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A B S T R A C T

This work aims to investigate the influence of specimen size and loading direction on the mechanical response of 
a laser-powder-bed-fused (LPBF) Fe-based metallic glass (Kuamet 6B2). Cuboidal specimens of sizes ranging from 
4 to 8 mm were fabricated and then systematically characterized by a range of complementary techniques 
including optical microscopy, image analysis, differential scanning calorimetry and electron backscattered 
diffraction (EBSD). All builds exhibited three highly oriented defect families: elongated lack-of-fusion pores 
perpendicular to BD, oblique internal cracks and large surface cracks normal to BD. These defects, along with 
limited amorphous retention, dominate the bulk compliance and strength.

The mechanical behavior was assessed by room temperature uniaxial compression, both parallel and 
perpendicular to the build direction (BD), as well as by nanoindentation. A clear, direction-dependent size effect 
emerges. Under loading parallel to BD, strength and uniform strain diminish with increasing specimen size, 
consistent with defect closure and the correlation between density and mechanical response. In contrast, when 
loading is perpendicular to BD, strength and uniform strain increase with size, due to the reduction of normalized 
defect length scales relative to specimen width. The ensuing drop in stress-intensity at defect tips, suppressing 
crack propagation. Nanoindentation on defect-free regions revealed substantially higher local stiffness than bulk 
values, underscoring that the macroscopic response is defect-controlled rather than matrix-controlled.

1. Introduction

Metallic Glasses (MGs), also termed amorphous metals, are a family 
of alloys which can retain an amorphous structure lacking long-range 
atomic order when they are cooled at high rates (commonly higher 
than 105 K/s) from the molten state [1–3]. The absence of grain 
boundaries, secondary phases, or atomic defects such as dislocations in 
such amorphous structure endows these materials with properties 
distinct from crystalline counterparts [4–6]. Fe-based MGs, for instance, 
possess soft magnetic properties such as low coercivity and relatively 
high saturation magnetization, high electrical resistivity, and high 
magnetic permeability [7–10], making them promising to reduce energy 
losses in rotors and stators of electrical machines [11]. However, con
ventional manufacturing routes rarely achieve the cooling rates required 
to retain a high fraction of amorphous phase in bulk components, i.e. 

those with dimensions exceeding 1 mm [6–8].
Laser powder bed fusion (LPBF) can reach local cooling rates as high 

as 107 K/s [12–15] and recent works have shown promising results 
when producing large parts from Fe-based MG compositions with high 
relative density using specific combinations of processing parameters 
and scanning strategy [16,17]. However, due to the limited glass 
forming ability (GFA) of these alloys, especially of those that are more 
relevant for sustainable applications as they do not contain rare earths, 
Co, or P [10], the combinations of parameters that yield high density 
tend to induce crystallization during subsequent thermal cycles, which 
severely hinders magnetic performance [18]. On the other hand, pro
cessing parameters can be selected to maximize the amorphous fraction 
of the part, which improves the magnetic properties, but generates in
ternal defects such as porosity and cracks, weakening the material me
chanically [19–21].
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Kuamet 6B2 is a commercial Fe-based glass-forming composition 
with relatively low coercivity (6 A/m) and high saturation magnetiza
tion (145 Am2/kg) in the fully amorphous state. This alloy’s critical 
casting thickness, a commonly used indicator to describe the GFA, is as 
low as 120 µm, and thus to date it has not been possible to optimize 
simultaneously the density and the amorphous fraction in LPBF- 
manufactured samples. Earlier works on LPBF-manufactured Kuamet 
6B2 report the presence of internal defects such as voids and cracks, as 
well as the coexistence of (nano)crystalline and amorphous phases, for a 
wide range of processing conditions and scanning strategies [18,22–27]. 
To date, most studies on Kuamet 6B2 fabricated by additive 
manufacturing have focused on characterizing the magnetic properties 
[18,22–27], which are of primary interest for industrial applications. 
However, the macro- and micromechanical behavior, which is also 
relevant for applications as structural stability is also required during 
operation, remains underexplored. In particular, the effect of persistent 
highly oriented defects on the micromechanical behavior of 
LPBF-processed samples, as well as the size effects must be understood. 
Furthermore, the mechanical properties at the microscale have not been 
studied on this alloy, where the range of microstructural features pre
viously reported [18,27] is expected to yield heterogeneous micro
mechanical properties. A deeper understanding of the interplay between 
said internal defects, microstructure, and mechanical properties is 
essential for the successful adoption of this material in highly efficient 
next-generation electrical machines.

