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Abstract
The binary Ni62Nb38 bulk metallic glass exhibits attractive mechanical properties like a yield strength of more than 3 GPa 
and a hardness of more than 900 Vickers. Due to its limited glass forming ability in casting processes, industrial applications 
of this impressive material are still pending. Additive manufacturing via laser powder bed fusion (PBF-LB/M) can allow to 
overcome these limitations. Therefore, we present the first PBF-LB/M parameter study on Ni62Nb38. We are able to achieve 
high densification and almost fully amorphous samples, thereby demonstrating the general applicability of PBF-LB/M to 
process binary amorphous Ni–Nb alloys. Furthermore, two challenges can be identified, which have to be addressed before 
additively formed Ni62Nb38 can be considered for commercial use. Future parameter fine-tuning must lead to fully vitrified 
samples, and one must also find a way to avoid crack formation during processing, which was found to be one of the main 
issues in the present study.
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1  Introduction

Bulk metallic glasses (BMGs) feature favorable material 
properties that result from their amorphous structure. High 
strength, hardness, and, for metals, exceptionally large elas-
tic limits of about 2% constitute a disruptive potential for 
structural applications [1]. To obtain a metallic glass, the 
high-temperature melt must be quenched fast enough to 
ensure complete vitrification without crystallization. The 
slowest cooling rate that avoids crystallization is termed 
the critical cooling rate RC, which is a direct measure of 

the alloys glass forming ability (GFA). In terms of classical 
casting routes, geometry-dependent heat dissipation implies 
that the RC results in a critical casting thickness, DC, the 
largest diameter, to which a fully amorphous rod can be cast. 
For most BMGs, DC is of the order of several millimeters 
[1], which limits the industrial applicability of BMGs. Yet, 
advances in process engineering have opened a new range 
of possibilities. Laser powder bed fusion of metals (PBF-
LB/M) is a layer-wise additive manufacturing technique that 
uses rapid laser scanning to locally melt powder material and 
compact it during solidification. The process features small 
melt pools with diameters of about 100 µm and is associated 
with cooling rates of about 106 K/s [2, 3]. Hence, cooling 
and vitrification are decoupled from the size of the final part, 
allowing to overcome the geometrical limitations of cast 
BMGs as demonstrated by various studies presenting large 
and complex shapes [4–8]. However, previous investigations 
on PBF-LB/M processing of BMGs predominantly targeted 
the fabrication of established glass formers such as Zr- [5, 
9–14], Ti- [15], CuTi- [16], or Fe-based [4, 8] BMGs. For 
example, AMZ4 [17] (Zr59.3Cu28.8Al10.4Nb1.5, also termed 
Zr01) and Vit101 (Cu47Ti34Zr11Ni8) can reproducibly reach 
their yield strength before brittle fracture occurs, but BMGs 
are still mediocre with strength values of, respectively, 2.1 
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[11, 18] and 2.5 GPa [16] in bending. At this point, Ni–Nb 
alloys [19] appear as promising candidates to exceed these 
numbers considerably. The simple binary Ni62Nb38 system 
exhibits a DC of 2 mm [20] and can reach a yield strength 
between 3 and 3.5 GPa [21], thereby outperforming Zr- and 
CuTi-based systems by about 1 GPa. Combined with the 
exceptional elastic limit typical for BMGs and hardness 
values of more than 900 Vickers [21–23], Ni–Nb-based 
metallic glasses outrival most metallic materials, including 
high-performance steels [24]. The comparably low GFA of 
the Ni–Nb system prohibited vitrification in an earlier addi-
tive manufacturing approach using laser based direct energy 
deposition (LB-DED), a method that features cooling rates 
in the order of 102 to 104 K/s [25]. In the present work, 
we provide the first attempt to use laser powder bed fusion 
(PBF-LB/M) to process the binary Ni62Nb38 alloy. Thereby, 
we try to find processing parameters that result in highly 
dense, crack-free, and fully amorphous samples, since only 
this combination will allow for the most mechanically robust 
and performant parts [11, 16, 26]. Due to the small amount 
of powder feedstock that is available from the atomization 
process [27], we are limited to a first preliminary param-
eter evaluation. Nevertheless, we will show that we are able 
to reach almost fully amorphous samples, demonstrating 
the applicability of PBF-LB/M processing of amorphous 
Ni62Nb38 alloys. Furthermore, we can identify main issues 
that have to be addressed in the future before the system can 
be introduced to industrial applications. In particular, crack 
formation has to be diminished to allow for robust parts.

