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Abstract：

This study investigated microstructural contributors of high strength and unique deformation in 

Al-2.5 (mass%)Fe alloy manufactured via laser beam powder bed fusion (L-PBF) under rapid 

cooling rate. The as-built Al-Fe alloy has an inhomogeneous melt-pool structure, where the melt-

pool boundary (MPB), formed at relatively lower cooling rates, surround the melt-pool interior 

(MPI). The local mechanical properties of MPIa and MPB were evaluated using single-crystal 

micropillar compression tests. The MPI exhibited higher stress (252 MPa) compared to the MPB. 

This is attributed to the microstructural origins of MPI where the nano-sized metastable Al6Fe, 

and supersaturated Fe (0.64 at%) in Al matrix, exceeding its soluability limit (<0.05 at%). Notably, 

the MPI has negative strain rate sensitivity (SRS) of flow stress. The MPI maintained a multi-slip 

system regardless of initial strain rate, suggesting that the negative SRS is not associated with a 

slip system transition. Transmission electron microscopy analysis of the compression tested 

micropillars revealed that dislocations interacted with the nano-sized Al6Fe that was dynamically 

precipitated from the supersaturated Fe under the deformation. This dynamic precipitation 

hardening is identified as the primary cause of negative SRS of MPI.
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1．Introduction

Al–Fe binary system alloys have potential to be used for heat exchanger, cylinder head, landing 

gear, engine cover in aerospace, automobile, electric, energy industries due to advantages such as 

high-specific strength [1], and thermal conductivity[2]. The key factor contributing to these superior 

properties is the Al–Fe intermetallic compounds (θ-Al13Fe4 phase), which is a thermodynamically 

stable phase in the Al–Fe binary system [3]. It was reported that the θ-Al13Fe4 phase contributed 

to enhanced strength and thermal stability by acting as a reinforcing phase within the Al matrix, 

whereas the θ-Al 13 Fe 4 significantly deteriorated the ductility due to its intrinsic brittleness at 

ambient temperature and the stress concentration due to its plate- or needle-shaped morphology [4, 5]. 

This excessive formation of brittle θ-Al 13 Fe 4 limits the practical applicability of Al–Fe alloys, 

especially in components requiring complex geometries and high mechanical reliability, such as heat 

sinks in electronic devices or lightweight structural materials in transportation sectors. To 

overcome these limitations, it is necessary to develop advanced processing techniques that enable 

precise control of the formation, morphology, and spatial distribution of Al–Fe intermetallic 

phases, thereby optimizing the mechanical properties of the alloy without compromising its 

manufacturability.

Additive manufacturing (AM), also known as 3D printing, is a process that creates three-

dimensional solid objects layer-by-layer that enables to manufacture complex-shaped 3D parts. 

Laser beam powder bed fusion (PBF-LB) process is one of representative metal AM [ 6] [ 7] and 

characterized via super rapid cooling rate (105 to 107 ℃/s [8]) compared to that of conventional 

manufacturing processed such as casting (~0.1–1℃/s). Al-Fe alloys manufactured PBF-LB process 

have non-equilibrium solidification microstructure with unique microstructural features [9, 10]: (1) 

distribution of nano-sized Al6Fe metastable phase (orthorhombic, oC24)  within Al matrix where (2) 

the supersaturation of Fe content exceeding the low solubility limits of Fe in Al (0.05 at%), 

resulting in the enhanced mechanical properties and their high thermal stability compared to the 

cast Al-Fe alloy [11, 12]. 

The PBF-LB manufactured Al-Fe alloys have inhomogeneous melt-pool structure that the melt-

pools were stacked layer by layer. Unique microstructural features are remarkable in the melt-pool 

interior (MPI) with much higher cooling rate than melt-pool boundary (MPB) where the 

solidification is started. The temperature gradient (GT) and growth rate of solid (RS) are changed in 

a melt-pool, the heat flow in the melt-pool causes directional solidification from the solid/liquid 

interface (corresponding to the melt-pool boundary: MPB) with minimum cooling rate (GT×RS) due 

to lower RS toward the melt-pool interior (MPI) [8, 13, 14]. Since the PBF-LB processed Al-Fe 

alloys have inhomogeneous melt-pool structure [11], [15] [16], it is necessary to investigate the 

different mechanical response of MPI and MPB, respectively. However, it is still unclear that the 

microstructural origins of high strength and deformation mechanism of PBF-LB Al-Fe alloys due 

to the experimental limit. 

