 

magnetic properties, especially a significantly higher coercivity of ~194 kA/m 

(annealed(2)_580C_5min) as compared to the annealed samples from PO-Test3 and PO-

Test5. 

Note: A calibration error was identified in the VSM after performing the measurements 

on annealed ‘T8S1’ samples, hence mass magnetization values might consist of 

inaccuracies (however somewhat reasonable when compared to previous measurements). 

Nevertheless, the coercivity of the samples must be unaffected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52 - Hysteresis loops of ‘T8S1’ samples: annealed at 580 ˚C for 5, 9 minutes 

following the annealing approach no. 2 and annealed at 570 ˚C for 14 minutes following 

the annealing approach no. 1 
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Table 10 - Phase fraction analysis and magnetic properties of 'T8S1' samples: (𝑥=respective magnetic field) 

Sample ‘T8S1’ 
Phase fractions (%) Magnetic properties 

𝜀 𝛾2 𝜏 𝛽 𝑀𝑛3𝐴𝑙𝐶 𝐻𝑐(kA/m) 𝑀𝑟(kA2/kg) 𝑀@𝑥(kA2/kg) 

annealed(2)_580C_5min ND 8.72 89.80 1.48 ND 194.29 38.76 
75.46 

𝑥=1389.88 

annealed(2)_580C_9min ND 8.79 89.04 2.17 ND 193.92 39.17 
75.58 

𝑥=1389.66 

annealed(1)_570C_14min ND 7.19 90.74 2.07 ND 189.39 40.49 
78.038 

𝑥=1389.69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 53 - XRD patterns of ‘T8S1’ samples annealed for 14 minutes using 

approach no. 1 and annealed for 5, 7 minutes using approach no. 2 
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5.5.6 Influence of powder composition on magnetic properties 

The lattice parameters (𝑎 and 𝑐), and the tetragonality (𝑐/𝑎 ratio) for the 𝜏-phase are 

calculated based on the XRD patterns for a variety of samples printed with different 

powders as summarized in Table 11 (phase fractions are also included). 

Table 11 – Calculated 𝑐/𝑎 ratios, magnetic properties and phase fractions of annealed samples originating 

from different powder batches 

Sample 

code 

Powder 

composition 

Lattice parameters Magnetic properties 
Phase 

fractions (%) 𝑐 𝑎 𝑐/𝑎 
𝐻𝑐  

(kA/m) 

𝑀𝑟 

(kA2/kg) 

𝑀@𝑥 

(kA2/kg) 

T
5

S
1
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n
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e
a

le
d

(1
)_

5
6

0
C

_
7

m
in

 

(Mn56.4Al43.6)100C0.96 

‘G996’ 
3.6075 2.7649 1.3047 101.60 26.02 

65.04 

𝑥=1389.68 

𝜏-76.31 

𝛾2-15.53 

𝛽-3.67 

𝜀-4.49 

(IT) 

T
7

S
1

0
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n
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a
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d

(1
)_

5
5

0
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_
7

m
in

 

(Mn56.2Al43.8)100C2.18 

‘G998’ 
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(Mn56.0Al44.0)100C3.11 

‘G1023’ 
3.6484 2.7591 1.3223 189.39 40.49 

78.04 

𝑥=1389.69 

𝜏-90.74 

𝛾2-7.19 

𝛽-2.07 

𝜀-ND 

(CT) 

 

An increasing trend of 𝑐/𝑎 ratio can be observed with increasing carbon content in the 

powder. As pointed out by Zhao et al. (see section 2.5.2 for more details), in the single 

phase region, with the increasing carbon content, elongation in 𝑐 axis while a slight 

shrinkage in 𝑎 axis is obvious which leads to a considerable increase in tetragonality [69].  

The findings from this study reveal a notable increase in coercivity and remanence as the 

carbon content in the powder increases and can be related to increased 𝑐/𝑎 as mentioned 

in section 2.5.2. Nevertheless, carbon content does not exert a substantial influence on 

magnetization. Comparing the samples that went through complete 𝜀 → 𝜏 transformation: 

T7S10_annealed(1)_570C_9min sample w.r.t to T8S1_annealed(1)_570C_14min sample 

(see Table 11), no notable difference in 𝜏-phase purity was observed. However, even with 

a longer annealing time of 14 minutes, the sample produced from high carbon content 

powder ‘T8S1_annealed(1)_570C_14min’ resulted in slightly higher 𝜏-phase purity (or 

similar, based on the accuracy of Rietveld refinement results).  

As mentioned in section 5.5.5, the powder batch with the least carbon content ‘G996’ 

produced annealed samples with the highest total fraction of stable phases (𝛾2+𝛽) as 

compared to ‘G998’ and ‘G1023’. A comprehensive investigation beyond the scope of this 

study is necessary to gain a further understanding of the influence of powder composition. 
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6 Conclusion 

SLM of carbon-containing MnAl was investigated in this thesis. The goal was to print 

dense samples with good magnetic properties. The optimized samples showed a density 

of ~91% but also the presence of cracks. Laser remelting is found to be a potential path 

for density improvements. Variational process parameters across the first and second 

laser exposures seem to be the key component for the increased density values observed 

during this study. In contrast to the situation encountered during this work, it is crucial 

to focus on a specific powder batch when performing parameter development. Sample 

‘T7S8’ is observed with the highest relative density: ~94.5% and ~90.9% based on 

Archimedes and image analysis respectively. The process parameter development coupled 

with subsequent microstructural analysis demands substantial effort and time. 

