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Keywords:

The crystallization behaviour during low temperature annealing of samples of the Zrsg 3Cusg sAljg 4NDy 5 (at%)

AMZ4 bulk metallic glass produced by suction casting and the laser powder bed fusion (LPBF) process were studied with

Additive manufacturing
Small angle scattering
Crystallization

Oxygen

small angle neutron scattering (SANS), X-ray diffraction and scanning electron microscopy. The in-situ SANS
measurements during isothermal annealing reveals that the phase separation in the LPBF processed material
proceeds at a smaller characteristic length-scale than the cast material. Quantitative analysis of the SANS data

shows that, while the crystallization process in both materials proceed through rapid nucleation followed by
diffusion limited growth, the LPBF processed material crystallizes with a smaller cluster size and at a higher rate.
The smaller cluster size is attributed to the elevated oxygen content in the LPBF processed material which re-
duces the nucleation barrier and thus the thermal stability.

1. Introduction

Bulk metallic glasses (BMG) are alloys with an amorphous atomic
structure, which are typically obtained by cooling sufficiently fast to
bypass crystallization. The amorphous structure possess a unique com-
bination of material properties such as high specific strength, high
elastic strain limit, high mechanical resilience, improved corrosion
resistance and tunable magnetic properties [1], which make these ma-
terials suitable for a wide range of engineering applications, such as
spring materials, structural components and precision tools [1,2].

Laser powder bed fusion (LPBF) is a promising processing technique
for the fabrication of BMGs. The localized melting and solidification of
powder material allows for high cooling rates (1 0°-10% K s71) [3,4],
which enables the possibility of producing BMG components larger than
the critical casting thickness [5,6]. So far, Fe-, Zr-, Ti- and Al-based
glass-forming alloys have been successfully produced by LPBF [5,7-9].
Recent studies have focused on the influence of the periodic laser pro-
cessing on porosity, structural and chemical heterogeneity,
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crystallization, and mechanical properties of the fabricated components
[4,6,9-15]. Despite the high cooling rates, the localised laser processing
leads to cyclic heating and cooling which causes crystallization at high
laser energy densities [3,4,9,10]. This imposes limitations on the pro-
cessing window, since high laser energy densities are required for fusion
of the powder and thus low porosity of the final product [3,9,10]. Hence,
an increased understanding of the crystallization process in LPBF pro-
cessing of BMGs is of considerable interest in the development towards
dense and amorphous components.

Studies of crystallization in BMGs are typically performed on labo-
ratory grade material made from high purity elements. Industrial grade
metals are less expensive but contains a higher amount of impurities,
especially oxygen. The role of oxygen is of particular importance as it is
known to deteriorate the glass forming ability of Zr-based glasses [16,
17], causing the glass to crystallize as oxygen-induced compounds
[18-21]. Depending on the alloy composition and the oxygen content,
different phases may form. At low oxygen contents (<0.8%), the for-
mation of oxygen enriched quasicrystals have been reported for multiple
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Zr-based alloys [18,19,21], while at elevated oxygen contents, the
big-cube NiZr,-type phase (space group Fd3m) may form [20,21]. Ox-
ygen enriched crystals, notably the big-cube NiZr,-type phase, has been
found in LPBF processing of different Zr-based BMGs [11,14,22].

In terms of the LPBF process, oxygen is especially difficult to handle.
The high surface to volume ratio of the powder feedstock material en-
ables Zr-based materials to react with oxygen to form thin oxide layers
on the outer surface, which can dissolve into the material when melted.
Another issue is control of the atmosphere in the LPBF process [22].
Zr-based alloys can readily dissolve oxygen in the molten state and
increased oxygen contents in LPBF processed laboratory pure Zr-based
BMGs have been reported [11,15].

In the present work, the crystallization of LPBF processed and suction
cast AMZ4 (Zrsg 5Cuag gAlig.4Nbj 5 (at%)) [23], an industrially available
bulk metallic glass, is studied during low temperature annealing. The
characteristics of the nucleation process is investigated using in-situ
small angle neutron scattering (SANS), ex-situ X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The results are analysed and
discussed in terms of the different manufacturing routes.

