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ARTICLE INFO ABSTRACT

Handling Editor: P Rios Additive manufacturing (AM) with blended elemental powders offers an opportunity to reduce processing time
and cost whilst increasing the range of alloys that AM can produce — it is possible to print alloys that are difficult
to produce from pre-alloyed powders. Metallic-glass-matrix composites (MGMCs) are an example of such alloys.
Their microstructures are complex, and printing parameters must balance the rapid cooling required for glass
formation with achieving appropriate microstructural control to deliver favourable mechanical properties. Their
uncommon compositions also mean that sourcing alloyed powder is challenging. Blended powder mixtures with
overall composition Tisg 5Zr3; 5Cuig (at.%) were processed using laser powder-bed fusion (L-PBF) to produce a
p-(Ti, Zr) phase reinforced MGMC. The influence of volumetric energy density (VED) on powder mixing was
investigated by experimental study and thermal fluid-flow simulations based on computational fluid dynamics.
At low VED, a lack of complete melting and mixing in each melt pool is seen due to a lack of convective flow. To
interpret this chemical inhomogeneity, a graphical method for interpreting heterogeneity is introduced, offering
a broader application for AM processes utilising blended powders. The implications of requiring higher VED to
enhance chemical homogeneity in blended powders are discussed, particularly concerning the production of
metallic glasses and MGMCs via AM.
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1. Introduction

Metallic glasses (MGs) and metallic glass matrix composites
(MGMCs) have attracted substantial interest from multiple fields due to
their unique array of mechanical properties [1-6]. MGMCs with low
elastic modulus are attractive for biomedical implants in load-bearing
applications to reduce the risk of stress shielding, implant loosening,
and bone resorption [7,8]. Some MGs have also demonstrated superior
corrosion resistance compared to their crystalline counterparts in
simulated body fluids [9-11], and compositions that are functionalised
with antibacterial properties are of potential interest for the next
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generation of implants [12,13].

Despite a range of attractive properties for biomedical applications,
the use of MGs remains limited. Any alloy development strategy must
possess the critical target properties for a specific application and a
broad range of other properties. Since MGs must be formed at high
cooling rates to avoid crystallisation, there are a limited number of
known compositions with sufficient glass-forming ability (GFA) to pro-
duce components for biomedical applications [14,15]. MGs also lack
plasticity in tension (deformation occurs via the catastrophic propaga-
tion of shear bands). This often leads to a low fracture toughness; those
MGs with high fracture toughness are typically formed from ‘fragile’
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liquids [16], which have insufficient GFA to be cast fully amorphous in
thick sections. In contrast, MGMCs (where a mechanically ductile
crystalline phase co-exists with an amorphous phase) can possess much
higher strength, higher fracture toughness, and adjustable elastic
modulus [17-19].

Additive manufacturing (AM) has recently gained attraction as a
useful processing technique for MGs and MGMCs [6,20-25]. Since glass
formation occurs in each melt pool, the requirement of high cooling
rates to form a glass is decoupled from the size of the component being
produced. Though MGs can be processed by thermoplastic forming
(TPF), the process is limited to simple geometries, requires costly
equipment not typically used to process metals and is particularly
challenging for MGMCs. In most industrial scenarios, AM components
are processed from pre-alloyed powders. Alloying powders to achieve
the same composition as the printed part is typical for studies of pro-
cessing Fe-, Zr- and Ti-based MGs by laser powder-bed fusion (L-PBF)
[26,27]. This additional pre-alloying step is costly and time-consuming,
limits the degree of freedom in alloy design and reduces flexibility in
supply chains. Blended elemental powders are a potential feedstock for
low-cost and time-efficient processing of MGs and MGMCs in laboratory
and commercial environments.

Ti-Zr—Cu MGMCs, where B-(Ti, Zr) dendrites co-exist with a Cu-rich
amorphous matrix, have been produced from elemental powders with
attractive mechanical properties [28-30]. The excellent biocompati-
bility of Ti and Zr makes these MGMCs a prospective material for
biomedical implants. In having only three elements, this system is also
simpler to model and understand than other MGMCs; it is an ideal
candidate to understand the processing of MGMCs by AM.