The single-crystal micropillar compression test is a promising micromechanical testing technique 
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combined to the crystallographic orientation analysis to investigate the local mechanical properties 

and deformation mechanism in submicron scale single crystal [17 ].  Single-crystal micropillar 

compression has also been used to explore strain rate sensitivity (SRS) [18 ] that is one of 

parameter to assess hot workability [19 ]. Fcc metals including Al alloys exhibit classic positive 

SRS, whereas we recently discovered hitherto unforeseen mechanical behavior (i.e. negative strain 

rate sensitivity (SRS) of flow stress during the early stages of deformation of the MPI of Al-2.5 

(mass%) Fe alloy manufactured via PBF-LB process, using single-crystal micropillar compression 

test. To elucidate the origin of this anomalous negative SRS, it is necessary to investigate the 

dynamic precipitation behaviour at different strain rates.

This study aimed to reveal the microstructural contributors of high strength and the deformation 

mechanism in L-PBF Al-2.5Fe alloy through single-crystal micropillar compression tests. 

Specifically, we focused on identifying the dynamic precipitation behaviour associated with negative 

SRS of MPI. As a first step, we analysed the mechanical inhomogeneity in the melt-pool structure 

of the Al-Fe alloy manufactured via L-PBF process, conducting micropillar compression tests in 

different local regions (MPI and MPB). 

2. Experimental procedure

L-PBF process was performed using a gas atomized Al-2.5Fe (wt%) alloy powder with a mean 

particle size of about 20 µm and a 3D system ProX 200 equipped with a Yb-fiber laser (laser 

power: 204 W, scanning speed: 0.6 m/s). To observe the melt-pool structure of L-PBF processed 

Al- 2. 5Fe alloy, the cross-section was observed via an optical microscope after chemical etching 

with a 3% hydrofluoric acid aqueous solution. The crystallographic orientations of Al grains were 

determined via a scanning electron microscope (SEM, JEOL JSM- 7001FA, Japan) and electron 

backscattered diffraction (EBSD) analysis on the electropolished cross-section. The 

microstructures of MPI and MPB were characterized via transmission electron microscope (TEM, 

JEOL JEM-2100 Plus, Japan) operated at 200 kV and the element composition of solute Fe was 

measured using by energy dispersive X-ray spectroscopy (EDS) point analysis. Multiple cylindrical 

micropillars with a diameter of 2 µm on the MPB and MPI within a single crystal grain were 

prepared using the focused ion beam (FIB, JEM-9320, Japan) with a JEOL JSM-9320 operated at 

30 kV. Uniaxial compression tests on the micropillars were conducted using a nanoindenter 

equipped with a flat-tip indenter with a diameter of 20 µm (DUH- 211S, SHIMADZU, Japan). 

Compression tests were performed at different initial strain rates (ε̇)  in the range of 10-6 to 10-1 

s-1 controlled by changing the loading rate (ΔF) [31]. The strain rate sensitivity (m) was obtained 

using the equation using initial stress (σi) and initial strain rate (ε̇). 

m=∂lnσi/∂lnεi

Slowly cooled Al-2.5Fe alloy was prepared via furnace cooling system where the gas atomized 

Al- 2 . 5 Fe (mass%) alloy powder was melted at 940 ℃ under low cooling rate (0.3℃/s) as a 

reference sample to compare the strain rate sensitivity with L-PBF Al-2.5Fe alloy. The cross 
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compare the strain rate sensitivity with 

L-PBF Al-2.5Fe alloy. The cross section 

of compression-tested micropillars were 

analyzed via TEM.  

