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 A B S T R A C T

Additive manufacturing (AM) enables the precise fabrication of multimaterial components; however, Achieving 
chemical and structural homogeneity at material interfaces remains a significant challenge. Existing research 
on material transport in AM primarily relies on numerical simulations and postmortem analyses, with real-
time, three-dimensional characterization still lacking. In this study, we employ in situ X-ray radiography and 
X-ray computed tomography to investigate material redistribution during laser powder bed fusion of a Al–
CuCrZr multimaterial. Our results demonstrate that the incorporation of Cu occurs through discrete, stochastic 
events within the melt pool. We suggest that this mode of incorporation results from the poor wetting of 
the spreading liquid on the substrate liquid, necessitating additional dynamic driving forces to assist the 
incorporation process. Within the melt pool, copper mixing is predominantly governed by fluid dynamics, 
with relatively negligible effects from gravitational/buoyancy and viscous forces, as well as diffusion. However, 
despite the high fluid velocity, heterogeneous local compositions persist. These variation of local composition, 
in turn, lead to shifts in the local solidification path and ultimately influence the resulting microstructure. 
The predominant mixing mechanisms and length scales are likely applicable to a wider range of multimaterial 
systems. Additionally, the incorporation mode could be expected to hold for multimaterial systems sharing 
similar wetting behavior, but requires further investigations for confirmation. These findings offer valuable 
experimental validation for numerical models and provide key insights to guide the optimization of future 
multimaterial AM processes.
1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing (AM) 
technology that enables the fabrication of complex, near-net-shaped 
three-dimensional metallic components through a layer-by-layer melt-
ing process [1]. The ability to process a wide range of metals, including 
aluminum (Al), titanium (Ti), copper (Cu), and iron (Fe), has expanded 
its applications across industries such as aerospace, biomedical, and 
energy [2–5]. A major advantage of LPBF is the precise local control 
over processing parameters, allowing for tailored microstructures and 
compositional gradients within a single part. This capability has led 
to the development of functionally graded materials (FGMs) [6], het-
erostructured alloys [7], and stimulus-responsive [8,9], also referred as 
4D printing, microstructures with enhanced mechanical, thermal, and 
electrical properties.
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Beyond microstructural control, multimaterial processing in AM 
processes has opened new opportunities for integrating materials with 
distinct properties to create advanced engineering structures. By selec-
tively depositing different materials, composition can be varied either 
abruptly, by printing one material on top of or adjacent to another, 
or gradually through the spatial control of the composition of the 
printed material enabled via the premixing of different feedstock ma-
terials [6,10,11]. This design freedom facilitates the development of 
complex engineering structures [12], that exploit the advantageous 
physical, chemical, and mechanical properties of their constituent ma-
terials, such as electrical and thermal conductivity, corrosion resis-
tance, and enhanced mechanical performance. By combining these dis-
tinct characteristics, the resulting multimaterial exhibits novel physic-
ochemical properties not found in its individual components. Addi-
tionally, in situ alloying provides opportunities for rapid prototyping 
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of innovative alloys [13]. Due to their exceptional design flexibility, 
AM processes offer considerable potential for producing sustainable 
and cost-effective multimaterial solutions through precise local control 
over microstructure and composition that are hardly achievable by 
conventional manufacturing processes.

Despite the potential of multimaterial AM, fabricating defect-free 
components remains a significant challenge. Material heterogeneities 
during multimaterial LPBF can lead to chemical segregation, the for-
mation of brittle intermetallic phases, residual stresses, cracking, and 
porosity [6,11,14,15]. These issues arise due to differences in ma-
terial properties, including melting temperature, thermal expansion 
coefficients, and chemical affinities, as well as variations in optimal 
processing parameters such as laser power and scan speed. Achiev-
ing composition homogeneity at the melt pool scale is particularly 
challenging, as rapid solidification limits the time available for diffu-
sion and mixing [11,14,16–18]. This results in localized variations in 
phase formation, grain structure, and mechanical properties, ultimately 
impacting part performance.

Various approaches have been explored to mitigate these chal-
lenges, including remelting strategies [19] and post-processing heat 
treatments [17] to promote better material homogenization. However, 
these techniques add complexity, are energy-intensive, and could intro-
duce unwanted microstructural changes, such as recovery, phase trans-
formation, and recrystallization. Furthermore, defects such as cracks 
or voids can remain embedded within the material despite these ad-
ditional steps. Additionally, high energy density has been shown to 
promote remelting and remixing of the underlying layers during mul-
timaterial printing, leading to increased homogeneity and a wider 
interfacial region [20]. Another approach to mitigate these challenges 
is by adding an interlayer of a third material at the interface, which will 
accommodate the difference in thermal and physical properties of the 
two initial compound of the multimaterial and prevent the formation 
of brittle phases. This approach was successfully applied for example 
to Ti–Al [21] and Cu–W [22] multimaterial combinations with Cu and 
stainless steel interlayers, respectively. While this strategy can effec-
tively suppress the formation of brittle phases, it does not necessarily 
prevent the formation of undesired phases or defects, e.g., intermetallic 
and cracks [22]. Additionally, the mechanical bottleneck may shift 
to the intrinsic properties of the interlayer and to the quality of the 
bounds with the base materials. Similarly to remelting strategy and 
post-processing treatments, the use of a third material add process 
complexity. Finally, the multimaterial printing sequence appears to 
be a critical parameter, as it can enhance mixing and prevent defect 
formation [23,24]. For example, the higher heat dissipation of Cu alloy 
when used as substrate to print a Ni alloy leads to a shorter melt pool 
lifetime, contrarily to the reverse, and ultimately to a higher degree of 
chemical heterogeneity [24].