Volumetric energy density (VED) is widely used in L-PBF process to
optimise melt pool stability and microstructural evolution. However, its
predictive capability is limited as it does not account for Marangoni-
driven convection, keyhole instability, or localized thermal gradients
[31]. Convective melt pool flow significantly influences chemical ho-
mogeneity, but VED-based models do not capture these effects [32].
Additionally, variations in melt pool hydrodynamics contribute to
porosity formation and solute redistribution, further demonstrating
VED’s limitations [33]. The interaction between thermal gradients, fluid
flow, and vaporisation also impacts microstructural evolution, affecting
alloy performance [34]. Studies show that keyhole oscillations, spatter
formation, and laser absorption efficiency further complicate the pre-
dictability of melt pool dynamics [35,36]. Overcoming these limitations
is crucial for achieving accurate process control, enhancing alloy ho-
mogeneity, and optimising mechanical properties in L-PBF.

The present work studies the chemical and microstructural hetero-
geneity in samples processed by L-PBF from blended powder of nominal
composition Tisg s5Zr3; 5Cupg (at.%). Three different sets of processing
parameters are studied experimentally and by thermal fluid-flow sim-
ulations using computational fluid dynamics (CFD). To analyse the
heterogeneity across each melt pool, this study introduces a novel
graphical interpretation method for analysing chemical heterogeneity in
L-PBF processed Ti-Zr—Cu alloys, utilising ternary chemical heatmaps to
visualise mixing efficiency. Additionally, the introduction of the H factor
provides a systematic metric for quantifying compositional homogeneity
within the melt pool. In combining experimental work with computa-
tional modelling by extending beyond conventional VED-based ap-
proaches, understanding can be developed beyond a simple refinement
of parameters [26,37-40]. The combination of thermal fluid-flow sim-
ulations and experimental studies helps to understand the necessary
conditions for successful mixing of blended powders and the challenges
these conditions present in achieving metallic glasses (MGs) and
metallic glass matrix composites (MGMCs) with desirable end properties
for the target application.

6398

Journal of Materials Research and Technology 35 (2025) 6397-6407
2. Method
2.1. Sample preparation

Commercially pure elemental powders (>99% wt.%) of titanium
(AP&C, Canada), zirconium (Nanoshel, USA), and copper (H.C. Starck,
Germany) were used as precursor feedstock. Before mixing, particle size
and morphology were characterised using scanning electron microscopy
(Thermo-Fischer Quanta 250 FEG) and a particle-size analyser (Mas-
tersizer 3000, Malvern Panalytical, UK). Particles were spherical
(Fig. 1a—c), and their sizes lognormally distributed (Fig. 1d). The median
particle diameter (D50) for each powder was 29.5 pm (Ti), 31.0 pm (Zr)
and 25 pm (Cu).

To blend the elemental powders for printing, Ti, Zr, and Cu were
mixed in the correct ratio to achieve the desired alloy composition,
Tisg.5Zr31.5Cuyp (at.%). This was performed in an inert atmosphere with
an electric tumbler (Inversina 2L, Bioengineering AG, Switzerland) for 3
h at 12 RPM. After mixing, the powder was analysed to assess homo-
geneity (Fig. 1d).

Specimens with dimensions of 5 x 5 x 5 mm? were fabricated in a
high-purity argon atmosphere with a Concept Laser 200R machine (GE
additive, MA). The chamber’s oxygen level was regulated to a maximum
of 1000 ppm. For all samples, the laser power was set to 95 W with a
hatch spacing of 30 ym. A 30 pm layer of powder was deposited for each
laser scan, and a chessboard scanning strategy was used to minimise
residual stress [41]. The laser scan speed was set to 3000, 1300, and 960
mm s~ ! to achieve volumetric energy densities (VED) of 35, 80 and 110
J mm 3, respectively. These are subsequently referred to as E35, E80
and E110, respectively.

2.2. Characterisation

X-ray diffraction (XRD) was performed on a Malvern Analytical
diffractometer with Cu (A Ka = 1.54 10\) radiation. Scanning electron
microscopy was performed on a Thermo Fischer Quanta 250 FEG in BSE
mode with 15 kV accelerating voltage. Microscopic chemical mapping
was performed via energy-dispersive X-ray spectroscopy (EDX) with 15
kV accelerating voltage using an electron-probe micro-analyser (EPMA-
8050G, Shimadzu, Japan).