2 � Experimental

The atomization and evaluation of the powder feedstock that 
is used in the present study are described in detail in a pre-
vious study by Barreto et al. [27]. To quickly recapitulate, 
elemental Ni (99.95 wt%) and Nb (99.9 wt%) were weighed 
to match the desired composition of Ni62Nb38 (at%) and 
were further pre-alloyed by arc-melting under Ti-gettered 
Ar atmosphere. To ensure chemical homogeneity, the ingots 
were flipped and remelted at least five times. The ingots 
were then gas-atomized into about 500 g of powder feed-
stock using graphite crucibles. The powder was sieved and 
a size distribution of 20–63 µm was chosen for further use. 
PBF-LB/M processing was conducted on an SLM 280 HL 
Twin laser system. The operating 700 W lasers have a focal 
diameter of about 70 µm. Argon was used as the shield-
ing gas, resulting in a residual oxygen concentration of 0.05 
vol.% in the chamber. No heating of the build plate was 
applied. The process parameters were evaluated by varying 
the scan speed, v, and the laser power, P, to form cuboid 
samples (4 × 6.5 × ~ 1 mm). Layer height, d, and hatch dis-
tance, h, were held constant at d = 40 µm and h = 100 µm. 

The resulting volume energy densities, EV, can be calculated 
as:

Cuboids were created with EV values ranging between 
13.3 and 49.3 J/mm3, as listed in Table 1 (one 100 W param-
eter combination was excluded from the list and from fur-
ther analysis due to extreme brittleness and sample loss). 
A detailed explanation of the principles of the PBF-LB/M 
process can be found in [26].

Each parameter setting was investigated for two differ-
ent scanning strategies. For the first one, parallel scanning 
vectors to the sample edges were applied. Hence, the laser 
tracks of subsequent layers share the same orientation. The 
second sample set was processed using a rotating scanning 
strategy, which shifts the vector orientation by 67° in refer-
ence to the previous layer. Figure 1 shows the manufactured 
samples on the build plate and further explains both scan-
ning strategies.

The processed samples were cut in half, perpendicular to 
their building direction. One half was embedded, sanded, 
and polished for optical microscopy and optical relative den-
sity determination, which was performed using an Olympus 
BX51M and the image analysis software Stream essentials 
version 1.9.4. Some of these samples were further character-
ized by micro-hardness testing (HV1) using a Zwick Z3212 
(Zwick Roell) hardness tester. Five indents per sample 
allow for statistics. The second half was investigated with 
X-ray diffraction (XRD) and differential thermal analysis 
(DTA). For the XRD analysis, a Bruker D8-A25-Advance 
diffractometer was used applying Cu-Kα-radiation with a 
wavelength of 1.5406 Å between the angles (2θ) of 20° to 
80°. DTA temperature scans on selected cuboids were per-
formed in Y2O3 coated carbon crucibles using a Netzsch 
STA 449 F3 Jupiter device applying heating scans with a 
rate of 0.33 K/s from 293 to 1050 K under high-purity argon 
flow. Scanning electron microscopy (SEM) was performed 
on polished sample surfaces using a Zeiss Sigma VP device. 
Thereby, energy-dispersive X-ray spectroscopy (EDX) was 
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Table 1   Process parameters 
used for PBF-LB/M

P (W) v (mm/s) EV (J/mm3)

100 530 47.2
100 940 26.6
150 760 49.3
150 1190 31.5
150 2110 17.8
200 1350 37.0
200 2100 23.8
200 3750 13.3
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performed in area scanning mode to allow for elemental 
mapping.

3 � Results and discussion

3.1 � Density and hardness evaluation

Figure 2a displays the cross-sectional optical micrographs 
of three parallel vector cuboids, which represent the whole 
spectrum of used volume energy densities (49.3, 31.5, and 
17.8 J/mm3, respectively). As expected, the overall sample 
density rises with increasing EV (the used energy range was 
not high enough to observe a density decrease due to key-
holing). The higher energy input allows to eliminate lack 
of fusion, resulting in decreased porosity due to improved 
compaction of the molten powder material, as reported in a 
number of earlier studies [28–31]. Yet, with rising EV and 
increased density, a tendency to form cracks is also observed 
in the samples, see e.g. the 31.5 J/mm3 sample in Fig. 2a. 
This can be mainly attributed to the temperature gradients 
that arise during PBF-LB/M processing. These predomi-
nantly create in-plane residual stresses [32, 33], and hence, 
most of the cracks are oriented horizontally. Figure 2b shows 
the optically determined relative density (blue circles) and 
HV1 hardness (red squares) of the parallel vector cuboids 
as a function of the applied EV. Both parameters increase 
with increasing EV, reflecting the improved material com-
paction, which leads to relative densities of up to 99.9%. By 