This work aims to contribute to filling this gap in the understanding 
of the LPBF-processed Kuamet 6B2 alloy by presenting the first inves
tigation on the effect of the defect structure and of the (micro)structure 
on the multi-scale mechanical performance of specimens of different 
sizes. With that goal, a combined macro- and micromechanical testing 
campaign was put in place, and the results are related to the presence of 
voids, cracks and (micro)structural features in the manufactured 
samples.

2. Materials and methods

2.1. Laser powder bed fusion

The Kuamet 6B2 (Fe73.7B11Si11Cr2.3C2 [at. %]) feedstock powder was 
provided by EPSON Atmix Japan. The powder was atomized via a 
spinning water atomization process (SWAP) [28] and was later handled 
inside a glovebox with an inert Ar atmosphere to prevent oxidation. The 
particle size distribution, measured using a Bettersize laser particle size 
analyzer, is characterized by D10, D50, and D90 values of 10, 28, and 57 
µm, respectively.

The LPBF system used in this study was a Renishaw AM400 furnished 
with a reduced build volume platform. This system uses a Yb fiber laser 
with pulsed wave (PW) emission and a beam diameter of 62 µm. An Ar 
atmosphere was maintained through the process, keeping an O target 
below 1000 ppm. A meander scanning strategy with a 67◦ rotation be
tween successive layers was applied. Previous work [18,27] has shown 
that, with such a simple scanning strategy LPBF processing parameters 
that promote high relative density tend to induce crystallization, 
whereas those that favor retention of the amorphous phase typically 
increase the number of internal defects. For the present study, a com
bination of parameters previously shown [18] to yield a relatively high 
density (88 % in 8 × 8 × 9.5 mm3 prisms) was selected to ensure suf
ficient mechanical stability for testing. In the same study, these pa
rameters were also found to cause severe devitrification, resulting in an 
amorphous fraction of only 11 % in the cuboids [18]. In particular, 
specimens were processed with a laser power (P) of 40 W, a layer 
thickness (t) of 30 µm, a hatch distance (h) of 80 µm, an exposure time 
(tON) of 220 µs, and a point distance (pd) of 80 µm, which yielded 
approximately a scan speed (v) of 363 mm/s according to the following 
formula v =

pd
tON+10. The value of 10 in the denominator represents the 10 

µs needed for the laser to move from one exposure point to the next 
under PW mode. Cuboidal specimens with nominal side lengths (S) of 4, 
6, and 8 mm were thus manufactured. The actual edge lengths, 
measured with a caliper after fabrication, averaged 4.17 mm, 6.13 mm, 
and 8.09 mm, respectively. In total, 30 cuboids were produced, with 10 
specimens of each size. Out of these, 2 of each size were reserved for 
defect and microstructural analysis, while the remaining 8 were used for 
uniaxial compression tests along two perpendicular loading directions.

2.2. Defect and micro-texture characterization

The relative density of the Kuamet 6B2 LPBF-manufactured samples 
was first measured via the Archimedes method using a BEL Engineering 
density kit. For each size, at least two samples were manually ground 
with grit 320 SiC paper, to avoid surface roughness effects during 
testing, and the reported values correspond to the average of three 
measurements per sample. The relative density was also estimated by 
image analysis from optical micrographs of cross-sections parallel to BD 
using an Olympus BX51 microscope and the image analysis ImageJ/Fiji 
software [29]. To avoid surface effects, all images were cropped with the 
largest rectangle that could fit within the irregular edges. The use of the 
Weka trainable segmentation package [30] enabled segmentation of the 
optical micrographs into three different classes: bulk material, voids, 
and cracks. The morphology of the voids was analyzed using Fiji’s 
‘Analyze Particles’ plug-in. Two types of cracks were observed: internal 
cracks, tilted at an angle with respect to the BD and surface cracks 
growing mostly perpendicular to BD. Internal cracks were also charac
terized with Fiji’s ‘Analyze Particles’ plug-in, and their maximum 
caliper (i.e. the longest distance between any two points along the crack) 
was recorded. The inclination of internal cracks with respect to the BD 
was measured with Fiji’s ‘Directionality’ plug-in. The mean length of 
surface cracks could not be obtained from segmented images and was 
calculated by averaging manual measurements of at least ten cracks for 
each specimen with Fiji’s ‘straight segment’ tool. Sample preparation for 
optical microscopy examination consisted of sectioning using a Struers 
Secotom 20 disc cutting machine, followed by surface grinding with SiC 
paper of grit sizes 320, 600, 1200, 2400 and final mirror polishing using 
diamond pastes with particle sizes from 9 to 1 µm.