Scanning transmission electron microscopy (STEM) was performed
on a lamella prepared from a polished section of sample E35. The
lamella was cut using gallium ion milling (at 30 kV, 90 pA-1.4 nA) with
an FEI NanoLab-600 Helios dual-beam focused ion beam (FIB) micro-
scope, equipped with an Omniprobe-200 micromanipulator. In this case,
the cross-sectional lamellae were approximately 5 x 20 pm? in area,
thinned to approximately 50 nm at the original sample surface using the
gallium ion beam.

STEM investigation was performed on an FEI Tecnai Osiris equipped
with a high-brightness FEI XFEG gun, operating at an accelerating
voltage of 200 kV. Diffraction patterns were recorded at a camera length
of 550 mm with a Gatan UltraScan1000XP with 2048 x 2048 pixels.
EDX data collected using an FEI Super-X system with four Bruker Si-drift
detectors were analysed with Hyperspy.

Hardness testing of the as-printed samples was conducted using a
Vickers hardness tester (Mitutoyo MVK-H2 Microhardness Tester,
Japan) with a load of 500 gf and a dwell time of 10 s. A minimum of 50
indents were made on each sample, and the average hardness values
were calculated. These results were then correlated with observed
microstructural heterogeneities to evaluate the effect of energy density
on mechanical properties.

2.3. Computational modelling of in-situ alloying
The equilibrium phase diagram and isothermal sections of Ti-Cu—Zr

composition space were assessed via CALPHAD using Thermo-Calc
software (Thermo-Calc, Sweden) and its high entropy alloy database,



P. Wannapraphai et al.

Fig. 1. Secondary-electron micrographs of (a) Ti, (b) Zr, and (c) Cu elemental powders

powder after mixing.

TCHEA4.

Thermal fluid-flow simulation based on computational fluid dy-
namics (CFD) was performed to complement experimental results. For
this particular scenario, the equations of mass, momentum, energy and
elements in the non-conservative form are [42,43]:
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where p is the density, u is the velocity, T is the temperature, p is the
pressure and Y; is the mass fraction of elements i (Ti, Zr and Cu).
Qq in Eq. (2) represents the viscous force and Darcy’s force in the

mushy zone, given by:
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where K is the permeability coefficient and fj, is the liquid fraction, g is
the gravitational acceleration, and F, s represents the interfacial sur-
face tension force including the Marangoni effect and the recoil
pressure.

Qrin Eq. (3) represents the heat transport including heat conduction
by Fourier’s law, enthalpy transport by mass diffusion, work done by
viscous forces, latent heat of transformation and radiation. This is given
in the form:
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where V; is the diffusion velocity formulated by Fick’s law and Ah; is the
latent heat of elements i. Radiation on the heated metal surface is
accounted for by the gradient of the interface-identifying colour func-
tion |Ve|, with ogg the Stefan-Boltzmann constant and ¢ the emissivity.
The laser beam is traced by the ray-tracing method to give heat input to
the exposed surface.

The liquid/gas interface is captured by the coupled level-set and
volume-of-fluid (CLSVOF) method [42] to assure accuracy of shape and
conservation of volume. The level-set function F is a signed distance
function where F = 0 represents the interface, F > 0 the liquid/solid
phase and F < 0 the gaseous phase. F is evaluated from the equation:

g+(ro)F:‘VF|% %)
where dN/dt represents the surface regression speed due to evaporation.
The equivalent equation for volume is solved to correct F so that its
volume is conserved. By converting F into a Heaviside function
¢ (0< ¢ < 1), for example, the density is given by p = (1 — ¢@)pg + @pi;
p;, and pg are the liquid and gas density, respectively.

The numerical code used in this work is the proprietary code TATM-
MEZX; a more detailed description can be found in Ref. [42]. The code has
been confirmed for various benchmark tests, such as surface tension
including the Marangoni effect, heat transfer, vaporisation, liquid/gas
phase transformation (boiling) and multi-species mixing [42]. The
computational domain size was 590 pm x 280 pm x 470 pm and the grid
resolution was 4 pm. This resolution was found to be sufficient to cap-
ture the microscopic melt pool fluid flow dynamics. Powders, scaled to
be congruent with the experimental size, were deposited onto a Ti
substrate with the layer thickness of 30 mm. The molar ratio was set the
same as experimental work reported here (Xti: Xz;: Xcy = 0.585: 0.315:
0.1), and the spatial powder distribution was randomly determined.