Fig. 1   A photo of the manufactured samples. Both scanning strategies 
are explained below. While the parallel vectors strategy uses the same 
scanning pattern for every layer, the rotating vectors strategy changes 
the vector orientation between consecutive layers through a 67° rota-
tion

Fig. 2   a Optical micrographs of cross-sections of three representative 
parallel vector cuboids with different volume energy densities. Poros-
ity decreases with increasing EV, yet crack formation is observed in 
the more compacted samples. b A comparison of relative density 
(blue circles) and HV1 hardness (red squares) of the parallel vector 

cuboids. Both quantities rise with increasing EV, allowing for densi-
ties of up to 99.9% and hardness values of almost 900 HV1. (Due to 
sample loss through brittle fracture, the shown data sets are incom-
plete)
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approaching levels of 900 HV1, the samples feature the typi-
cal extreme hardness of Ni-Nb-based metallic glass formers 
[21–23].

3.2 � Amorphicity screening via X‑ray diffraction

A first screening in terms of the amorphous state of the sam-
ples is given in Fig. 3, where the diffractograms of cuboids 
formed with parallel and rotating vectors are compared. In 
the case of parallel vectors, broad diffraction halos suggest 
mostly amorphous samples, except for the sample with the 
highest EV of 49.3 J/mm3, which indicates partial crystal-
lization in the form of arising Bragg reflections. Here, the 
high energy input appears to promote crystal formation, as 
previously reported by various studies [5, 10, 11]. In con-
trast, the cuboids formed with rotating vectors seem to be 
more prone to crystallization. On the one hand, the sample 
produced with a high EV value of 49.3 J/mm3 features more 
distinct Bragg reflections as its parallel vector counterpart, 
suggesting a larger crystalline fraction. On the other hand, 
the low-energy rotating vector samples (13.3 and 17.8 J/
mm3) also show distinct reflections. We interpret this as the 
result of two effects. First, the high degree of porosity of 
these low-EV cuboids (see Fig. 2) might decrease the overall 
heat dissipation capability of the sample, resulting in local 
heat accumulations that promote crystallization. Similar 
observations have been reported in the case of CuTi-based 
samples formed by PBF-LB/M [16]. Yet, the low-EV parallel 
vector cuboids in Fig. 3a do not show Bragg reflections, and 
therefore, we assume, secondly, that the rotating vector strat-
egy induces additional overheating at the edges of the cubic 
samples due to shorter vector lengths, which would then 
lead to the higher degree of crystallinity in those samples. 
In Fig. 3c, we take a closer look at the samples that show the 
most prominent Bragg reflections, namely the rotating vector 
cuboids formed with 49.3 J/mm3, 17.8 mm3, and 13.3 mm3. 
The peaks can be mostly attributed to the crystalline equi-
librium phases Ni6Nb7 and Ni3Nb that appear in the binary 
Ni–Nb phase diagram [34]. Furthermore, Ni2O3 can be iden-
tified, which is likely a consequence of the relatively high 
oxygen content of the used powder feedstock (863 ± 9 wt-
ppm as reported in [27]).

3.3 � Identification of crystalline precipitations 
through electron microscopy

We further investigate the formed crystalline phases in the 
13.3 J/mm3 rotating vector cuboid, the one with the most 
intense Bragg reflections in Fig. 3, by SEM analysis. Fig-
ure 4a provides a back-scattered electron (BSE) image that 
features apparent amorphous regions, which can be iden-
tified by their homogeneous, contrast-free appearance, 
and regions of crystalline precipitates with two distinctly 

Fig. 3   Screening of the structure via XRD. a Parallel vector cuboids 
show mostly Bragg reflection-free diffractograms with broad, glass-
typical halos, only the cuboid with the highest EV shows slight reflec-
tions that indicate crystallinity. b Rotating vector samples show 
slightly more Bragg reflections for low and high EV values, indicating 
higher loads of crystallinity. c The rotating vector cuboids with the 
most distinct reflections are shown here in detail to identify the crys-
talline compounds



6801Progress in Additive Manufacturing (2025) 10:6797–6804	

different size distributions. More precisely, equiaxed den-
dritic precipitates of up to 2 µm in size are embedded in a 
dense field of nano-precipitations that appear as black dots. 
All crystals are too small for proper chemical analysis by 

EDX, yet elemental mapping allows at least a qualitative 
investigation of the larger dendrites. Therefore, the region 
marked by the yellow frame in Fig.  4a is further EDX 
scanned, the resulting elemental maps for Ni and Nb are 
given in Fig. 4b, c. The dendritic precipitates clearly show a 
depletion of Nb and enrichment in Ni, rendering the XRD-
confirmed Ni3Nb as the most probable composition.