2. Materials and experimental methods

Samples of AMZ4, Zrsg3CugggAligsNbys (at%), were produced
using LPBF and suction casting. The feedstock material for the LPBF
process was supplied by Heraeus Additive Manufacturing GmbH [24].
Note that during the time of this study, Heraeus adopted the trade name
AMLOY-ZRO01 for alloy AMZ4. The powder was produced by vacuum
inert gas atomization, resulting in spherical particles subsequently
sieved to a size distribution between 10 and 45 pm. Rectangular plates
with length, width and thickness of 22 mm, 11 mm and 2 mm, respec-
tively, were manufactured using an EOS M100 (200 W, Yb-fiber laser),
with a laser power of 75 W, laser spot diameter of 40 um, scan speed of 2
m s}, hatch spacing of 100 pm and a layer thickness of 20 ym under an
argon gas flow. A remelting scan strategy (each layer melted twice) with
67 ° rotations between each layer was emiployed. The process parame-
ters have been developed to minimize crystallization and porosity in the
as-printed part, for further details see [9].

The suction cast samples of AMZ4 were produced by Heraeus Ad-
ditive Manufacturing GmbH. High purity elements (>>99.9 %) were used
to produce ingots of a master alloy by electric arcmelting synthesis. The
master alloy was remelted and cast in a water cooled copper mold into 5
mm cylindrical rods, which were cut to rectangular plates with length,
width and thickness of 22 mm, 5 mm and 2 mm, respectively, for the
SANS measurements. The arc-melting and suction casting were per-
formed in a Ti-gettered, high purity, argon atmosphere.

The oxygen content of the powder feedstock material, the LPBF
produced and cast material was determined using the inert gas fusion
method at Laboratory Testing Inc., USA. The samples were fused in a
graphite crucible with a high purity inert gas at a temperature of 3000
°C. The initial oxygen content of the samples were determined based on
measurements of CO and CO,, which is the product of the reaction be-
tween the material and the crucible.

2.1. In-situ small angle neutron scattering

In-situ small angle neutron scattering measurements were performed
using the Larmor instrument at the ISIS Pulsed Neutron and Muon Fa-
cility. The prepared specimens were measured using a beam size of 8 x8
mm for the printed material and 3 x 10 mm for the cast material. The
material was placed in the center of an infrared radiation furnace con-
nected to a PID controller coupled with a thermocouple in contact with
the sample [25]. Two cast and two LPBF samples were annealed for up to
ten hours at 350 “C and two hours at 370 °C under a flow of nitrogen gas.
Background scattering was determined with measurement of the furnace
with no sample present. The wavelength dependent transmission of each
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sanmple was measured before and after heat treatment with a detector in
the direct beam. Each raw scattering data set was corrected for the de-
tector efficiencies, sample transmission and background scattering and
converted to differential scattering cross-section dara (0X/9Q vs ¢) using
the Mantid framework [26]. Here, the momentum transfer q is defined
as q = 4zsin(#) /4, where 26 is the scattering angle and 1 is the wave-
length. Data in the g range of 0.0047 to 0.4778 A1 were then placed on
an absolute intensity scale (cm ™) using the scattering from a reference
sample (a solid blend of hydrogenous and perdeuterated polystyrene)
[27]. The data were recorded using event-mode and subsequently sliced
into parts using the Mantid software. To capture the transient behaviour,
the time slices were chosen to vary with annealing time and the
following integration intervals were used: 15 min (0-2 h), 30 min (2-4
h) and 1 h (4-10 h). The data are reported at the midpoint of each time
interval and the differential scattering cross-section is hereafter denoted

as I(q).

2.2. Ex-situ X-ray diffraction and electron microscopy

The annealed samples were examined ex-situ using X-ray diffraction
and scanning electron microscopy. The XRD measurements were per-
formed using a Bruker D8 Advance Diffractometer operating at 40 kV
and 40 mA with CuKa radiation and Bragg-Brentano experimental ge-
ometry. The SEM images were taken at an accelerating voltage of 20 kV
with a Zeiss LEO1550 system equipped with a backscattered electron
detector and in-lens detector at a working distance of 8.5 mm. The
samples were polished with a SiC paper and then with a SiO, suspension
prior to the study.