Comparisons were made for two values of the energy density, E = 35
Jmm 3 and E = 80 J mm 3, to see the effect of the energy density on
changing the glass-forming ability in terms of mixing and cooling
characteristics.
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3. Results
3.1. Characterisation of printed microstructures

X-ray diffraction (XRD) patterns and BSE micrographs of three
samples printed with different volumetric energy densities (VEDs) show
different microstructures (Fig. 2). At high VED (110 J mm_B), complete
melting results in a microstructure of p-(Ti,Zr) surrounded by (Ti,Zr),Cu
(Fig. 2a and b) [28,29,44]. The morphology highlights the geometry of
each melt pool; the features suggest solidification progressing radially
inwards from the boundary towards the centre of the melt pool, with the
microstructure becoming finer due to variation in cooling rate.

As the VED is reduced, the microstructure becomes less homoge-
neous. XRD patterns and BSE micrographs reveal unmelted Ti and Zr
powder in samples E80 (Fig. 2¢,d) and E35 (Fig. 2e and f). This is likely
due to lack of energy input at lower energy density. A complex micro-
structure is observed in the E35 sample, consisting of crystalline re-
flections for unmelted Ti and Zr powder, B-(Ti,Zr) and (Ti,Zr)>,Cu
superimposed on the broadened peak. The increase in peak broadness
corresponds to a finer microstructure for melted regions. Owing to the
relative intensity of crystalline reflections to diffuse amorphous halo, the
presence of a minority glassy phase is not conclusively shown from XRD
patterns for the studied composition [45-48].

Chemical mapping of representative regions for each sample shows
that Cu and Ti strongly segregate away from one another (Fig. 3). For
E110, the reproducibility of microstructural features across each melt
pool is consistent with complete mixing (Fig. 3a—c). Coarse Cu-rich re-
gions decorate the edge of the melt pool, which become finer with the
overall microstructural scale towards the centre. In contrast, E80
(Fig. 3d-f) and E35 (Fig. 3g-i) show pronounced chemical in-
homogeneity between each melt pool, consistent with the unmelted/
enriched regions observed in BSE micrographs. In regions where more
mixing occurs, the compositional gradients within the fine microstruc-
ture cannot be resolved. Their features appear consistent with the fea-
tures observed in E110.

E110.I T T T T M T T T T

® B (Tizr)

| (Ti,Zr),Cu
O a-Ti (powder)
v a-Zr (powder)

Intensity (a.u.)

20
26 (Degree)
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Though qualitative trends are convenient, quantitative analysis helps
to guide the refinement of processing parameters. For each EPMA pixel
(encompassing 500 x 375 pixels), the chemical composition is calcu-
lated at each point by normalising the EPMA count relative to references
for each pure element. The composition at each pixel across the image
can be plotted on a histogram or ‘heatmap’ in ternary composition space
(Fig. 4a—c). This can then be compared to the equilibrium phase diagram
and liquidus projections (Fig. 4d) predicted by CALPHAD.

This graphical interpretation enables understanding of both
compositional variation and microstructural scale: as the microstructure
becomes finer, the ‘heatmap’ intensity should increase about the nom-
inal composition; increased chemical homogeneity should result in less
scatter. In the present work, for low VED (E35), substantial scatter is
observed (Fig. 4c), which predominantly corresponds to the presence of
unmelted and partially melted regions. As the VED increases, reduced
scatter corresponding to more complete melting is observed (Fig. 4b).
For E110, the composition distribution is relatively narrow and pri-
marily centred around the nominal alloy composition (Fig. 4a).

The parameter H is introduced to quantify heterogeneity in the
system:

(o — i)

i

(a0

7

H= (8

where j is a particular spatial pixel, i is each element (Cu, Ti and Zr), x is
the mole fraction of element i at spatial pixel j, n is the mole fraction of
the nominal composition and:

©)

The numerator represents the sum of the squared deviations of the
mole fractions of each element, and the denominator represents the sum
of the maximum squared deviations for each element across every pixel.
The value of H ranges between 0 and 1, where a lower value of H

A;=max(n;, 1 —m).