The relatively large precipitation size further indicates 
that they formed at elevated temperatures, where the fast 
dynamics of the liquid allowed for pronounced crystal 
growth [35]. Hence, these larger precipitates likely formed 
either during the initial cooling of the melt or in the ‘inner 
region’ of the heat affected zone, in direct contact with 
the melt pool. Both possibilities could be promoted by the 
earlier discussed heat accumulation effects in this 13.3 J/
mm3 sample. Such a formation of Ni3Nb precipitates at 
elevated temperatures would be consistent with in-situ 
HEXRD undercooling experiments on levitated droplets 
of Ni62Nb38, in which Ni3Nb appears as the primary phase 
[21]. It would also align with CALPHAD calculations of the 
Ni–Nb system, which show that the driving force for pri-
mary crystallization from liquid Ni62Nb38 is much larger for 
the Ni3Nb phase than for the Ni6Nb7 phase [36]. In contrast, 
the smaller, nm-sized precipitates, visible in Fig. 4a, rather 
suggest crystallization at lower temperatures, where crystal 
growth is kinetically limited. Hence, these nanocrystals most 
likely form in the ‘outer regions’ of heat affected zone, with 
larger distance to the melt pool [10, 12, 37].

3.4 � Narrowing down the optimal parameter range 
by calorimetric screening

Based on the XRD results, parallel vectors appear to be the 
more promising scanning strategy to achieve fully amor-
phous Ni62Nb38 samples, since it appears to create less heat 
accumulation than the rotating vectors strategy. Hence, we 
focus on the parallel vector samples in the following and 
use DTA temperature scanning to investigate the amount 
of amorphous phase in the printed samples quantitatively. 
The results are presented in Fig. 5. The black and grey DTA 
curves in Fig. 5a are taken from [27] and represent an as-cast 
reference formed by conventional suction casting as well as 
the powder feedstock material used for PBF-LB/M with a 
fraction of 20–63 µm. The crystallization enthalpies, ΔHx, 
are determined by integration over the exothermal crystal-
lization event (dotted lines) and are found to be virtually 
identical with a value of about − 4.60 kJ/g-atom, as it is 
typical for fully amorphous Ni62Nb38 [21]. The DTA curves 
of the powder and the as-cast material are further compared 
with the two PBF-LB/M-formed cuboids that show the high-
est and lowest measured crystallization enthalpies, which 
are the 17.8 J/mm3 cuboid and the 49.3 J/mm3 cuboid. The 
first one features a ΔHx of − 4.08 kJ/g-atom, the second one 

Fig. 4   SEM pictures taken on the 13.3 J/mm3 rotating vector sample 
that was shown to feature distinct Bragg reflections in b and c. a A 
BSE picture of an amorphous region (homogenous) next to a group of 
nm-scale crystalline precipitates. The elemental maps in b and c indi-
cate Nb depletion and Ni enrichment in these, which hinds towards 
the XRD-confirmed Ni3Nb as composition
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a ΔHx of only − 1.67 kJ/g-atom. This corresponds to 89% 
and 36% of the reference crystallization enthalpy (4.60 kJ/g-
atom), accordingly implying crystalline fractions of 11% 
and 64%. Considering the mostly peak-free diffractograms 
in Fig. 3a, the DTA findings demonstrate again that calorim-
etry can provide better sensitivity and resolution than con-
ventional XRD to detect the presence of (nano-)crystalline 

fractions in additively formed BMGs [11, 16, 38]. This can 
be explained by the usually weak scattering signal of nano-
crystallites as well as by the fact that calorimetric analysis 
incorporates the whole sample volume, therefore leading 
to a more representative, volume-averaged picture than the 
surface-localized XRD analysis.