Chemical heterogeneities primarily arise from the rapid solidifica-
tion characteristic of LPBF, which significantly limits the time spent in 
the liquid phase and thereby restricts solute mass transport, as shown 
in [25]. These heterogeneities influence local solidification paths, re-
sulting in variations in grain size, crystallographic texture, microstruc-
ture, phase nature, and phase fractions in the solidified material [11,
26–29]. Consequently, these microstructural variations can lead to 
defects and undesirable material properties. Nevertheless, controlled 
chemical heterogeneities can be strategically beneficial for manipu-
lating phase stability and enhancing mechanical properties [16,30]. 
Therefore, to fully leverage the design potential of multimaterial addi-
tive manufacturing processes, a thorough understanding of the under-
lying mechanisms of solute mass transport within the melt pool is crit-
ical. However, most research has focused on optimizing multimaterial 
processability rather than elucidating the underlying mechanisms.

Understanding mass transport and mixing in LPBF is inherently 
complex due to the wide range of processing conditions (e.g., con-
duction vs. keyhole mode melting), differences in material properties 
(e.g., melting point, and viscosity), and rapid phase transformations. 
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Moreover, this complexity is further heightened by the fact that only a 
handful of advanced techniques are capable of such real-time charac-
terization. To overcome these limitations, numerical models have been 
widely used to simulate material transport, keyhole formation, and pore 
evolution, providing valuable insight into how processing parameters 
affect the final microstructure [31–37]. Additionally, high-fidelity sim-
ulations have been employed to study segregation, evaporation, and 
redistribution phenomena in AM melt pools [38,39] as well as the 
effect of turbulences in the fluid flow [40]. However, these models are 
typically validated using post mortem one- or two-dimensional chem-
ical analyses, which fail to capture the real-time, three-dimensional 
dynamics of melt pool behavior. As a result, current models struggle 
to accurately predict phase formation and final microstructures in 
multimaterial systems where phase evolution is highly sensitive to 
localized composition changes. The lack of real-time experimental data 
significantly limits the ability to compare and refine numerical models, 
making it difficult to optimize multimaterial AM processes effectively. 
Recently, studies have opened the way of such characterization with 
the investigation of an in situ alloyed Al–50 vol%Sn powder [14] 
and AlSi7Mg–CuCrZr powder [41], and 316L or In718 powder on Al 
alloy substrates [42] during single-track LPBF, focusing on fluid flow 
and keyhole instabilities and crack formation. Addressing this lack 
of studies is critical for advancing multimaterial AM and improving 
predictive modeling capabilities.

To overcome these limitations, this work presents a real-time exper-
imental investigation into material transport and chemical evolution 
within the melt pool during multimaterial LPBF. Using in situ high-
speed X-ray imaging (100,000 images s−1) with micrometer-scale res-
olution, we capture the redistribution of material in an Al–Cu system 
during processing. The Al–Cu system was chosen due to its technolog-
ical importance and strong relevance in high performance applications 
where optimizing mechanical, thermal, and electrical properties is 
essential, such as in the sectors of energy and transportation [17,18,
34,43–46]. Additionally, methodological consideration played a signif-
icant role in this choice. Image-based experiments at synchrotron or 
free electron beamlines are the only method capable of providing the 
dynamics of the composition in the melt pool with a good temporal and 
spatial resolutions. Due to the constrains related to the experimental 
setup and X-ray matter interactions (e.g., sample thickness and X-ray 
absorption), the Al–Cu system appears to be one of the best com-
promises for studying compositional changes in real-time using X-ray 
imaging techniques during fast processing. To do so, consecutive single 
tracks were printed under controlled conditions to study the effects 
of multiple-layer deposition. Additionally, post-process X-ray microto-
mography was used to analyze the final three-dimensional chemical 
distribution, complementing the real-time imaging results. The result-
ing microstructure was further characterized through a combination of 
X-ray diffraction and scanning electron microscopy complemented by 
energy-dispersive X-ray spectroscopy.

By combining real-time X-ray imaging, microtomography, and mi-
crostructural characterization, this study provides unprecedented in-
sights into material mixing, melt pool dynamics, and solidification 
mechanisms in multimaterial LPBF. These findings serve as critical 
experimental validation for numerical models and offer a foundation 
for future work in optimizing processing strategies for multimaterial 
AM.