3. Results 

  The LPBF processed Al-2.5Fe 

alloy exhibits the microstructure that melt 

pools with a depth of approximately 100 

µm were stacked with the building 

direction (Z), shown in Fig. 1(a). The 

melt-pool boundary (MPB) with a 

thickness of 2~3 µm (Fig. 1(b)) surrounds 

the melt-pool interior (MPI). Fig. 1(c) and 

(d) show the STEM dark-field images 

obtained on the MPI and MPB, 

respectively. A number of nano-size 

particles (Al6Fe metastable phase) 

are homogenously distributed within 

Al grains of the MPI, while the few 

Al6Fe phase was found in MPB. The 

solute Fe concentrations in the α-Al 

grain of MPI and MPB measured by 

EDS point analysis were 1.4 mass% 

and 0.6 mass%, respectively. The 

solute contents of Fe on both MPI and 

MPB are over the solubility limit of 

Fe in Al (approximately 0.05 wt%), 

which indicates solute Fe is 

supersaturated in Al grains.  
Fig. 2 presents the summarized 

information obtained about the 

preparation of single crystal 

micropillars on the MPI and MPB of 

L-PBF processed Al-2.5Fe alloy, 

respectively. The MPB with brighter contrast was clearly observed on the electropolished cross-section, 

shown in Fig. 2(a). EBSD IPF map obtained on such cross-section shows the crystal grains of the α-Al 

Fig. 1. Microstructures showing the cross section of L-PBF 

processed Al-2.5Fe alloy: (a) optical image and (b) SEM 

image showing melt-pool structure, Scanning-TEM 

dark-field images of (c) MPI and (d) MPB. 

Fig. 3. (a) Nominal stress-strain curves of single-crystal micropillars of 

MPI and MPB in the melt-pool structure. (b, c) SEM images 

showing the compression-tested micropillars prepared from (b) 

MPI and (c) MPB. 

Fig.2. (a) SEM image and (b) EBSD IPF + IQ maps of L-PBF 

processed Al-2.5Fe alloy. SEM image showing (c) a single grain 

of L-PBF processed Al-2.5Fe alloy where multiple micropillars. 
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Al- 2. 5Fe alloy: (a) optical image and (b) SEM image showing 
melt-pool structure, Scanning-TEM dark-field images of (c) 
MPI and (d) MPB.

Fig.2. �(a) SEM image and (b) EBSD IPF + IQ maps of L-PBF processed Al-
2 . 5 Fe alloy. SEM image showing (c) a single grain of L-PBF 
processed Al-2.5Fe alloy where multiple micropillars.
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sec t i on  o f  compress i on - t e s t ed 

micropillars were analyzed via TEM. 

3. Results

The LPBF processed Al-2.5 Fe 

alloy exhibits the microstructure that 

m e l t  p o o l s  w i t h  a  d e p t h  o f 

approximately 100 µm were stacked 

with the building direction (Z), shown 

in Fig. 1 (a). The melt-pool boundary 

(MPB) with a thickness of 2〜3 µm 

(Fig. 1 (b)) surrounds the melt-pool 

interior (MPI). Fig. 1 (c) and (d) 

show the STEM dark-field images 

obtained on the MPI and MPB, 

respectively. A number of nano-

size particles (Al6Fe metastable 

p h a s e )  a r e  h o m o g e n o u s l y 

distributed within Al grains of the 

MPI, while the few Al6 Fe phase 

was found in MPB. The solute Fe 

concentrations in the α-Al grain of 

MPI and MPB measured by EDS 

point analysis were 1. 4 mass% and 

0.6 mass%, respectively. The solute 

contents of Fe on both MPI and 

MPB are over the solubility limit of 

Fe in Al (approximately 0.05 wt%), 

wh ich  ind ica tes  so lu te  Fe i s 

supersaturated in Al grains. 

Fig. 2 presents the summarized 

information obtained about the 

preparat ion of  s ingle crysta l 

micropillars on the MPI and MPB of L-PBF processed Al-2.5Fe alloy, respectively. The MPB 

with brighter contrast was clearly observed on the electropolished cross-section, shown in Fig. 

2(a). EBSD IPF map obtained on such cross-section shows the crystal grains of the α-Al grains 

and combined with image quality (IQ) map to clearly find the MPB with dark contrast due to the 

coarsened Al 6Fe particles, shown in Fig. 2(b). The L-PBF processed Al- 2. 5Fe alloy exhibited 

columnar Al grains elongated along the building direction (Z) In a single crystal indicated as a 
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grains and combined with image quality 

(IQ) map to clearly find the MPB with dark 

contrast due to the coarsened Al6Fe particles, 

shown in Fig. 2(b). The L-PBF processed 

Al-2.5Fe alloy exhibited columnar Al grains 

elongated along the building direction (Z) In 

a single crystal indicated as a rectangle box, 

multiple micropillars with a diameter of 2 

µm (Fig. 2(c)) were prepared using the FIB 

system.  