Tienrichment

—\‘r\

Ti particle
-~

Fig. 2. (left) XRD results for as-printed Tisg 5Zrs; sCuyo (at. %) specimens at energy densities of E = 35 J mm > (E35), E = 80 J mm > (E80) and E = 110 J mm >
(E110). Peaks characteristic of each crystalline phases are labelled. Corresponding BSE micrographs are shown in (a,b) for E110, (c,d) for E80 and (e,f) for E35.
Dashed red lines indicate the region of a heat affected zone (HAZ) around a melt pool.
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= 230 pm 5 4, 30 n
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Fig. 3. Chemical maps obtained by EPMA to show the distribution of constituent elements within the specimens fabricated with VEDs of (a—c) 110 J mm 3, (d-f) 80

J mm~3, and (g—-i) 35 J mm 3.

indicates improved and fine
microstructure.

In this case, H cannot be equal to 0 as the microstructure is composed
of neither a single phase nor distinct structural phases. The H values for
each sample were 0.31 (E35), 0.23 (E80), and 0.21 (E110). Consistent
with qualitative trends, H decreases with increasing VED.

The observed chemical inhomogeneity across different energy den-
sities directly influences mechanical properties. To assess this effect on
hardness, Vickers hardness testing was performed, measuring overall
specimen hardness rather than individual phases. The results, presented
in Table 1, show average hardness values of 380 + 22 HV (E110), 404 +
48 HV (E80), and 406 + 51 HV (E35), which align well with previous
studies on similar alloy systems [29]. High-VED specimens exhibit
greater consistency, whereas low-to medium-VED specimens show
increased variation, likely due to microstructural heterogeneity. For
reference, pure Ti and Zr have hardness values of 200-259 HV and
196-221 HV, respectively [49,50]. The presence of unmelted particles
negatively impacts hardness, particularly in low-VED specimens, while
higher VED promotes uniformity.

To provide confirmation of a glassy phase, an electron-transparent
lamella was prepared from sample E35. STEM EDX, shown in Fig. 5a,
mapping shows pronounced chemical segregation, consistent with
chemical mapping by EPMA and BSE micrographs. Ti segregates
strongly from Cu, with Zr and Cu notably enriched in the regions be-
tween the ff phase. Glassy regions are identified by selected-area electron
diffraction, as illustrated in Fig. 5b. This confirms the co-existence of
amorphous phase and crystalline phase, which is the characteristic of
metallic-glass-matrix composites (MGMCs).

compositional homogeneity a

3.2. Thermal fluid-flow simulations of melt-pool dynamics

Thermal fluid-flow simulations using computational fluid dynamics
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of VEDs 35 J mm 2 and 80 J mm ™2 were performed to understand dy-
namics and temperature gradients in the melt pool (Fig. 6). Simulations
show two successive laser scans, immediately after one another, on a
single powder layer for each VED. Differences in the time instances
between the VEDs reflects the differences in scan speed.

As the laser rasters, radiative heating leads to melting of the powder,
and a melt pool is formed behind the keyhole. The heating and melting
behaviours are similar between the two cases (Fig. 6a and b), but the
melt pool for 35 J mm ™~ is substantially smaller than for 80 J mm > due
to the lower energy input. As shown in Fig. 6¢, in the E35 case, the melt-
pool edge region between the two tracks is not fully heated (temperature
is below 2000 K). In contrast, in the E80 case as shown in Fig. 6d, this
edge region is largely heated above the melting temperatures of all pure
elements. The simulation suggests that the maximum temperature
reached in the melt pool for 35 J mm 2 is insufficient to melt all pure
elements. For 80 J mm™>, the attained temperature is high enough to
melt all elements; if sufficient mixing can occur in the liquid, a homo-
geneous composition is formed.

If complete mixing can be obtained to produce a uniform liquid, the
liquid must be cooled fast enough for the residual Cu-rich liquid to avoid
crystallisation and form metallic glass. Cooling rates in L-PBF are typi-
cally high, often sufficient to prevent crystallisation upon cooling [51].
Temporal temperature profiles (Fig. 6¢c—d) suggest that the average
cooling rate within the temperature above the glass-transition temper-
ature is 10°-107 K/s for the studied conditions. In comparison to
measured critical cooling rates to form binary Cu-Zr glasses [52], this
cooling rate is sufficient to form a glass.