3. Results and discussions

In the following, the various results are presented. The measured
oxygen levels of the samples are presented in Section 3.1. In Section 3.2,
the results from the characterization using XRD and SEM are presented,
followed by the results from the SANS measurements in Section 3.3.

3.1. Oxygen content of samples

The measured oxygen content of the powder material, LPBF pro-
cessed and cast samples are presented in Table 1. Both the powder
material and the cast material were processed using high purity ele-
ments, however, the oxygen content of the powder material is signifi-
cantly higher as a result of the atomization process. The elevated oxygen
content of the powder material translates into a comparable weight
fraction of oxygen in the LPBF processed material and only a slight in-
crease in oxygen result from the LPBF process.

3.2. Characterization of annealed samples

The microstructure and crystallography of the annealed cast and
LPBF samples were studied with XRD and SEM. The XRD pattern of the
LPBF processed sample annealed at 370 °C is shown in Fig. 1 where
distinet crystalline peaks are present. Similar XRD patterns were
observed for all samples. The peaks are indexed as CuZr, and AlsZry
phases, which have been confirmed to form as stable phases during
continuous heating of both LPBF processed and cast AMZ4 [14]. In the
study by Pacheco et al. [14], the oxygen enriched CuyZrsO phase
(NiZro-type, Fd3m) formed in the LPBF processed material during the
initial stages of the heating process. At later times and elevated

Table 1
Measured oxygen contents in the powder, the LPBF processed and the cast
samples.

Cast Powder LPBF

Oxygen (wt%) 0.02 0.20 0.23
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Fig. 1. XRD pattern of the LPBF processed sample annealed at 370 °C using a
wavelength of 1= 1.5406 A. Yope shows the observed data and Y is the
refined data using the Pawley method. The Bragg reflections of CuZr, and
AlsZr, phases are shown below the intensity plots. Similar patterns were ob-
tained for both the cast and LPBF processed samples as shown in Fig. S1. The
magnitude of intensity is shown in Fig. S2. The unit cell parameters obtained
from the Pawley refinement are presented in Table S3.

temperatures, the phase disappears from the XRD pattern and the ma-
terial transforms to the crystalline end state, consisting of stable
tetragonal CuZry and hexagonal AlsZrs phases. The result is in agree-
ment with the present study, which suggests that the CuZry and AlsZry
phases are stable at low temperatures as well. The low temperature
stability of the CuZry and AlsZry phases is also supported by thermo-
dynamic modelling of the Al-Cu-Zr system [28].

Interestingly, the diffraction peaks of the Cu,Zr4O phase could not be
identified in XRD patterns. There are however, some small reflections in
the diffractogram that seem to arise from an unidentified phase in small
fraction. It has recently been reported that nanocrystals of the CuyZr,O
phase could not be detected in LPBF processed AMZ4 using a laboratory
X-ray diffractometer, but was revealed by synchrotron XRD and electron
microscopy [29]. The observation is in agreement with our study and
the former study by Pacheco et al. [14], in which the CuyZr4O phase was
detected by synchrotron XRD. Considering that the formation of the
CuyZr4O phase is limited by the oxygen content in the material, it is
probable that the phase is present in a small amount. Provided that all
oxygen is depleted from the matrix to form crystals, the volume fraction
of the CuyZrsO phase would be 2% at most, which is likely below the
detection limit of the laboratory X-ray diffractometer [30]. The above
calculation is based on the measured oxygen content in Table 1 and the
composition profile of CuyZrsO crystals in LPBF processed AMZ4 [9].
Hence, the nucleation and growth of CuyZr,O crystals should become
saturated at extended annealing times as the crystallization process
proceeds through the formation of CuZry and AlsZr, phases. Indeed, it
has been proposed that the formation of oxygen enriched crystals in
Zr-based BMGs serve as heterogeneous nucleation sites for further
crystallization [1,31], which is in line with our observations and would
further explain why the CuyZr,O phase is absent in the diffraction
pattern of the annealed LPBF samples.