Observing the progress and sequence of parameter development work achieved over a 

span of 3 months, there exists a significant potential for further improvement. 

The effectiveness of the scanning strategies was found to preserve a robust 

crystallographic texture in the ε-phase, particularly along < 001 >𝜀 directions (or (002)𝜀 

reflection) parallel to the build direction. Concerning the scanning strategies of ‘2mXY’, 

‘2mXY+Rot67’ and ‘2mXX+Rot67’ demonstrate interesting texture preservation trends 

except ‘2mXX’. Partial transformation of preferential orientation from as-printed 𝜀-phase 

into annealed 𝜏-phase was discovered which is one of the major findings of this research. 

For a comprehensive understanding of this transformation, it is imperative to employ 

advanced material characterization techniques such as EBSD, and TEM which is out of 

the scope of this study. 

Both routes of 𝜀 → 𝜏 transformation: quenching followed by low-temperature annealing 

(route 1) and controlled cooling (route 2) are capable of producing high purity 𝜏-phase 

exceeding 90% phase fraction based on SLM samples. However, superior coercivity was 

observed in the samples following route 1 in comparison to route 2. Furthermore, a limited 

impact of τ-phase purity on coercivity was observed. Annealing time was found to be 

detrimental to the 𝜏-phase purity which intern proportional to the magnetization. 

Following, the annealing approach no. 1, lower annealing times of less than 10 minutes 

are incapable of completing the 𝜀 → 𝜏 transformation. In addition, there is no notable 

advantage of one annealing approach (either no. 1 or no. 2) over the other based on the 

findings of this research. 

The experimental findings demonstrated a pronounced influence of higher carbon content 

in the powder, resulting in improved coercivity. Additionally, an increasing trend of 

remanence with increasing carbon content was also observed, however, magnetization 

seems to have low dependence. 

In this study, a sample exhibited a coercivity of ~194.288 kA/m 

(T8S1_annealed(2)_580C_5min), which is the highest recorded to date during SLM 

processing of MnAl(C) based permanent magnets. Excluding some of the measurements 

which might involve calibration errors, the highest remanence and mass magnetization 

recorded during this study were 36.482 kA2/kg and 80.735 kA2/kg (at a field of 1389.688 

kA/m) respectively (sample ‘T7S10_annealed(1)_550C_7min’). 
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A.1 Appendix for introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A 1 – Formation of twins in the space coordinates system, adopted from [37] 

Figure A 2 – Dependence of primary arm spacing of 𝜀-phase on coercivity, adopted from [56] 
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Table A 1 – Process parameters and crack density of AM (single tracks) Mn-46% at. 

%Al material, adopted from [74] 

Figure A 3 - Carbon content dependence on intrinsic magnetic 

properties, adopted from [69] 
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A.2 Appendix for experimental methodologies 

Table A 3 - Polishing regime 

Step No. Surface Suspension/ lubricant Time (minutes:seconds) 

1 Piano 220 Water 1:30 

2 Piano 500 Water 1:30 

3 Piano 1200 Water 1:30 

4 Largo Allegro Largo 9 𝜇𝑚 5 

5 Dac Dac 3 𝜇𝑚 5 

6 Nap B1 Nap B 1 𝜇𝑚 5 

 

Table A 4 - PDF IDs of reference XRD patterns 

Phase Formula PDF ID 
Crystal 

structure 
Space group 

Lattice parameters 

a b c 

𝜀 Mn0.56Al0.44 
04-013-9962 

[88] 
Hexagonal 

P63/mmc 

(194) 
2.7009 NA 4.3742 

𝛾2 Al8Mn5 
00-032-0021 

[89] 
Hexagonal R3m (160) 12.6250 NA 15.8550 

𝜏 Mn1.13Al0.87C0.04 
04-026-6549 

[90]  
Tetragonal P4132 (213) 2.7670 NA 3.6120 

𝛽 Mn0.7Al0.3 
04-001-2890 

[85] 
Cubic 

P4/mmm 

(123) 
6.4130 NA NA 

𝑀𝑛3𝐴𝑙𝐶 Mn3AlC 
04-016-0562 

[91] 
Cubic Pm-3m (221) 3.8689 NA NA 
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A.3 Appendix for results 

Please note that, all numbers relating to the results and discussion section are rounded 

to 2 digits except the values of lattice parameters (consists of 4 digits). 