The amorphous fraction (AM %) was measured by differential 
scanning calorimetry (DSC) using a Perkin Elmer DSC8000. A piece of 
approximately 3 × 3 × 1 mm3 was cut from a printed specimen of each 
size and a constant heating rate of 20 K/min was applied. AM % was 
calculated as the ratio between the crystallization enthalpy of the sam
ples and that of a fully amorphous melt-spun ribbon of the same 
composition (AM % = ΔHcr,sample/ΔHcr,ribbon). As expected, it was found 
that AM % was relatively low in all the LPBF manufactured cuboids. 
Average fractions of 10 %, 14 %, and 8 % were estimated for 4-, 6-, and 
8-mm sized specimens, with a ± 5 % error due to possible deviations in 
the calculation of ΔHcr,sample from DSC curves.

Microtexture analysis was carried out using a using a FEI Helios 
NanoLab 600i FEG-SEM electron backscatter diffraction (EBSD) system 
equipped with an Oxford Instruments detector and with the Aztec data 
acquisition and analysis software package. Measurements were con
ducted using a working distance of 8 mm, an acceleration voltage of 20 
kV, a current of 2.7 nA, and a step size of 120 nm.

2.3. Mechanical testing

The mechanical behavior of the cubic LPBF manufactured samples 
with nominal edge dimensions of 4, 6, and 8 mm were studied using a 
combined macro- and micromechanical approach. Macromechanical 
testing yields the 3D response of the material accounting for the coupled 
contribution of the internal defect structure and the (micro)structure, 
while micromechanical testing allows to probe the local response of 
defect-free regions and thus to isolate the contribution of the (micro) 
structure.
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Room temperature uniaxial compression tests were conducted both 
parallel and perpendicular to the build direction (BD) in an Instron 3384 
electromechanical system furnished with a 150 kN load cell at room 
temperature. Samples were placed between two plates that moved at a 
constant crosshead speed equivalent to an initial strain rate of 5 
*10− 4s− 1. A minimum of three tests were performed for each testing 
condition. The displacement of the load plates was measured using an 
Instron dynamic extensometer with 12.5 mm gauge length and ±2.5 
mm travel. The Young’s modulus (E), the maximum stress (σmax) and the 
uniform strain (eu) were recorded for each testing condition. Fracture 
surfaces were imaged using an Apreo 2S (ThermoFisher Scientific) 
FEGSEM at a 10 mm working distance, 20 kV accelerating voltage and 
0.4 nA beam current. For macromechanical testing, the cuboidal spec
imens were ground with 600-grit SiC paper to ensure parallel loading 
surfaces.

Micromechanical nanoindentation tests were carried out on an 8-mm 
cuboid specimen. The sample was ground and polished to ensure the test 
surface was parallel to the base and free of visible scratches. An area of 
120 × 70 µm was indented with a Hynstron Triboindenter TI 950 using a 
step size of 1.2 µm and a maximum load of 5 mN. The reduced modulus 
(Er), measured by the instrument, was converted to E using the 
following formula: 

E =
(
1 − ν2)

(
1
Er

−
1 − ν2

i
Ei

)− 1 

where ν is the material’s Poisson ratio (approximately 0.28) and Ei and 
νi are the elastic modulus and Poisson’s ratio of the instrument, 
respectively. Three cyclic load tests were performed, and the instrument 
compliance was adjusted to ensure that the measured hardness and 
reduced modulus remained constant across all load cycles. Following 
this calibration step, values for Ei and νi were found to be 1141 GPa and 
0.07, respectively.