The formation of erystalline phases during annealing is further
confirmed by examination of the SEM images of the LPBF and cast
samples in Figs. 2 and 4, respectively. The images show a large popu-
lation density of nano-sized crystalline particles embedded in a matrix.
While the cast samples show a homogeneous distribution of particles,
the crystallization appears to be more localized in the LPBF samples,
forming dense banded regions of nanocrystals. Fig. 3 shows a magnified
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Fig. 2. Backscattered SEM image of LPBF sample annealed at 350 °C. Crystals
are shown by the gray particles. A magnified image of the inset is shown
in Fig. 3.

1pm
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Fig. 3. A magnified image of the inset in Fig. 2, showing the localized varia-
tions in crystal size and number density.

image of the interface between the regions, in which a variation of
crystal density and size is clearly visible. In the banded regions, the
crystals appear to be of smaller sizes, while in the areas with lower
cluster density, the crystals are of larger size. The formation of banded
crystalline regions in the LPBF processed samples is possibly a result of
the localized thermal processing. Variations in thermal history and

200 nm
—

Fig. 4. In-lens SEM image of cast sample annealed at 370 °C. The light particles
are crystals. The particles are more homogeneously distributed than in the
LPBF samples.
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temperature gradient, as well as the influence of melt pool convection
can cause structural and chemical heterogeneity in the fused amorphous
material [10,12,32]. Such phenomena could locally change the condi-
tions favouring nucleation and growth that results in local variations in
number density and particle size upon annealing.

3.3. Small angle neutron scattering during annealing

Figs. 5(a) and 6(a) shows the evolution of the scattering of the cast
and LPBF processed samples during annealing at 350 °C and 370 °C,
respectively (typical values of data uncertainty are shown in Fig. 7). The
scattering of the initial state at room temperature is lower for the cast
samples than for the LPBF processed samples as a result of the different
processing routes as further discussed in Section 3.3.2. Overall, the
scattering intensity for both the cast and the LPBF produced samples is
relatively low at room temperature. The scattering at ¢ > 0.04 A™" is
approximately uniform at an intensity of 0.01 ecm ™, which is lower than
many materials [33]. The low scattering intensity indicates a promising
potential for the material to be used as a metallic window material or
sample container for neutron scattering experiments.

As time proceeds, a broad peak starts to emerge in the scattering data
at ¢ ~ 0.03 A for the LPBF samples and at g ~ 0.015 A~ for the cast
samples. These evolve and shift towards lower g at longer annealing
times. Similar evolution in scattering intensity has been reported in
other small angle scattering studies performed on Zr-based BMGs and
indicates that phase separation occurs in the material [34-39]. The
scattering intensity develops faster for the samples annealed at 370 °C,
which is expected due to the increased atomic mobility. The differences
in peak position clearly show that the phase separation occurs at
different characteristic length-scales in the LPBF and cast samples,
respectively. The shift in characteristic size with time is more distinet in
the Iq? vs q plots shown in Figs. 5(b) and 6(b), in which the peak position
corresponds to a characteristic length-scale of the phase evolution.

At this point it is important to remark that different phase separation
processes could give rise to the scattering peak shown in Figs. 5(b) and 6
(b). Phase separation through both spinodal decomposition as well as
solute partitioning associated with nucleation and growth can resultin a
similar scattering behaviour, consequently it is difficult to distinguish
the different processes solely from the small angle scattering data [40].
For example, the scattering peak has been attributed to spinodal
decomposition of the amorphous phase followed by nanocrystallization
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in the decomposed Zr- and Berich regions during annealing of
Zr41 9Ti13.8CUy2 5Ni10 0Beas s known as Vitl [34,35]. However, Martin
et al. [37] carried the study further and investigated the same alloy using
three-dimensional atom probe and small angle X-ray scattering (SAXS)
and the evolution in small angle scattering was explained by solute
partitioning associated with nanocrystalline formation. No evidence of
decomposition of the amorphous phase prior to crystallization was
found. Kajiwara et al. [38] performed a similar study using
three-dimensional atom probe, high-resolution electron microscopy and
SAXS on Zrs5CU;7.0Nij4,6Al10.0Tis. 0 metallic glass, and attributed the
evolution in the SAXS profile to primary crystallization of big cube
NiTiy-type phase. Other studies on Zr-based BMGs have involved
simultaneous in-situ XRD and SAXS measurements of low temperature
crystallization, which showed that the SAXS intensity evolves approxi-
mately synchronously with the appearance of the crystalline peaks in the
XRD pattern [36,39], hence the occurrence of spinodal decomposition of
the amorphous phase in Zr-based BMGs prior to crystallization is
questionable.

