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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Laser powder bed fusion is an established and viable method to produce large and complex bulk metallic glass geometries. However, the thermal 
gradients and cooling rates during processing are affected by geometric features, in particular close to the part-powder bed interface, which may 
impair vitrification and mechanical properties. As such, the present contribution aims towards a better understanding of laser-processing and the 
resulting properties in overhanging structures. Density measurements revealed a distinct impact of the elevation angle on the densification 
accounting for up to 5% relative density. Finite element simulations suggest this is attributed to increased peak temperatures and reduced heat 
flow at the part-powder bed interface. However, microhardness and nanoindentation measurements of samples processed under optimized energy 
density close the interface revealed a minor impact of the altered thermal history on the mechanical properties under the examined conditions. 
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1. Introduction

Additive manufacturing of bulk metallic glasses (BMGs)
through laser powder bed fusion of metals (PBF-LB/M) 
constitutes a synergetic approach to exploit the transient laser-
material interaction for the creation of advanced materials. 
BMGs offer an outstanding combination of high strength and 
elastic limit, making them excellent options for structural 
material applications [1]. However, vitrification requires rapid 
quenching from the molten state, which de facto restricts the 
size and complexity of conventional processing techniques 
such as casting. First introduced by Pauly et al. for a Fe-based 
alloy [2], various glass-forming compositions have since then 
been investigated using the PBF-LB/M process [3,4].  

Among these, Zr-based BMGs feature a favorable 
combination of fracture toughness and glass-forming ability 
(GFA) for utilization in PBF-LB/M. In particular, AMLOY-

ZR01 (tradename, formerly AMZ4) has received attention due 
to its commercial availability through Heraeus AMLOY 
Technologies GmbH. Several studies have reported its 
processability [5–7] and resulting mechanical properties [8–
12]. PBF-LB/M manufactured AMLOY-ZR01 reaches flexural 
strengths up to 2.1 GPa and elastic limits of 2-3 % leading to a 
very large modulus of resilience, especially in comparison to 
crystalline alloys such as Ti6Al4V [13]. 

However, structural integrity is often challenged by residual 
porosity and nano-crystallization based on the applied 
processing parameters [14]. Both are accompanied by a 
reduction of the desirable mechanical properties, such as 
fracture toughness [12] and flexural strength [6]. Although the 
cooling rates associated with the laser-material interaction 
during PBF-LB/M (5 × 105 K/s) are far beyond the critical 
cooling rates reported for cast AMLOY-ZR01 (20 K/s), CuZrO 
and CuZr phases are frequently observed in the laser-processed 
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1. Introduction

Additive manufacturing of bulk metallic glasses (BMGs)
through laser powder bed fusion of metals (PBF-LB/M) 
constitutes a synergetic approach to exploit the transient laser-
material interaction for the creation of advanced materials. 
BMGs offer an outstanding combination of high strength and 
elastic limit, making them excellent options for structural 
material applications [1]. However, vitrification requires rapid 
quenching from the molten state, which de facto restricts the 
size and complexity of conventional processing techniques 
such as casting. First introduced by Pauly et al. for a Fe-based 
alloy [2], various glass-forming compositions have since then 
been investigated using the PBF-LB/M process [3,4].  

Among these, Zr-based BMGs feature a favorable 
combination of fracture toughness and glass-forming ability 
(GFA) for utilization in PBF-LB/M. In particular, AMLOY-
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processability [5–7] and resulting mechanical properties [8–
12]. PBF-LB/M manufactured AMLOY-ZR01 reaches flexural 
strengths up to 2.1 GPa and elastic limits of 2-3 % leading to a 
very large modulus of resilience, especially in comparison to 
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cooling rates associated with the laser-material interaction 
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and CuZr phases are frequently observed in the laser-processed 
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material [14–16], with GFA and CuZrO nucleation linked to 
elevated oxygen contamination present in powder materials 
[6,9,15,16]. These intermetallic phases are reported to embrittle 
and weaken the material [3,9,17]. BMG parts thus require a 
careful selection of process parameters to ensure amorphous 
solidification and sufficient densification. From Oliveira et al. 
[18], dense fabrication is limited by keyhole porosity at high 
energy input and lack-of-fusion (LOF) at low energy input. For 
BMGs, this range is further restricted by (nano)crystallization 
accompanied with increasing energy density (see Fig. 1). 