3. Results and discussion

3.1. Density and analysis of the defect structure

Fig. 1 illustrates the variation of the density, measured by the 
Archimedes method, with size (S) for all the LPBF manufactured cu
boids. Despite the relatively wide scatter in the data, this figure reveals 
that there is a decrease in density with increasing S. The average density 
in the printed samples amounted to 6.99 g/cm3 (4 mm), 6.96 g /cm3 (6 
mm), and 6.89 g/cm3 (8 mm). These values are naturally lower than the 
density of a cast Kuamet 6B2 sample (7.14 g/cm3). Consistently, esti
mation of the relative area density from optical micrographs by image 
analysis yielded values of 92.41 %, 90.63 %, and 90.92 % for 4-, 6-, and 

8-mm cuboids, respectively. The average density data are summarized in 
Table 1.

Irrespective of their size, all LPBF-manufactured cuboids exhibited 
the same three types of defects: voids, internal cracks, and surface 
cracks. Fig. 2a shows a representative optical micrograph of a cross 
section parallel to BD of an 8-mm cuboid, where the three types of de
fects are isolated (see insets 1, 2, and 3, respectively). The porosity 
observed in all samples corresponds to lack-of-fusion (LoF) defects, 
which is known to arise from insufficient input energy to fully melt the 
feedstock powder and typically appear as elongated pores oriented 
perpendicular to the BD [31]. The total fraction of voids was calculated 
including those with areas larger than 2500 pixels. Such voids, named 
hereafter “type-1 voids”, are highlighted in black as an example in re
gion (1) of Fig. 2a. The area fraction of type-1 voids in cuboids with 4-, 
6-, and 8-mm sides amount to 5.01 %, 7.80 %, and 7.48 %, respectively 
(Table 1). The observed reduction of the area fraction of LoF voids as the 
sample’s cross section decreases is attributed to the smaller associated 
rescan times. Indeed, shorter hatch tracks lead to an increase in the basal 
temperature of the material which leads to higher temperatures during 
the heating cycles of newly scanned tracks [32–35]. Such heat accu
mulation within the sample can consequently enhance fusion between 
powder particles, ultimately yielding denser parts [36]. The average 
type-1 void length (a1, measured perpendicularly to BD), width (b1, 
measured in parallel to BD) and the aspect ratio (a1/b1) are summarized 
in Table 1 and the variation a1 with respect to the sample size is rep
resented in Fig. 2b A minor increase in a1 is noted when the specimen 
size increases from 4 mm to 6 and 8 mm. Specifically, a1 increases from 
145 μm to 170 μm and 162 μm, respectively. Moreover, all samples show 
type-1 voids which are mainly elongated in the perpendicular direction 
to BD (a1 > b1).

Since it is expected that the largest pores are preferential crack 
initiation sites [37] and that they are likely to have a dominant influence 
on the mechanical response, a subset of type-1 voids with areas larger 
than 20,000 pixels was isolated. Such voids, hereafter termed as type 2, 
are highlighted in region (1) of Fig. 2a and their main characteristics 
(area fraction, length (a2), width (b2), and aspect ratio (a2/b2)) are 
summarized in Table 1. The area corresponding to type-2 voids also 
increases with increasing specimen size, from 2.29 % in 4 mm cuboids to 
4.95 % and 4.45 % in 6- and 8-mm cuboids, respectively. Fig. 2b illus
trates the variation of a2 with specimen size. It can be seen that a2 in
creases from 279 μm (4 mm) to 351 μm (6 mm), and 344 μm (8 mm), 

Fig. 1. Archimedes density with respect to sample size (S).

Table 1 
Summary of the density and defect characteristics for the three sample sizes 
studied.