A thermodynamic requirement for spinodal decomposition of the
amorphous phase is the presence of a miscibility gap in the phase dia-
gram. In principle, depending on whether the alloying elements
constitute a negative or positive enthalpy of mixing, there is a tendency
towards local formation of different structure or separation into regions
with preferred neighbourhood of the same atoms. With the exception of
the Zr-Nb and Cu-Nb pairs, which are slightly positive, the AMZ4 alloy
possess negative enthalpy of mixing between the atomic pairs as shown
in Table 2, also note that Nb is dilute in the alloy. Kim et al. concluded in
an extensive review on phase separation, that while it is theoretically
possible for amorphous alloys with negative enthalpy of mixing to form
miscibility gaps that enables spinodal decomposition in a narrow
composition range, so far no clear evidence for spinodal decomposition
in Zr-based BMGs with negative enthalpy of mixing has been reported
[42]. Further, if such phase separation would occur, nanocrystallization
would immediately follow, hence it is unlikely that the evolution of the
scattering peak in Figs. 5(a) and 6(a) would arise from spinodal
decomposition, especially during the late stages of the annealing
process.

Considering the preceding discussion, as well as the evidence of
crystallization from the XRD and SEM results in Section 3.2, the evolu-
tion of the scattering peak in Figs. 5(a) and 6(a) is attributed to nano-
crystallization of the amorphous phase. Hence, a two-phase structure
model of spherical particles representing the crystalline formation is
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Fig. 5. (a) Differential scattering cross-section and (b) Ig? vs ¢ plots for cast (solid red) and LPBF (dashed dotted blue) samples during annealing at 350 °C. The
uncertainty bars have been omitted for clarity, typical values are instead shown in Fig. 7. The symbols denote the evolution in scattering: room temperature (s), 30
min (w), 90 min (4), 205 min (a) and 430 min (v), the time is counted from when the samples reach 350 °C. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Differential scattering cross-section and (b) Ig? vs ¢ plots for cast (solid red) and LPBF (dashed dotted blue) samples during annealing at 370 °C. The
uncertainty bars have been omitted for clarity, typical values are instead shown in Fig. 7. The symbols denote the evolution in scattering: room temperature
measurement (e), 0 min (m), 30 min (4), 60 min (a) and 90 min (v), the time is counted from when the samples reach 370 °C. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) Differential scattering cross-section and fitted model for cast (solid red) and LPBF (dashed dotted blue) samples during annealing at 370 °C. The symbols
with uncertainty bars represent the experimental data at different times and the lines are the model curves. The following data are presented: room temperature
measurement (e), 0 min (w), 30 min (¢) and 90 min (v). (b) Log-normal size distributions at the corresponding times for cast (solid red) and LPBF (dashed dotted
blue) samples. The time is counted from when the samples reach 370 °C. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 2

Table 3
Enthal f mixi AHpie, kJ mol %) of liquid bi t in AMZ4 [41]. . L. . .
nthalpy of mixing (AHnix, kI mol ) of liquid binary systems in [41] Calculated scattering length densities p using the data from [44]. The density
Zr Zr values are taken from [24,45]. The calculations of the CusZr40 phase is based on
Cu —22 Cu energy dispersive X-1ay spectroscopy measurements of particles found in LPBF
Al —55 - 10 Al produced material [9]. Here, Ap is the difference in scattering length density
Nb 4 3 - 30 Nb between the amorphous matrix and the crystalline phase.
Phase Density [g em ™) p 1076 A2 Ap [1078 A2
used to fit the in-situ SANS data in the present study. Amorphous (am) 6.64 3.62 -
CusZr40 7.29 4.32 0.70
3.3.1. Model description CuZrz 7.04 3.80 0.18
AlsZrs 5.38 2.83 0.79