While the rather crystal-loaded 49.3 J/mm3 sample shows 
no detectable glass transition in the DTA scan, the as-cast, 
powder, and 17.8 J/mm3 samples all show a glass transition 
onset, Tg, of 909 K, as indicated by the arrows in Fig. 5a. 
Yet, the powder material and the almost fully amorphous 
17.8 J/mm3 parallel vector cuboid are distinctly more ther-
mally stable against crystallization upon heating than the 
high-purity as-cast reference, since their onset temperature 
of crystallization, Tx, is 8 K higher (942 K) as in case of the 
as-cast sample (936 K). Here, the oxygen content plays a 
decisive role. While the as-cast material shows low levels of 
oxygen contamination (191 wt-ppm), powder and PBF-LB/
M-formed samples feature distinctly higher contamination 
(863 wt-ppm and above) due to the high oxygen uptake that 
stems from the large surface-to-volume ratio of the powder 
particles [27]. Upon heating from the glassy state, the pri-
mary crystallization of high-purity Ni–Nb metallic glasses 
is usually attributed to a metastable crystalline M-phase [36, 
39], corresponding to the first separate crystallization event 
of the as-cast reference in Fig. 5a. As discussed in [27], the 
increased oxygen content in the powder and AM-formed 
parts seems to destabilize the primary M-phase, therefore, 
delaying its formation upon heating, which increases the 
thermal stability of the supercooled liquid (SCL). Such SCL 
stabilization effects are well-known from other BMG micro-
alloying approaches with small-size atomic species like Si 
in CuTi-based systems [40], S in several BMG formers [41, 
42], or P in the present Ni–Nb system [21]. The oxygen-
driven destabilization of the M-phase renders it possible that 
Ni3Nb also becomes the primary phase upon heating, since 
it was already shown to be the second phase in high-purity 
Ni62Nb38 after the M-phase has formed [39]. Hence, it could 
be speculated that the nanocrystalline precipitates shown in 
Fig. 4a next to the large equiaxed Ni3Nb dendrites consist 
of the Ni3Nb phase as well.

Figure 5b summarizes the DTA screening of the parallel 
vector sample set by plotting ΔHx as a function of EV to 
determine the amount of amorphous phase in the printed 
samples. The 17.8 J/mm3 and 49.3 J/mm3 samples are high-
lighted in their respective colors from Figs. 3a and 5a. On 
the one hand, the largest amount of amorphous phase of up 
to 89% can be found for lower EV values of roughly 20 J/
mm3. Higher volume energy densities promote increased 
crystallinity as previously suggested by the XRD results. 
On the other hand, increased EV values are needed to achieve 
full compaction and optimized hardness, as demonstrated 
in Fig. 2.

Fig. 5   a DTA temperature scans of an as-cast reference and the used 
powder, taken from [27], in comparison to the scans of the 49.3 and 
17.8 J/mm3 parallel vector cuboids. Tg and Tx are determined by the 
tangent method (arrows), ΔHx is determined by integration (dotted 
lines). b All determined ΔHx values of the parallel vector cuboids as 
a function of EV. The cuboids known from a are highlighted by color. 
With values of about 20 J/mm3, the PBF-LB/M samples reach almost 
90% of the reference ΔHx of − 4.60 kJ/g-atom (dashed line), indicat-
ing mostly amorphous samples. With rising EV, relative density and 
hardness might increase (see Fig. 2), yet, crystallinity also increases
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3.5 � Recapitulatory considerations

We demonstrate that the binary Ni62Nb38 BMG former 
can be processed successfully by PBF/LB-M additive 
manufacturing, reaching exceptional hardness levels 
and amorphization degrees of almost 90%. Furthermore, 
the present parameter study allows us to formulate two 
main issues that future PBF-LB/M studies must solve to 
establish PBF-LB/M-formed Ni62Nb38 for practical use. 
First, process parameter optimization has to achieve full 
amorphization while also ensuring high sample density. 
While the present results may render both aspects to be 
antagonistic, it shall be recalled that the low amount of 
available powder [27] restricts the parameter optimization 
to first order approaches, here performed in form of a sim-
ple variation of EV. Larger amounts of powder feedstocks 
will allow advanced processing approaches like two-step 
scanning [43], which separates material densification and 
vitrification in two different scanning steps. Second, crack 
formation can be identified as a major issue for additively 
formed Ni62Nb38. Thereby, the material-typical high 
modulus and hardness inevitably go hand in hand with 
increased brittleness, rendering the PBF/LB-M-formed 
samples prone to crack formation due to process-induced 
internal stresses [16]. Here, optimization approaches like 
the already mentioned two-step scanning [43] or changes 
regarding the used substrate material [9] might help to 
reduce stress states. Also, the comparably high Tg of 
Ni–Nb-alloys might induce increased stresses between 
sample and substrate, necessitating more in-depth testing 
of different substrate preheating approaches to diminish 
these stresses, as reported in [16].

4 � Conclusions

To sum up, the present parameter study allows to create 
almost fully amorphous Ni62Nb38 samples via PBF-LB/M, 
which is a quite promising result considering the system’s 
relatively low critical casting thickness of 2 mm. Neverthe-
less, porosity and crack formation are challenges that need 
to be solved and balanced through advanced processing 
approaches tested in follow-up studies. After resolving these 
issues, amorphous Ni62Nb38 will constitute an extremely 
potent choice for the additive manufacturing of highly 
robust products, due to the system’s outstanding strength 
and hardness.
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