4 mm 6 mm 8 mm

Arquimedes density (g/cm3) 6.99 6.96 6.89
Relative area density (from OM) ( %) 92.41 90.63 90.92
Type-1 voids > 2500 pixels Number (-) 51 141 267

Area fraction ( %) 4.30 7.07 6.63
Avg. a1 (μm) 145 170 162
Avg. b1 (μm) 127 138 136
Avg. a1/b1 (-) 1.14 1.23 1.19
Avg. a1/S (-) 0.035 0.027 0.020

Type-2 voids > 20,000 pixels Number (-) 11 36 62
Area fraction ( %) 2.29 4.95 4.45
Avg. a2 (μm) 279 351 344
Avg. b2 (μm) 201 237 250
Avg. a2/b2 (-) 1.38 1.48 1.37
Avg. a2/S (-) 0.067 0.057 0.043

Internal cracks Number (-) 6040 3458 1237
Area fraction ( %) 2.59 1.57 1.60
Avg. a3 (μm) 45 29 31
Avg. a3/S (-) 0.011 0.005 0.004

Surface cracks Number (-) 10 21 26
Area fraction ( %) N/A N/A N/A
Avg. a4 (μm) 318 321 306
Avg. a4/S (-) 0.076 0.052 0.038
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respectively. The aspect ratio of type 2 voids is larger than that of type-1 
voids, indicating a more pronounced elongation perpendicularly to the 
BD.

Internal and surface cracks have been observed in additively man
ufactured Fe-based metallic glass parts [19,38,39]. These defects are 
formed as a result of the thermal stresses originated from the solidifi
cation of consecutive tracks and/or layers [19], which cannot be sus
tained by brittle materials with high sensitivity to temperature gradients 
[38,39]. Table 1 summarizes the area fraction and the average length 
(a3) of internal cracks. Internal cracks are homogeneously distributed 
throughout the sample interior, and their area fraction is significantly 
higher in the 4 mm samples than in larger cuboids (2.59 % (4 mm) vs. 
1.57 % (6 mm), and 1.60 % (8 mm), respectively. As shown in Fig. 2b, 
internal cracks are longest in the 4 mm sample (45 μm) and virtually 
equally long in the 6 mm and 8 mm specimens (31 and 29 μm, respec
tively). These cracks are preferentially tilted at 0◦, ±5◦, ±15◦, ±20◦, 
±25◦, ±45◦ ±50◦, ±70◦, ±75◦, ±85◦, and ±90◦ angles with respect to 
BD, consistent with previous observations for Kuamet 6B2 [18].

Finally, surface cracks were observed to propagate perpendicular to 
BD, extending into the interior of the manufactured samples. The 
average crack length (a₄) is summarized in Table 1 and plotted in Fig. 2b 

as a function of specimen size. The measured values were 318 μm, 321 
μm, and 306 μm for the 4-, 6-, and 8-mm cuboids, respectively, indi
cating a slightly smaller average length in the largest specimens. The 
area fraction of surface cracks was not quantified due to the irregularity 
of the sample surfaces, which prevented an accurate image analysis.

3.2. Macromechanical behavior

Figs. 3a-c illustrate the room temperature engineering stress-strain 
curves corresponding to the LPBF-manufactured 4-, 6-, and 8-mm cu
boids. For each specimen size, tests performed with the compression axis 
parallel to BD (‖BD, black lines) and perpendicular to BD (⟂BD, red 
lines) are compared. Three tests were performed for each condition. 
Irrespective of the specimen size, failure occurs at strains approximately 
equal or smaller than 2 %. Figs. 3d and 3e illustrate the fracture surface 
of a representative 6 mm ‖BD specimen, which exhibits typical features 
of brittle failures in MGs, including shear bands (highlighted with yellow 
arrows) and smooth facets [40,41].

Fig. 4 summarizes the variation of E, σmax and eu with the sample 
size. Fig. 4a shows that there is no perceptible relationship between the 
sample size and the Young’s modulus. However, the average value of 
Young’s Modulus for ‖BD samples is smaller than that of BD samples (33 
GPa and 44 GPa, respectively). It is well known that the presence of 
significant fractions of defects has a notable influence on E. For instance, 
porosity values between 3 % and 7 % have been reported to reduce E by 
16 %, following a negative exponential law, when LPBF-processed the 
AMZ4 alloy, a widely studied metallic glass composition, was tested 
under tension [42]. Furthermore, in numerical studies [43], crack 
densities of 1.5 % have been reported to decrease the Young’s modulus 
by up to 70 %. In the present study, results of image analysis indicated 
that samples’ porosity due to type-1 voids ranges between 4.3 % and 7.1 
% and crack density ranged between 1.6 % and 2.6 %. Moreover, type-1 
and type-2 voids are elongated perpendicular to the BD, which increases 
compliance along the BD and is consistent with the lower Young’s 
modulus measured in samples tested parallel to the BD.