Fig. 1. Illustration of the resulting parameter window for amorphous and 
dense processing of BMGs in PBF-LB/M. Inspired by Ref [17]. 

Further, variations in thermal history and local chemistry of 
PBF-LB/M manufactured parts can be linked to significant 
variations of atomic-scale ordering, generally expressed 
through the short- and medium-range order [19]. Changes in the 
atomic-scale order affect the mechanical response of the glass 
through variation in e.g. local symmetries such as for crystal-
like or icosahedral formations [20,21]. 

This sensitivity towards the thermal history during 
processing raises the question of which secondary factors 
besides the applied process parameters may lead to the 
formation of crystalline defects and structural variations of the 
amorphous phase. PBF-LB/M is well known for enabling the 
fabrication of complex structures and lattices. However, such 
geometric features exhibit a different thermal history to that of 
the bulk. Areas with increased powder bed interface are prone 
to overheating. The thermal conductivity of metal powders for 
PBF-LB/M is only a fraction of that of the bulk material due to 
the low conductivity of infiltrated gases [22,23]. This 
eventually obstructs the heat flow, which can lead to overheated 
regions, for instance in overhanging areas. In crystalline alloys, 
this phenomenon is often associated with dross formation, 
surface roughness, dimensional inaccuracy, and residual 
stresses [24–26]. Hooper investigated the temperature profiles 
of Ti6Al4V in Ref. [27] and found a drop in the peak 
temperature gradients from 20 K/µm to 10 K/µm in 
overhanging geometries.  

In view of BMG fabrication via PBF-LB/M, this raises the 
hypothesis that the applied process parameters need to be 
adapted in overhanging areas to counteract the reduced cooling 
rates. The present work investigates the interplay between 
different overhanging angles, the applicable process 
parameters, the spatial thermal gradients, the cooling rate 
(dT/dt), and the resulting mechanical properties. 

2. Experimental procedure

Gas atomized AMLOY-ZR01 powder with nominal
composition Zr59.3Cu28.8Al10.4Nb1.5 (in at.-%) was provided by 
Heraeus AMLOY Technologies GmbH. The powder has a 
mean particle diameter d50 of 23.7 µm and a comparatively high 
oxygen content of ~2300 µg/g [6]. Sample manufacturing was 
conducted on the commercial EOS M100 PBF-LB/M system 
(eos GmbH, Germany) equipped with a 200 W fiber laser with 
a nominal focus diameter of 40 µm [28]. To evaluate the impact 
of the overhanging angle, parallelepiped samples with an edge 
length of 5 mm were built, ensuring equivalent exposure areas 
and interlayer times during the process.  

Fig. 2 displays the processed sample geometries and the 
nominal geometrical features of the overhanging area. The 
nominal unsupported length x increases with the tangent of the 
elevation angle α from 5.4 µm to 20 µm.  

Fig. 2. Left: Schematic illustration of the overhanging length x based on the 
elevation angle α during PBF LB/M. Right: PBF-LB/M samples fabricated for 
investigation. 

Three elevation angles α of 45°, 60°, and 75° were 
investigated (see Fig. 2). Each angle was processed under each 
parameter set in the downskin region as listed in Table A of the 
appendix. The local parameter adjustment was applied for the 
first 0.4 mm from the edge. Bidirectional scan paths were 
oriented parallel to the contour in the y-direction. The 
corresponding scan speed was varied in four steps from 2000-
5000 mm/s resulting in nominal volume energy densities (Ev) 
of 10-25 J/mm³ (see Table A). For the material bulk, an Ev of 
25 J/mm³ was used. Relative density was assessed by optical 
microscopy of microsections. Samples were cut along the Z-X 
plane (as defined in Fig. 2), ground, and polished. Microscopy 
was conducted using an Olympus BX51M device. 