The distribution of chemical species for both VEDs is shown after the
first laser scan (Fig. 7). Fig. 7a illustrates the distribution of chemical
species across the melt pool along the central x-z plane of the scanning
laser. The overall composition does not match the nominal composition
of the powder layer due to the mixing of the powder with the substrate
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©®: Nominal composition
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Fig. 4. Ternary chemical heatmaps overlaid with the CALPHAD ternary phase diagram illustrating the compositional variance for (a) E110, (b) E80 and (c) E35. (d)
A plot of the liquidus projection of Ti-Zr—Cu shows the variation in the stability of the liquid.

Table 1
Vickers hardness (HV) results for Ti-Zr-Cu specimens processed at different
volumetric energy densities (VEDs).

Alloy composition (at.%) Hardness (HV) Reference Marks

Ti-31.5Zr-10Cu 380 + 22 This work E110
404 + 48 This work E80
406 + 51 This work E35

Ti-33.25Zr-5Cu 364+ 6 [29]

Ti-31.5Zr-10Cu 408 £ 6 [29]

Ti-29.75Zr-15Cu 437 £ 10 [29]

material (pure Ti). General trends indicate that mixing becomes more
pronounced as the VED increases. It should be noted that while the
simulation results reflect the first track and the influence of the initial
substrate material (Ti), this trend of enhanced mixing would likely
continue with additional layers, even though the quantitative compo-
sition may vary.

As shown in Fig. 7b, mixing is more pronounced in the higher-
energy-density case of E80, particularly for Ti and Cu species. Howev-
er, Zr mixing is relatively weaker, which can be attributed to its higher
melting temperature and viscosity. In the E35 case, mixing is less
developed due to the lower energy input and the reduced melt region, as
discussed earlier. The overall trend of enhanced mixing in the higher
VED (E80) case is consistent with the experimental EPMA observations
shown in Fig. 3, providing a clear explanation for the differences in
mixing characteristics under the different laser conditions.

The keyhole region, where heating and turbulence are induced, is
expected to behave as a ‘stirrer’ for the chemical species. The magnitude

6402

of the velocity at the depth of the keyhole (110 pm from the surface of
the powder layer) is plotted through the progression of the melt pool at
eight chosen positions (Fig. 8). For condition E = 35 J mm™>, the ve-
locity increases, due to melting and induced Marangoni flow, only once
the laser directly heats the region. For E = 80 J mm >, the larger melt
pool and slower scan speed means melting and flow occurs before the
laser approaches the region, before reaching a higher maximum value
once the keyhole arrives due to the higher energy input. Once the laser
has passed, convective flow continues for a longer duration for higher
VED.

The extent of mixing should correlate with the convective distance L;
the cumulative distance travelled by a fluid element:

- /mdt.
3

L is calculated from t = 0 s to 260 ps. For the condition of 80 J mm ™,
a longer convective distance is measured (Fig. 8d) indicative of greater
mixing.

(10)

4. Discussion

There are numerous economic and academic advantages to avoiding
the need for pre-alloyed powders in producing MGs and MGMCs. The
present work highlights that to produce MGs and MGMCs in this way,
high VED is needed to ensure complete melting and mixing of blended
powder. For the present composition, the SEM micrographs and the
ternary chemical heatmaps confirm that microstructural heterogeneity
and chemical inhomogeneity become more apparent as the energy
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Fig. 5. STEM imaging and analysis of E35 sample within the melt pool. (a) STEM bright-field image of lamellae taken from the melt pool. EDX image reveals Cu- and

Zr-rich regions between fingers of unmelted Ti powder. (b) TEM bright-field image of the region highlighted in (a). The diffraction pattern shows amorphous Cu- and
Zr-rich regions.
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density decreases.

At a high energy density (E = 110 J mm™>), the composition distri-
bution in the ‘heatmap’ is relatively narrow and primarily centred
around the nominal alloy composition. This finding is consistent with
XRD analysis and thermodynamic calculations, which identified the
formation of primary p-(Ti,Zr) phase and a small fraction of the (Ti,
Zr),Cu phase. As the energy density decreases to E = 80 J mm >, the
composition distribution in the ‘heatmap’ broadens and shifts away
from the nominal composition, spreading into areas closer to the
eutectic composition predicted by the liquidus projection of the
Ti-Zr-Cu system. This observation aligns with SEM/EPMA results,
which show that the residual liquid is enriched with Cu and Zr solute
atoms. At the lowest energy density of E = 35 J mm ™3, the composition
distribution in the ‘heatmap’ becomes highly diffuse, agreeing quanti-
tatively with the higher H value. In this condition, regions of Ti and Zr
enrichment are clearly observed, with some areas having compositions
close to pure elemental Ti or Zr. This can be attributed to the presence of
unmelted Ti and Zr particles.