Fig. 3 shows the single-crystal 

micropillar compression test results of MPI 

and MPB. An attached unit triangle of the 

inverse pole figure indicates the compression direction of each single crystal of the L-PBF processed 

Al-2.5Fe alloy. The nominal stress–strain curves of the single-crystal micropillars prepared on the MPI and 

MPB within a single grain are shown in Fig. 3(a). The compression direction is indicated on the unit triangle 

of the IPF. The 0.2% proof stress of MPI (250 MPa) is higher than that of MPB (170 MPa) due to different 

microstructural features such as distribution of refined Al6Fe phase and solute Fe content in Al grains. The 

SEM images of compressed single-crystal micropillars of MPI (Fig. 3(b)) and MPB (Fig. 3(c)) shows the 

presence of macroscopic slip traces on their cylindrical surfaces and, hence, the activation of multi-slip 

systems.  

Fig. 4(a) presents the nominal stress-strain curves of MPI of L-PBF processed and Slowly cooled 

Al-2.5Fe alloys obtained at various 𝜀𝜀𝜀𝜀𝜀 in a range of 10-6 to 10-1s-1. The CDs are indicated on the unit triangle 

of IPFs. The 0.2% proof stress (𝜎𝜎𝜎𝜎0.2) were indicated on the graphs via triangle on the stress-strain curves. 

Fig. 4. (a) Nominal stress-strain curves of single-crystal micropillars of MPI in L-PBF processed and slowly cooled 

Al-2.5Fe alloy, (b) 0.2% proof stress as a function of initial strain rate. 

Fig. 5. TEM analysis results of compression tested micropillars of 

as-built Al-Fe alloy: (a-d) bright field TEM images of 

compression tested micropillars of as-built Al-Fe alloy at 

(a,b) low and (c,d) high initial strain-rate. 
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rectangle box, multiple micropillars 

with a diameter of 2 µm (Fig. 2 (c)) 

were prepared using the FIB system. 

Fig. 3 shows the single-crystal 

micropillar compression test results of 

MPI and MPB. An attached unit 

triangle of the inverse pole figure 

indicates the compression direction of 

each single crystal of the L-PBF 

processed Al-2.5Fe alloy. The nominal 

stress–strain curves of the single-

crystal micropillars prepared on the 

MPI and MPB within a single grain are 

shown in Fig. 3(a). The compression direction is indicated on the unit triangle of the IPF. The 0.2% 

proof stress of MPI (250 MPa) is higher than that of MPB (170 MPa) due to different 

microstructural features such as distribution of refined Al6Fe phase and solute Fe content in Al 

grains. The SEM images of compressed single-crystal micropillars of MPI (Fig. 3 (b)) and MPB 

(Fig. 3(c)) shows the presence of macroscopic slip traces on their cylindrical surfaces and, hence, 

the activation of multi-slip systems. 

Fig. 4 (a) presents the nominal stress-strain curves of MPI of L-PBF processed and Slowly 

cooled Al-2.5Fe alloys obtained at various ε̇ in a range of 10-6 to 10-1s-1. The CDs are indicated on 

the unit triangle of IPFs. The 0.2% proof stress (σ0.2) were indicated on the graphs via triangle on 

the stress-strain curves. Whole σ0.2 values obtained at various ε̇ were plotted as a function of ε̇, 

shown in Fig. 4(b). The slowly cooled Al-Fe alloys have positive m values of 0.030, whereas the 

L-PBF processed Al-2.5Fe alloy showed negative m value of -0.014. 

Fig. 5 shows the TEM images of compression tested micropillars at (a,b) low and (c,d) high ε̇. 

Larger amount of dislocations accumulated in the compression tested micropillars at lower ε̇ accumulated 

(Fig. 5 (a,c)). In the dislocation forest, nano-sized Al6 Fe particles that have dark contrasts 
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interacted with the dislocations (Fig. 5 (b,d)). Fine Al6 Fe phase would be precipitated from 

saturated Fe in Al matrix due to the lattice distortion during the compression test. That is, the 

nucleation of very fine Al6 Fe phases contributed to the strengthening by the interaction with 

dislocations.
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