Additionally, a qualitative mesoscopic FEM simulation of 
the time-temperature relation was conducted using COMSOL 
Multiphysics 6.0. Therefore, the boundary conditions of the 
experiments (process parameters, scanning strategy, and 
geometry) were transferred to a 1 mm² section of the sample 
geometry. Due to the challenges of validation and verification 
in the determination of true temperatures in FEM models, 
temperatures were normalized to 1 and qualitatively compared. 
The thermophysical values and the meshing used for the 
simulation are given in Table B of the appendix. Assumptions 
for heat losses due to convection and radiation are based on the 
work of Schnell et al. [29]. Due to a lack of data, the heat 
conductivity of the surrounding powder bed was set to 
0.26 W/m K based on results for Ti6Al4V in Ref. [22]. 
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Microhardness measurements were performed using a Leco 
machine at HV0.1 on the cross-section of fabricated samples 
embedded in resin. For each sample, grids of 5 × 10 were 
performed with the left-hand edge of the grid starting ca. 50 µm 
from the sample edge (see Fig. 6a). Approx. 80 µm spacing was 
used between indents. For nanoindentation, two grids each 
containing 30 indents were placed totally within the downskin 
zone, starting ~50 µm from the surface. A Hysitron 
Triboindenter was used for the measurements, with a diamond 
Berkovich tip in quasi-displacement control and an indentation 
set-point of 300 nm. Loading was achieved over 20 s, followed 
by a 5 s hold before unloading. A spacing of 15 µm was used 
between indents.  

3. Results and discussion

3.1. PBF-LB/M processing – densification 

Given the anticipated impact of the overhanging angles on 
reducing the cooling rate, the applied Ev in the downskin-region 
was incrementally reduced to determine the minimal energy 
input to achieve satisfactory densification. A relative density of 
99.5% ± 0.1 in the sample bulk was achieved for the reference 
processing parameters of 40 W and 2000 mm/s (taken from 
[6]), which is in good agreement with previous studies [6,17]. 
X-ray diffraction of a bulk sample indicates an amorphous
state, within the detection limits of the technique, as shown in
Fig. A of the appendix.
Fig. 3 displays an exemplarily microsection for downskin areas
with different elevation angles processed with 15 J/mm³. Here,
the Ev of the overhanging area is reduced by 40% compared to
the bulk material (25 J/mm³).

The adjustment leads to irregularly shaped voids indicating 
LOF-porosity; associated with insufficient energy density [18]. 
The increasing scan speeds investigated in this study decrease 
the dwell time of the melt pools. This leaves insufficient time 
to fill the voids and fully consolidate the powder material [30]. 
Interestingly, densification also appears to be a function of the 
elevation angle α. It gradually increases from 91.02% ± 0.4 for 
α = 75°, to 95.65% ± 1.1 for α = 45°. In this context, the impact 

of the elevation angle on the thermal history was assessed by a 
simple mesoscopic FEM simulation.  
The heat flow resulting from a Gaussian laser source moves 
along an individual scan vector parallel to the sample contour, 
with an offset of one hatch distance (0.04 mm) towards the bulk 
material. The parameters for the simulation correspond to the 
settings given in Table A for an Ev of 20 J/mm³ (40 W and 
2500 mm/s). Thermophysical properties and boundary 
conditions were set according to Table B of the appendix. The 
determination of absolute peak temperatures during the PBF-
LB/M process through numerical simulation incurs large 
uncertainties and strongly depends on comprehensive 
calibration and validation of the model [29]. For the sake of 
simplicity, the calculated results are displayed normalized on 
the maximum temperature computed throughout the study. 
Fig. 4 depicts the time-temperature curves of the investigated 
elevation angles α in the center of the scan line.  

The numerical approximation reveals a slight increase in the 
peak temperature of ~5% from 75° to 45° elevation angle. The 
localized cooling rate (dT/dt) of a point situated 0.04 mm away 
from the part-powder bed interface is directly proportional to 
the elevation angle. This is caused by the significantly lower 
heat conductivity of the surrounding powder bed in comparison 
to the bulk [22,31]. With decreasing elevation angle, the 
surface area for conductive heat removal through the part itself 
is reduced, affecting thermal gradients in the HAZ (Fig. 4). For 
an angle of 75°, the temperature field is nearly symmetrical and 
broadly unaffected by the interface layer. At lower angles, the 
high-temperature contours (displayed in orange) enlarge and 
shift towards the powder interface, indicating heat 
accumulation. These findings support the observation made for 
the densification behavior of the different elevation angles in 
Fig. 3. The insulating effect of the powder material and reduced 
heat flow in the downskin region leads to local heat 
accumulation, which increases the peak temperatures and 
reduces the cooling rate. Thus, longer dwell times and larger 
melt pools lead to the higher densification observed in Fig 3.  
Fig. 5 summarizes the relative density in the downskin area 
based on the elevation angle α and the applied Ev. Naturally, 
the porosity increases with decreasing volume energy density 

Fig. 4. Time-temperature curve of a single scan line along the downskin region 
(0.02 mm away from the contour). The spatial heat distribution on the is 
indicated by surface plots for the respective angles. 