To achieve chemical homogeneity, a high VED is essential for com-
plete melting of all elements. However, even when the VED is sufficient
for melting, convective flow is necessary to ensure adequate mixing. The
impact of insufficient Marangoni convection and limited melt flow on
chemical inhomogeneity becomes even more pronounced as the VED
decreases. In the melt pool, temperature or composition gradients can
generate surface tension differences, leading to Marangoni flow
[53-56]. Partial melting and the Marangoni effect are among the key
factors affecting composition uniformity during the melting stage of
blended powders [57,58]. Increasing the VED amplifies Marangoni
forces, promoting better mixing and improving the homogeneity of the
melt pool.

Although volumetric energy density (VED) is widely utilised as a key
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process parameter in additive manufacturing, it does not fully capture
the complexities of melt pool behaviour, particularly in blended powder
systems. The Marangoni-driven convection, keyhole instability, and
thermal fluid interactions introduce additional challenges that signifi-
cantly influence chemical uniformity and microstructural formation.
The interaction between melt pool hydrodynamics, temperature gradi-
ents, and local composition variations is especially critical in deter-
mining the final material properties.

This influence of energy density on melt-pool behaviour and the
resulting microstructural inhomogeneity are summarised in the sche-
matic shown in Fig. 9. At high VED, the slow laser scan speed and
extended heating time create a highly dynamic melt pool with intense
mixing. The induced Marangoni fluid flow within the melt pool exhibits
increased velocity, leading to a longer cumulative travel distance for the
liquid elements. This vigorous stirring contributes to enhanced chemical
and microstructural homogeneity. In contrast, at low VED, the faster
laser scan speed facilitates quicker heat transfer to the outer regions,
resulting in a melt pool that becomes slightly shallower and wider. The
shorter convective flow distance observed at lower energy densities
leads to insufficient stirring for species mixing, resulting in distinct
chemical variations and microstructural inhomogeneities. These regions
may exhibit species enrichment and may even contain unmelted
elemental particles. Enhancing the homogeneity of in-situ alloys can be
achieved by increasing the VED, which in turn enhances the Marangoni
forces.

For pre-alloyed powders, whose compositions are typically near-
eutectic compositions for MGs, the alloy melting point is substantially
lower than the pure constituent elements — approximately 20-30%
lower than the compositionally weighted-averaged of the melting points
of the pure elements [59]. The advantage of these lower melting points
on achieving rapid solidification is important to consider. Lower VED



P. Wannapraphai et al.

d  E=35J/mm?

t=260us

B
BR7R6RSR4N3120 1

Journal of Materials Research and Technology 35 (2025) 6397-6407

E=80 J/mm?3
t=260ps

W
SlYorskabs o]

30pum
C 1st track d 1st track
Start of laser heating | . E=80 Jimm® 0 E=80Jmm’
SF l E=35 Jimm' — L = [[flr I E=35J/mm
0 it E 0.0002} 3 .[ '
% sk at Position 3 3 .
g @
S / £ 0.00015 ]
g . 3 8™
% | B Laser position (E35)
- el o
g ’ Velocity history € 0.0001f=""
2 2r ° Laser position (E80)
Q g ‘
% £ 5E-05[
> f 3
0 L ‘ ......... . 0
.0 0.0001 0.0002 8 7 6 5 4 3 2 ll—l-1
Time after the start of laser heating (s) Position

Fig. 8. Velocity magnitude in the melt pool: (a-b) measurement points for the first track of the E35 and E80, respectively. The depth is 110 mm from the powder
layer surface. (b) Time history of the velocity magnitude at measurement point 3, and (c) convection distance at each measurement point calculated by the inte-
gration of the velocity magnitude. Noted that in the E80 case, the laser position is just ahead of point 6, whereas in the E35 case, the first scan has already been

completed, and therefore the laser position is outside the range of this figure.