Assuming a two-phase model of polydisperse spherical particles, the
absolute scattering intensity is given by [43]

o where N is the total number density of particles, Ap is the difference in

I(g) = NAp? fo S, Fpea, )V (r)F (g, ’)}2‘1" teg 7t ey scattering length density between the particles and the matrix, F(q,r) =

3[sin(qr) — gr cos(qr)]/(gr)® is the amplitude of the form factor of par-
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ticles with radius r and volume V(r) evaluated at g. The calculated
scattering length densities for the possible phases present in the material
are presented in Table 3, which shows a clear difference in scattering
contrast between the CuZrsO AlsZrs and the CuZr, and amorphous
phase. Hence, it is likely that the scattering intensity arises due to sep-
aration of Al and/or O elements between the particles and the amor-
phous matrix. Fortunately, the Ap values of CusZr,O and AlsZr, are
relatively close, allowing for a comparison of the fitted parameters using
a constant value of Ap for fitting of the LPBF processed and cast samples.

The size distribution of particles resulting from random nucleation
and growth processes can be described by a log-normal probability
distribution [46]. Adopting this formulation, the normalized distribu-
tion f(r, ry,.q, ¢) of the radius for the spherical particles becomes

! ex (f ! ln( r )2) (2)
orv/2m P 262 Fmed

where r,,,.4 is the median particle size and & is the width parameter of the
underlying normal distribution.

The remaining two terms in Eq. (1) are included to fit the background
scattering and correspond to a power law, ¢;q 2, with a flat back-
ground, c,. For simplicity, the values of ¢y, ¢; and ¢, are obtained from
fitting the background scattering at room temperature for each sample.
These values were kept constant during the fitting of the data at elevated
temperatures.

f(f. Fined s 0) =

3.3.2. Quantitative interpretation of scattering data

The background scattering in Eq. (1) was fitted to the room tem-
perature measurements shown in Figs. 5(a) and 6(a). The corresponding
fits for the samples annealed at 370 °C are shown in Fig. 7(a). The
scattering data at room temperature of the LPBF samples were suc-
cessfully fitted to a value of c; = — 4. The proportionality of I « q #,
also known as the Porod law, suggest that the scattering intensity arises
from sharp interfaces of objects larger than gl . Such interpretation
could not be made with confidence for the cast samples because of the
higher uncertainty in the scattering intensity at room temperature (see
Fig. 7(a)). The higher intensity and the I « ¢~* relationship of the LPBF
samples at room temperature is likely to be attributed to the porosity as a
result of the LPBF process.

An estimate of the porosity can be calculated using the properties of
the Porod law and an estimated value of the average pore diameter.
Based on the Porod law, the surface area per unit volume A of the pores
can be calculated using As = c¢1/(2z(p,, — /)P)z) [47], where p,, is the
scattering length density of the amorphous matrix shown in Table 3 and
p, is the scattering length density of the pores, we assume this value to be
zero. The value of Ag can be combined with the average pore diameter d
to form an estimate of the porosity in the LPBF samples, given by f, =
ASE/G, where f,, is the volume fraction of pores, which are assumed to be
spherical. Using the average pore diameter from optical microscopy
measurements of LPBF processed AMZ4 d=76 um) [9], the porosity is
calculated to be f, = 1.56 £0.1%. The result is in agreement with
porosity studies involving X-ray tomography of LPBF processed Zr-based
BMGs produced using similar energy densities [3,15], suggesting that
the increased scattering intensity of the LPBF samples at room temper-
ature can mainly be attributed to the porosity resulting from the LPBF
process.