Fig. 3. Microsection displaying the impact of the overhanging angle on 
densification within the downskin area. The material bulk was processed 
with 40 W and 2000 mm/s (25 J/mm³). Downfacing surfaces were processed 
with an increased scan speed of 3333 mm/s (15 J/mm³). 
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elevation angle α. It gradually increases from 91.02% ± 0.4 for 
α = 75°, to 95.65% ± 1.1 for α = 45°. In this context, the impact 

of the elevation angle on the thermal history was assessed by a 
simple mesoscopic FEM simulation.  
The heat flow resulting from a Gaussian laser source moves 
along an individual scan vector parallel to the sample contour, 
with an offset of one hatch distance (0.04 mm) towards the bulk 
material. The parameters for the simulation correspond to the 
settings given in Table A for an Ev of 20 J/mm³ (40 W and 
2500 mm/s). Thermophysical properties and boundary 
conditions were set according to Table B of the appendix. The 
determination of absolute peak temperatures during the PBF-
LB/M process through numerical simulation incurs large 
uncertainties and strongly depends on comprehensive 
calibration and validation of the model [29]. For the sake of 
simplicity, the calculated results are displayed normalized on 
the maximum temperature computed throughout the study. 
Fig. 4 depicts the time-temperature curves of the investigated 
elevation angles α in the center of the scan line.  

The numerical approximation reveals a slight increase in the 
peak temperature of ~5% from 75° to 45° elevation angle. The 
localized cooling rate (dT/dt) of a point situated 0.04 mm away 
from the part-powder bed interface is directly proportional to 
the elevation angle. This is caused by the significantly lower 
heat conductivity of the surrounding powder bed in comparison 
to the bulk [22,31]. With decreasing elevation angle, the 
surface area for conductive heat removal through the part itself 
is reduced, affecting thermal gradients in the HAZ (Fig. 4). For 
an angle of 75°, the temperature field is nearly symmetrical and 
broadly unaffected by the interface layer. At lower angles, the 
high-temperature contours (displayed in orange) enlarge and 
shift towards the powder interface, indicating heat 
accumulation. These findings support the observation made for 
the densification behavior of the different elevation angles in 
Fig. 3. The insulating effect of the powder material and reduced 
heat flow in the downskin region leads to local heat 
accumulation, which increases the peak temperatures and 
reduces the cooling rate. Thus, longer dwell times and larger 
melt pools lead to the higher densification observed in Fig 3.  
Fig. 5 summarizes the relative density in the downskin area 
based on the elevation angle α and the applied Ev. Naturally, 
the porosity increases with decreasing volume energy density 

Fig. 4. Time-temperature curve of a single scan line along the downskin region 
(0.02 mm away from the contour). The spatial heat distribution on the is 
indicated by surface plots for the respective angles. 

Fig. 3. Microsection displaying the impact of the overhanging angle on 
densification within the downskin area. The material bulk was processed 
with 40 W and 2000 mm/s (25 J/mm³). Downfacing surfaces were processed 
with an increased scan speed of 3333 mm/s (15 J/mm³). 
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Ev. However, the impact of the elevation angle on densification 
discussed earlier partly counteracts the LOF-porosity.  
Samples with an elevation angle α of 45° generally show the 
highest densification at any given Ev. Except for an Ev of 
10 J/mm³, the density gradually decreases with increasing 
elevation angle. However, densification below 99% is not 
acceptable for structural applications. An Ev of 20 J/mm³ was 
found suitable for high densification while reducing the 
thermal load, associated with crystallization in BMGs and 
potential loss of their desirable mechanical properties [6,12]. 
As such, this parameter set was selected for an evaluation of 
the mechanical properties. 

3.2. Mechanical properties 

Considering the impact of the elevation angle on the thermal 
history and densification, microhardness testing was first 
performed over the downskin region. Fig. 6a, b illustrates 
microhardness maps for the three different elevation angles 
processed with 20 J/mm³ in the downskin. The microhardness 
was found to be 512 ± 17 HV (45°), 507 ± 16 HV (60°), 
502 ± 20 HV (75°), corresponding well to other laser-
processed studies of the same alloy [19]. A perceptible decrease 
of the HV was observed in the downskin region compared to 
the bulk, which could be reasoned by the decreased energy 
density in the downskin, however differences as a function of 
elevation angle are within a standard deviation. 