High VED
T@z@ cu@

r Beam

Scan Direction

Low VED
T@z@ u@

Scan Direction

Fig. 9. Schematic illustration of melt-pool dynamics and their impact on microstructural inhomogeneity.

typically leads to higher cooling rates, since the thermal budget for
processing is lower [21]. While these increased cooling rates can
enhance the amorphous fraction and improve properties such as
strength and ductility, they may also hinder the uniform mixing of
constituent elements, critical for blended powders. Additionally, a nar-
row window of processing parameters exists for achieving optimal
properties in MGs and MGMCs from blended powders. Precise control
over VED, scan speed, and other parameters is necessary; deviations can
result in inadequate melting with unmelted particles or excessive cool-
ing rates that negatively impact mechanical properties.

This narrow processing window limits the applicability of this
method primarily to MGs and MGMCs that exhibit excellent thermal
stability and those that can be processed effectively at lower cooling
rates. Materials that do not fall within this category may struggle to
achieve the necessary homogeneity and mechanical performance,
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ultimately restricting the versatility and range of alloys that can be
produced using blended powders. Thus, while the use of blended pow-
ders offers potential advantages in terms of alloy composition flexibility,
the inherent challenges associated with processing conditions necessi-
tate careful consideration of the materials being used and their thermal
characteristics.

The observed hardness trends demonstrate the significant influence
of volumetric energy density (VED) on microstructure and mechanical
properties in Ti-Zr-Cu alloys processed through L-PBF. At higher VED,
increased energy input enhances melting and promotes homogeneity,
yielding more uniform hardness values. Conversely, at lower VED, phase
and compositional segregation leads to increased hardness variation due
to the formation of Cu-rich phases and amorphous regions, which
exhibit higher hardness than the $-(Ti,Zr) phase. This also effect on the
lower hardness due to the existing un-melted particle of the powder in
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low VED condition. This trend aligns with previous studies showing that
higher Cu content enhances hardness in Ti-Zr—Cu alloys [29]. Similarly,
in other alloy systems, higher VED improves mixing efficiency, grain
refinement, and mechanical performance [60-62].

Modelling of temperature profiles during each laser scan in the
present work are limited in scope. The melt pool for the studied VEDs is
substantially larger than a single powder layer. It is computationally too
expensive to study in this detail at larger scales. Consideration of tem-
perature profiles in the heat-affected zone is also important. Though the
cooling rate may be high enough to initially form a glass, if the tem-
perature in the heat-affected zone rises above Tg, there remains a risk of
crystallisation of the glass. Higher VEDs will lead to increase heating in
the heat-affected zone. The use of blended elemental powders does not
assist in minimising crystallisation in this region.

Our graphical interpretation of (in)homogeneity in the melt pool is
not limited in application to AM of MGs and MGMCs. The use of blended
powders has garnered interest in many systems where cost-saving is
sought or there is limited availability of custom powders [63-68]. In
heterostructured materials, the type, quantity and composition of phases
can be concisely expressed using ternary or pseudo-ternary mapping of
spatially-resolved compositional information. The suggested H factor
allows quantification of these charts for effective comparison.

5. Conclusions

This study provides new insights into the processing and micro-
structural evolution of p-(Ti,Zr)-reinforced metallic-glass-matrix com-
posites (MGMCs) fabricated via laser powder bed fusion (L-PBF) using
blended elemental powders. A key novelty lies in integrating experi-
mental characterisation with computational modelling—an approach
not fully explored in prior Ti-Zr—Cu studies. This combined methodol-
ogy offers a predictive framework that extends beyond Ti-Zr-Cu alloys,
advancing the field of compositionally complex alloys in additive
manufacturing. The main findings are.

This study bridges experimental characterisation and computational
modelling, providing deeper insights into alloy mixing, phase dis-
tribution, and microstructural evolution.

VED governs melt pool behaviour, chemical homogeneity, and
microstructural uniformity, significantly impacting mechanical
properties.

Marangoni-driven convection suppresses elemental segregation,
ensuring uniform phase distribution.

Enhanced convective flow promotes complete melting, leading to
refined and more homogeneous microstructures.

The introduced graphical interpretation and quantitative heteroge-
neity analysis provide a systematic approach for assessing composi-
tional uniformity, applicable to other multi-component alloys.
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