The time evolution of the scattering profiles shown in Figs. 5(a) and 6
(a) were fitted using the particle model. The fitted curves for the cast and
LPBF samples during annealing at 370 °C are shown in Fig. 7(a). Similar
curves were obtained for the samples annealed at 350 °C. The corre-
sponding log-normal size distribution for each dataset is shown in Fig. 7
(b). As the scattering peak develops and shifts to lower g, the size dis-
tribution evolves and shift to a larger particle radius and a wider size
distribution, indicating nucleation, growth and possibly coarsening of
nanocrystals.
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Taking into consideration the results from Section 3.2, it is clear that
the crystallization process involves diffusive depletion of aluminium and
oxygen which may contribute to the scattering intensity. Banfi et al.
showed that nucleation and diffusive depletion from a surrounding re-
gion will give rise to scattering with a peak in intensity at a q position
that varies with time [40]. The change in scattering length density from
the diffusion process gave rise to a core-shell model for the structure of
the particles with a gradient in the shell. Core-shell particles of the
CuzZrsO phase have been shown to form in LPBF produced AMZ4 by
transmission electron micrography and energy dispersive X-ray spec-
troscopy [9]. However, the observed difference in average composition
between the core and the shell was below 3 at% for each element. Such
small difference in composition should not cause a significant contri-
bution to the scattering intensity and suggest that the particle model
given by Eq. (1) is a sufficient representation of the primary crystalli-
zation process in AMZ4.

Fig. 8 shows the fitted model parameters by assuming that Ap =
Pam — Palszr, 18 constant. This is considered a fair approximation since the
estimated values of py.7, and pe,,z.,o are close (see Table 3). As the
samples approaches the target temperature, the number density of
crystals increases rapidly (0 - 40 min) followed by immediate saturation
(> 40 min). The initial transient in the nucleation rate occurs concur-
rently with a drastic increase in radius, accompanied by a decreasing
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Fig. 8. The evolution (from top to bottom) of volume fraction ¢ (calculated
from fitted number density and size distribution), fitted number density of
particles N, median radius r,.; and width of the size distribution o for all
samples. The particles form rapidly in the initial part of the heat treatment,
followed by a declining growth rate reminiscent of diffusion limited growth.
The time is shown from when the samples reach 300 °C, hence the uncertainty
of the fitted parameters is initially high prior to reaching the target temperature
(<10 min).
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growth rate with longer annealing times. This behaviour indicates that
crystallization proceeds in different stages with distinctively different
transformation kinetics. In the initial stage (0 - 40 min), rapid crystal-
lization occurs, indicative of an interface limited transformation process
in which clusters form and grow by accommodating neighbouring atoms
in close proximity to the clusters. As time proceeds, the material be-
comes saturated with nuclei competing for growth and the crystalliza-
tion behaviour transitions into a diffusion limited process, in which the
growth rate decreases with annealing time (> 40 min). Similar crystal-
lization processes have been reported in SAXS studies of low tempera-
ture annealing of Zr-based BMGs [36,38,39].

The high number density of particles, apparent from the fitted pa-
rameters in Fig. 8 but also from the SEM images in Figs 2 and 4 suggest
that inter-particle correlation could contribute to the total scattering
intensity. To evaluate the significance of these contributions, further
fitting was performed with a structure factor S(q) included in the particle
model in Eq. (1). The formulation of the structure factor is presented in
the supplementary material and follows the “local monodisperse
approximation” combined with an effective hard sphere potential [48,
49]. The fitted parameters are presented in Fig. S5 and S6. As shown, the
inclusion of this empirical structure factor did not significantly affect the
fitted parameters of the particle model. A larger median radius is ob-
tained but also a wider distribution. More importantly, the radius of the
hard sphere ry; was fitted to be equal to the apparent radius of the
particles and the effective volume fraction is high. A physical interpre-
tation of this could be that the nanocrystals formed predominantly in
regions that are separated from each other by untransformed matrix that
does not contribute significantly to increased scattering. The effective
volume fraction that is fitted would then correspond to a local density
rather than the overall average. Since the particle model provided by Eq.
(1) represents the crystallization process using fewer fitting variables,
the results presented in Fig. 8 are believed to be a reasonable first
approximation. The more elaborate model would be difficult to justify
simply on the basis of the scattering data alone, but rationalises the
observation of a non-uniform distribution of crystallites observed in the
SEM images.