Figs. 4b and 4c evidence that the maximum stress and the uniform 
deformation exhibit opposite trends with sample size for the two 
investigated loading directions. In the ‖BD samples, both σmax and eu 
decrease as the sample size increases, while in ⟂BD samples, σmax and eu 
increase with increasing sample size. In particular, as the specimen size 
increases from 4 mm to 8 mm, σmax in ‖BD samples decreases from 660 
to 400 MPa (8 mm), while in ⟂BD samples it increases from 520 to 780 
MPa. Conversely, for the same range of specimen sizes, eu in ‖BD sam
ples decreases from 2.0 to 1.4 % and in ⟂BD samples it increases slightly 
from 1.5 to 1.6 %.

In the following we correlate the variations in the maximum stress 
reported in Fig. 4b with the defect structure described in Section 3.1. 
Internal cracks will not be considered in this analysis because, as shown 
in Table 1 and Fig. 2, their area fraction is significantly smaller than that 
of type 1 (and even type 2) voids and their average length is consider
ably shorter than that of type 2 voids and surface cracks. Therefore, they 
are not expected to exert a dominant influence on the mechanical 
behavior.

Fig. 5 schematically illustrates the orientation of type 2 voids 
(Fig. 5a) and surface cracks (Fig. 5b) with respect to the loading axis for 
both ‖BD and ⟂BD specimens. Under ‖BD loading, the compression axis 
is perpendicular to the longer dimension of these two types of defects, 
which therefore tend to close or decrease in width during testing. This 
leads to denser specimens in which strength scales with density, which 
itself increases with decreasing sample size (Fig. 1 and Table 1). In 
contrast, under ⟂BD loading the compression axis is parallel to the 
longer dimension of voids and surface cracks, promoting stress locali
zation at pore and crack tips. The supplementary material further 
elaborates on the three-dimensional stress state of the specimens and the 
stress intensity factor (SIF) at the tip of an elongated pore or crack. The 
SIF is proportional to the corresponding a1/S ratio [44,45], which is 

Fig. 2. (a) Optical micrograph of a cross section parallel to BD of an 8 mm 
sample. The insets highlight the different classes of defects: (1) lack of fusion 
pores, (2) internal cracks, and (3) surface cracks. (b) Variation of the defect 
length (ai) with respect to the sample size (S).
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reported in Table 1 for voids and surface cracks. Type-2 voids exhibit 
a2/S ratios of 0.067, 0.057, and 0.043 in cuboids with 4-, 6-, and 8-mm 
sides respectively. In turn, surface cracks exhibit a4/S ratios of 0.076, 
0.052, and 0.038, respectively. In both cases the ai/S ratios decrease 
with increasing sample size, leading to a lower SIF, suppression of crack 
propagation and, consequently, higher σmax and eu.

3.3. Micromechanical behavior

Fig. 6 depicts the local (micro)structure and the corresponding 
variation of the Younǵs modulus and of the microhardness in an area 
free of defects in a representative 8 mm Kuamet 6B2 cuboid. Fig. 6a 

presents an EBSD band contrast map where gray areas denote crystalline 
regions and black areas correspond to regions containing amorphous 
phase or crystallites with sizes that are below the resolution of the 
measurement (approximately 240 nm). Fig. 6b illustrates an inverse 
pole figure (IPF) map in the BD, where the orientations of crystallites are 
colored according to the color key included in the inset. In agreement 
with earlier studies [18,27,46] both maps confirm that crystallites are 
mostly present in the heat affected zone (HAZ) surrounding the melt 
pools (MP), have a random crystallographic texture, and grain sizes that 
decrease gradually with the distance to the MP. In an earlier study on 
Kuamet6B2 manufactured under similar conditions [18], it was found 
that most crystallites were Fe(Si) intermetallics, with a minor fraction of 