Nanoindentation measurements performed on all three 
samples entirely within the downskin region highlighted that 
no large variation existed within this region, and also between 
samples with varying elevation angle. Mean values for the 
nanoindentation hardness (H) and reduced modulus (ER) were 
found to be within a single standard deviation (1σ) for all three 
samples. Of note, the 45° sample showed a broader distribution 
(larger standard deviation) in both hardness and modulus 
(Fig.  6c).  

For an elevation angle of 45° values of H 6.0 ± 0.6 GPa and 
ER 99 ± 4 GPa were obtained, in comparison to 
H 6.1 ± 0.3 GPa and ER 101 ± 2 GPa (60°) and H 6.1 ± 0.3 GPa 
and ER 100 ± 2 GPa (75°). For all values the mean ± 1σ is 
presented. While the values are consistent, the larger scatter for 
45° may be explained by the presence of a more heterogeneous 

structure caused by the slower temperature decay evidenced in 
Fig. 4. However, it must be reinforced that such differences are 
minor at the studied elevation angles. 

4. Conclusion

The impact of different elevation angles and process
parameters on the near-surface densification during PBF-LB/M 
of a Zr-based BMG was investigated. The impact of varying 
thermal history on the mechanical properties were further 
studied through local indentation for sample processed at 
20 J/mm³ in the downskin area. The findings can be 
summarized as: 

• The elevation angle impacts the densification in the
downskin area. Larger overhangs lead to higher density,
especially if a low Ev is applied. Here, the porosity
decreases ~5‒9% based on the applied Ev and elevation
angle.

• FEM simulations link densification increases for larger
overhangs to increased peak temperatures and reduced
cooling rates.

• The elevation angle imparts only a minor impact on the
mechanical properties of the amorphous structure for
the investigated Ev. The results indicate sufficient
thermal stability of AMLOY-ZR01 to resist lowered
cooling rates in the overhanging structures.

• Increased scatter in the nanohardness with 45° elevation
angle implies minor increased structural heterogeneity
of the most strongly overhanging structure.

Finally, the results confirm the good aptitude of Zr-based 
BMGs for PBF-LB/M due to their high thermal stability. 
However, only large overhanging angles were here 
investigated. Other geometries that feature further reduced heat 
dissipation might be more sensitive for the fabrication of 
BMGs. The observed heterogeneity fingerprints in the 
nanohardness, together with the numerical analysis in Fig. 5, 
forecast that a more sophisticated parameter optimization 
might be required in view of complex BMG parts with larger 
overhanging areas and unfavorable aspect ratios. 

Fig. 5. Influence of the overhanging angle and the applied Ev on 
densification within the downskin area. 

Fig. 6. a) Micrograph of microhardness grid in the downskin region at an 
elevation angle α of 45°. b) Heat map of the microhardness measurements 
for the investigated elevation angles. c) Nanohardness distributions based on 
the elevation angles (inset SEM image of residual nanoindent). 
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5. Appendices

Table A. Applied processing parameters and resulting volume energy density 
Ev in the downskin area. 

Laser Power (W) 
Hatch 

Distance 
(mm) 

Scan speed 
(mm/s) 

Volume 
energy density 

(J/mm³) 

40 0.04 

2000 25 (reference) 

2500 20 

3333 15 

5000 10 

Table B. Properties used for the FEM simulation. 

Parameter Value Reference 

ρ [kg/m³] 6616  [32] 

l bulk [W/m K] 5-16 Determined by 
laser flash meas. 

l powder [W/m K] 0.26  [22] 

cp [J/mol K] 3*8.314 + 5.224*10- 4*T 
+1.037*107*(T-2) [33] 

Absorptivity [-] 0.3 [33] 
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Ev. However, the impact of the elevation angle on densification 
discussed earlier partly counteracts the LOF-porosity.  
Samples with an elevation angle α of 45° generally show the 
highest densification at any given Ev. Except for an Ev of 
10 J/mm³, the density gradually decreases with increasing 
elevation angle. However, densification below 99% is not 
acceptable for structural applications. An Ev of 20 J/mm³ was 
found suitable for high densification while reducing the 
thermal load, associated with crystallization in BMGs and 
potential loss of their desirable mechanical properties [6,12]. 
As such, this parameter set was selected for an evaluation of 
the mechanical properties. 