Table A 5 - Printing parameters and respective relative densities – PO-Test3, hatch distance, layer height 

and stripe width kept constant at 0.07 mm, 20 µm and 5 mm respectively 

Sample 

Code 

Laser 

power 

(𝑃) 

(W) 

Scanning 

speed 

(𝑉) 

(mm/s) 

Scanning 

strategy 

Energy 

density 

(J/mm3) 

Total 

energy 

density 

(J/mm3) 

Relative density 

(%) 
Archimedes Image 

analysis  

T3S1 18 170 2mXY+Rot67 75.63 151.26 94.61 72.77 

T3S2 18 190 2mXY+Rot67 67.67 135.34 95.78 70.61 

T3S3 18 210 2mXY+Rot67 61.22 122.45 94.62 77.63 

T3S4 18 230 2mXY+Rot67 55.90 111.80 92.28 72.26 

T3S5 20 200 2mXY+Rot67 71.43 142.86 94.77 77.11 

T3S6 20 210 2mXY+Rot67 68.03 136.05 96.35 77.62 

T3S7 20 220 2mXY+Rot67 64.94 129.87 94.41 73.59 

T3S8 20 230 2mXY+Rot67 62.11 124.22 95.07 74.03 

T3S9 20 230 2mXX+Rot67 62.11 124.22 93.74 77.57 

T3S10 20 240 2mXY+Rot67 59.52 119.05 93.78 73.79 

T3S11 20 240 2mXY 59.52 119.05 92.36 71.74 

T3S12 20 240 2mXX 59.52 119.05 92.81 73.57 

 

Table A 6 - Printing parameters and respective relative densities - PO-Test6, layer height and stripe width 

kept constant at 20 µm and 5 mm respectively 
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T6S1 1 & 2 20 240 0.07 2mXX+Rot67 59.52 119.05 92.25 83.39 

T6S2 1 & 2 20 240 0.07 2mXY 59.52 119.05 94.46 88.42 

T6S3 1 & 2 20 255 0.07 2mXY+Rot67 56.02 112.04 94.60 89.82 

T6S4 
1 20 240 0.07 

2mXY+Rot67 
59.52 

114.52 95.50 85.77 
2 22 250 0.08 55.00 

T6S5 
1 20 240 0.07 

2mXY+Rot67 
59.52 

115.65 93.74 86.20 
2 22 280 0.07 56.12 

T6S6 
1 20 240 0.07 

2mXY+Rot67 
59.52 

112.41 94.61 87.74 
2 22 260 0.08 52.89 

T6S7 
1 20 250 0.07 

2mXY+Rot67 
57.14 

116.28 94.40 87.96 
2 22 310 0.06 59.14 

T6S8 
1 20 250 0.07 

2mXY+Rot67 
57.14 

113.27 
94.90 

 
87.35 

2 22 280 0.07 56.12 

T6S9 
1 20 240 0.07 

2mXX 
59.52 

119.05 89.80 81.95 
2 20 240 0.07 59.52 
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Table A 7 - Printing parameters and respective relative densities - PO-Test7, ‘T7S5’ is built with a 0 mm 

stripe width while the rest of the samples were printed with a stripe width of 5 mm, layer height is kept 

constant 20 µm 
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T7S1 1&2 20 255 0.07 2mXY+Rot67 56.02 112.04 94.22 85.96 

T7S2 1&2 20 255 0.07 2mXX 56.02 112.04 93.58 82.46 

T7S3 1&2 20 255 0.07 2mQuad45 56.02 112.04 92.82 79.33 

T7S4 1&2 20 255 0.07 2mCheck45 56.02 112.04 92.99 80.14 

T7S5 1&2 20 260 0.07 2mXY+Rot67 54.94 109.89 92.38 86.44 

T7S6 
1 20 255 0.07 

2mXY+Rot67 
56.02 

111.58 95.54 87.30 
2 22 330 0.06 55.56 

T7S7 
1 20 255 0.07 

2mXY+Rot67 
56.02 

109.94 93.48 88.73 
2 22 340 0.06 53.92 

T7S8 
1 20 255 0.07 

2mXY+Rot67 
56.02 

113.31 96.00 90.88 
2 22 320 0.06 57.29 

T7S9 
1 20 250 0.07 

2mXY+Rot67 
57.14 

114.29 94.98 84.99 
2 20 250 0.07 57.14 

T7S10 
1 20 255 0.07 

2mXY+Rot67 
56.02 

112.04 95.28 NR 
2 20 255 0.07 56.02 

 

Table A 8 - Printing parameters - PO-Test8 
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T8S1 1&2 20 255 0.07 2mXY+Rot67 56.02 112.04 

T8S2 1&2 20 255 0.07 2mXY+Rot67 56.02 112.04 

T8S3 
1 20 255 0.07 

2mXY+Rot67 
56.02 

113.31 
2 22 320 0.06 57.29 

T8S4 
1 20 255 0.07 

2mXY+Rot67 
56.02 

113.10 
2 25 365 0.06 57.08 

T8S5 
1 20 255 0.07 

2mXY+Rot67 
56.02 

113.49 
2 30 435 0.06 57.47 

 

 