Fig. 3. (a-c) Uniaxial compression engineering stress-strain curves corresponding to 4-, 6-, and 8-mm cuboids. The black curves correspond to tests performed with 
the compression axis parallel to BD (‖BD) and the red curves correspond to tests conducted with the compression axis perpendicular to BD (⟂BD). (d,e) Repre
sentative SEM images of the fractured surface of a 6 mm sample tested along the BD. Yellow arrows are used to mark the appearance of shear bands.

Fig. 4. Variation of (a) the Younǵs modulus, (b) the maximum stress, and (c) the uniform deformation with respect to the sample size (S) and to the compression 
loading mode.
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Fe borides. Figs. 6c and 6d depict the corresponding Young’s modulus 
and nanohardness (H) maps. Amorphous regions exhibit the lowest 
Young’s modulus and the lowest hardness, with E values ranging be
tween approximately 190 and 220 GPa and hardness value between 11 
and 12.5 GPa. The crystalline regions are characterized by a higher 
Young’s modulus, ranging between 230 and 290 GPa, and a higher 
hardness, comprised between 13 and 16 GPa. The variations in E and H 
in the crystalline regions are likely attributed to differences in the Fe(Si) 
grain size and to the heterogeneous spatial distributions of Fe2B and 
Fe23B6 [47,48]. While grain size differences and phase spatial arrange
ment clearly influence micro-mechanical properties, it must be noted 
that the Young’s modulus measured by nanoindentation is as much as 6 
times higher than the bulk value measured from the macromechanical 
compression tests (Fig. 4a). Such large deviation is attributed to the 
presence of defects, which leads to a significantly higher compliance.

4. Conclusions

In summary, a significant fraction of highly oriented defects was 
found on Kuamet 6B2 specimens of different sizes processed by laser 
powder bed fusion. These results are consistent with previous work on 
the same alloy [18,23,27]. Regardless of the processing parameters or 
scanning strategy, internal defects and local devitrification have never 

been fully avoided on Kuamet 6B2. More importantly, the consequences 
of such defects and crystalline features on the mechanical response of 
the material had not been thoroughly studied in this composition. The 
present work provides an understanding of the effect of typically 
observed voids, cracks and crystallites resulting from devitrification of 
the previously deposited amorphous layers on the mechanical properties 
at different length scales. However, it is expected that the complexity of 
said relationships will increase for intricate print geometries. Hence, 
future work in the field should aim to eliminate the aforementioned 
undesired features by means of alloy design or through advanced LPBF 
processing control. Until then, the following findings must be considered 
during the design and production of Kuamet 6B2 components using 
LPBF: 

• Irrespective of the sample size, three main kinds of highly oriented 
defects were identified in the Kuamet 6B2 LPBF manufactured 
samples: large LoF pores elongated perpendicularly to the BD, obli
que internal cracks preferentially propagated at specific angles 
relative to the BD, and large surface cracks perpendicular to the BD. 
The presence of these defects has a strong influence on the me
chanical behavior.

• The Younǵs modulus of the LPBF manufactured samples is as much 
as six times smaller than that of the bulk alloy due to the presence of 

Fig. 5. Schematic illustrating the stress state and the orientation of (a) voids and (b) surface cracks for tests where the compression axis lies parallel (‖BD) and 
perpendicular (⟂BD) to BD.
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voids and cracks. Moreover, E is smaller when testing parallel to BD 
than when testing along a direction perpendicular to BD, as in the 
former case voids and surface cracks tend to close during testing, 
thus enhancing compliance.

• When testing ‖BD, the maximum stress and uniform deformation 
exhibit an inverse correlation with sample size. This trend is attrib
uted to the higher density achieved in smaller specimens.

• When testing ⟂BD, the maximum stress and uniform deformation 
exhibit a positive correlation with sample size. This behavior is 
attributed to the decrease in the ai/S ratios, and consequently in the 
stress intensity factor, with increasing size, which enhances the 
suppression of crack propagation.
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