3.2. Mechanical properties 

Considering the impact of the elevation angle on the thermal 
history and densification, microhardness testing was first 
performed over the downskin region. Fig. 6a, b illustrates 
microhardness maps for the three different elevation angles 
processed with 20 J/mm³ in the downskin. The microhardness 
was found to be 512 ± 17 HV (45°), 507 ± 16 HV (60°), 
502 ± 20 HV (75°), corresponding well to other laser-
processed studies of the same alloy [19]. A perceptible decrease 
of the HV was observed in the downskin region compared to 
the bulk, which could be reasoned by the decreased energy 
density in the downskin, however differences as a function of 
elevation angle are within a standard deviation. 

Nanoindentation measurements performed on all three 
samples entirely within the downskin region highlighted that 
no large variation existed within this region, and also between 
samples with varying elevation angle. Mean values for the 
nanoindentation hardness (H) and reduced modulus (ER) were 
found to be within a single standard deviation (1σ) for all three 
samples. Of note, the 45° sample showed a broader distribution 
(larger standard deviation) in both hardness and modulus 
(Fig.  6c).  

For an elevation angle of 45° values of H 6.0 ± 0.6 GPa and 
ER 99 ± 4 GPa were obtained, in comparison to 
H 6.1 ± 0.3 GPa and ER 101 ± 2 GPa (60°) and H 6.1 ± 0.3 GPa 
and ER 100 ± 2 GPa (75°). For all values the mean ± 1σ is 
presented. While the values are consistent, the larger scatter for 
45° may be explained by the presence of a more heterogeneous 

structure caused by the slower temperature decay evidenced in 
Fig. 4. However, it must be reinforced that such differences are 
minor at the studied elevation angles. 

4. Conclusion

The impact of different elevation angles and process
parameters on the near-surface densification during PBF-LB/M 
of a Zr-based BMG was investigated. The impact of varying 
thermal history on the mechanical properties were further 
studied through local indentation for sample processed at 
20 J/mm³ in the downskin area. The findings can be 
summarized as: 

• The elevation angle impacts the densification in the
downskin area. Larger overhangs lead to higher density,
especially if a low Ev is applied. Here, the porosity
decreases ~5‒9% based on the applied Ev and elevation
angle.

• FEM simulations link densification increases for larger
overhangs to increased peak temperatures and reduced
cooling rates.

• The elevation angle imparts only a minor impact on the
mechanical properties of the amorphous structure for
the investigated Ev. The results indicate sufficient
thermal stability of AMLOY-ZR01 to resist lowered
cooling rates in the overhanging structures.

• Increased scatter in the nanohardness with 45° elevation
angle implies minor increased structural heterogeneity
of the most strongly overhanging structure.

Finally, the results confirm the good aptitude of Zr-based 
BMGs for PBF-LB/M due to their high thermal stability. 
However, only large overhanging angles were here 
investigated. Other geometries that feature further reduced heat 
dissipation might be more sensitive for the fabrication of 
BMGs. The observed heterogeneity fingerprints in the 
nanohardness, together with the numerical analysis in Fig. 5, 
forecast that a more sophisticated parameter optimization 
might be required in view of complex BMG parts with larger 
overhanging areas and unfavorable aspect ratios. 

Fig. 5. Influence of the overhanging angle and the applied Ev on 
densification within the downskin area. 

Fig. 6. a) Micrograph of microhardness grid in the downskin region at an 
elevation angle α of 45°. b) Heat map of the microhardness measurements 
for the investigated elevation angles. c) Nanohardness distributions based on 
the elevation angles (inset SEM image of residual nanoindent). 
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5. Appendices

Table A. Applied processing parameters and resulting volume energy density 
Ev in the downskin area. 

Laser Power (W) 
Hatch 

Distance 
(mm) 

Scan speed 
(mm/s) 

Volume 
energy density 

(J/mm³) 

40 0.04 

2000 25 (reference) 

2500 20 

3333 15 

5000 10 

Table B. Properties used for the FEM simulation. 

Parameter Value Reference 

ρ [kg/m³] 6616  [32] 

l bulk [W/m K] 5-16 Determined by 
laser flash meas. 

l powder [W/m K] 0.26  [22] 

cp [J/mol K] 3*8.314 + 5.224*10- 4*T 
+1.037*107*(T-2) [33] 

Absorptivity [-] 0.3 [33] 
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