The evolution of the parameters in Fig. 8 suggest that the same type
of crystallization process seems to occur in both the LPBF processed and
cast samples, however, the fitted values of the number density and
median radius are clearly different. The number density saturates at
1022 m2 for the LPBF samples and at =~ 10?2 m~2 for the cast samples.
These large values reflect a very high nucleation rate, which is charac-
teristic of low temperature crystallization in Zr-based BMGs [37,50-52].
The higher nucleation rate in the LPBF samples is reflected by a smaller
radius, which is approximately half of the radius of the cast samples at
the same annealing temperatures. According to classical nucleation
theory, the steady-state nucleation rate J; under isothermal conditions
can be expressed as

W
m) (3)

where W' = 16763 /(3Ag?) is the energy of formation required to form a

Jy o exp( —

cluster of critical radius r" = 26/|Ag| [53]. The energy of formation and
the critical size, and hence the nucleation rate, strongly depends on the
difference in Gibbs free energy per unit volume Ag and the interfacial
energy per unit area ¢ between the matrix and the cluster phase. While
the fitted values of the median radius in Fig. 8 should not be interpreted
as the critical size, the obtained large difference in size is still a strong
indicator that the critical cluster size and energy of formation is smaller
in the LPBF processed samples, which is likely to be a consequence of the
lower thermodynamic stability caused by the elevated oxygen content.

Whether the difference in energy of formation can be attributed to
changes in Gibbs free energy or interfacial energy can not be determined
from the present data. However, oxygen is known to cause the formation
of icosahedral quasicrystals [18,19,21], which possess a structural order
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[45,57]. The large unit cell of the Cu,Zr,O phase embodies octahedral config-
urations of oxygen atoms swrounded by zirconium atoms.
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similar to the short-range icosahedral dominated amorphous structure.
The structural compatibility between the phases result in an extremely
small interfacial energy for the formation of quasicrystals [18,50,54,55].
The CuyZrsO phase has a big-cube NiZry-type structure, meaning that
the unit cell is large and incorporates octahedral configurations in which
oxygen atoms are surrounded by zirconium atoms (see Fig. 9) [20,56].
Such atomic configurations show a closer similarity with the icosahedral
ordering of the amorphous phase than the AlsZrs and CuZrs phases,
which facilitates a lower interfacial energy and hence energy of for-
mation for the CusZrsO phase.

4. Conclusions

The crystallization behaviour of suction cast and laser powder bed
fusion processed AMZ4 (Zrsg 5Cusg sAlig 4aNby s (at%)) at low tempera-
tures were investigated using small angle neutron scattering, X-ray
diffraction and scanning electron microscopy. The following observa-
tions are made:

Electron microscopy and X-ray diffraction analysis of the annealed
samples revealed a dense population of nanocrystals. The main
phases were identified as CuZry and AlsZrs in both materials.
In-situ scattering measurements during annealing show that the
crystallization occur at different characteristic length-scales in the
cast material and the material processed by laser powder bed fusion.
Fitting of the scattering data to a spherical particle model reveals a
higher number density of particles and smaller average particle size
in the LPBF processed material.

The differences in the crystallization behaviour are attributed to the
increased oxygen content of the LPBF processed material, which
reduces the energy barrier to nucleation.

Our findings quantitatively demonstrates the role of oxygen in
enhancing the phase separation rate in a Zr-based BMG. In terms of the
LPBF process, unwanted oxygen dissolution can arise from both the
powder atomization and the laser processing, in our study the latter
played an important role. The oxygen content significantly reduces the
thermal stability of the material and accelerates the crystallization
process. Based on these observations, we anticipate that improved
control of the oxygen dissolution in these processes would permit a
broader selection of LPBF process parameters that are viable for fabri-
cation of dense and amorphous components.
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