2. Material and methods

2.1. Material and printing parameters

The feedstock powder used in this study was a Cu–0.9Cr–0.07Zr 
alloy (in wt%) with trace amounts of Fe, Si, and O, supplied by m4p 
(Austria). The powder granulometry is d10 = 38 μm, d50 = 49 μm, 
and d90 = 61 μm. Four sequential single-track layers were printed 
onto a commercially pure Al (99.99%) base plate with dimensions of 
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12 × 10 mm2 (𝑥, 𝑧) and a thickness of 0.5 mm along the 𝑦-axis. The 
base plates were laser-cut from a 0.5 mm thick sheet; the specific 
edge where printing occurred was polished and cleaned prior to the 
experiments. The experiments were conducted in an Ar atmosphere 
using the MiniSLM machine [47] which is specifically designed for 
synchrotron-based operando studies. To facilitate transmission-mode 
X-ray imaging, the setup was tilted by 4◦ around the 𝑥 axis. The 
printing parameters were as follows: laser power of 200 W, scanning 
speed of 500 mm s−1, layer height of ∼50 μm, a focused laser beam 
diameter (1/e2) of 33 μm, and unidirectional printing strategy. These 
parameters were chosen to study the dynamics of the melt pool under 
industrially relevant conditions, i.e., scanning speed, while ensuring ef-
fective melting of copper-based powder and allowing the study of mass 
transport, keyhole, and bubble/pore evolution through the keyhole 
regime. The scanning speed also results from a compromise between 
temporal and spatial resolutions and field-of-view during the X-ray 
imaging experiments.

2.2. X-ray imaging experiments

X-ray imaging experiments were conducted at the ID19 beamline 
of the European Synchrotron Radiation Facility (ESRF, France) using 
the MiniSLM system [47]. The beamline was configured in white-beam 
mode, with a single-harmonic undulator source (U17.6) and gaps set to 
11.8 mm for operando radiography and 25.7 mm for microtomography. 
A diamond and beryllium window were the mandatory X-ray optical 
elements in the X-ray beam path (peak energy at 19 keV). For fast 
radiography, two compound-refractive lenses (beryllium) were inserted 
into the beam path to increase photon flux density on the detector. Two 
types of X-ray imaging experiments were performed:

2.2.1. Operando X-ray radiography
Operando radiography was conducted using a CMOS-based camera 

(Photron SAZ, Japan), coupled with a 250 μm-thick LuAg:Ce single-
crystal scintillator and a 5× lens (0.14 numerical aperture, Mitutoyo, 
Japan). The optical system enabled a high-speed acquisition rate of 
100,000 images s−1 with a 4.14 μm pixel size and a 2.8 × 1 mm2

(𝑥, 𝑧) field of view. Flat-field correction was applied to all images to 
compensate for variations in beam intensity.

Fig.  1 illustrates the experimental setup and workflow used for con-
ducting and analyzing the operando experiments. To enable imaging, 
a thin powder bed was confined between two glassy carbon windows 
(Fig.  1b). The process was captured in real-time, with four sequential 
single tracks recorded during AM (see Supplementary Videos 1–4). 
Representative images from the first track are shown in Fig.  1c. A 
distinct contrast is observed between the Cu powder and the Al base 
plate, attributed to their respective effective densities and X-ray mass 
attenuation coefficients. The interaction between these two materials 
is also visible, highlighting the redistribution of Cu within the melt 
pool. Additionally, keyhole and pore structures appear as bright regions 
due to their lower X-ray attenuation (which results from the reduced 
mean density in the projected plane compared to Al) enhanced as 
well by refraction effects which highlight interfaces. Using known 
material properties and the experimental setup, the local composition 
was retrieved from X-ray mass attenuation data, as shown in Fig.  1c. A 
region of interest, marked by a red dashed rectangle in the raw images, 
was selected for further quantitative analysis.

2.2.2. X-ray microtomography
Microtomography experiments were performed using a CMOS-based 

camera (pco.edge 5.5, PCO AG, Germany), coupled with a 10 μm-
thick GGG:Eu single-crystal scintillator and a 10× lens (0.3 numerical 
aperture, Olympus, Japan), resulting in a voxel size of 0.6×0.6×0.6 μm3. 
Tomographic reconstructions were processed using the Tomwer soft-
ware (v1.3.13) with flat-field correction and normalization. No phase 
retrieval filter was applied to preserve X-ray mass attenuation measure-
ments of the materials. For the X-ray microtomography experiments, 
four additional samples were manufactured with one to four layer 
addition to characterize independently each set of layer addition.
3 
2.3. X-ray imaging analysis

2.3.1. Cu concentration mapping
Cu concentration maps were derived by converting pixel and voxel 

intensities to mass fraction values using the Beer–Lambert law and 
mixture/compound laws [48]. The contribution of Cr and Zr was ne-
glected due to their low concentrations. Following previous studies [49] 
the X-ray mass attenuation coefficients were assumed at 19 keV with 
(𝜇∕𝜌)Cu,19 keV = 38.90 cm2 g−1 and (𝜇∕𝜌)Al,19 keV = 3.99 cm2 g−1. These 
values were calculated using the XrayDB Python package (v4.5.3). 
Room-temperature densities of solid Cu (8.96 g cm−3) and Al (2.7 
g cm−3) were used, resulting in a maximum estimation error below 0.02 
wt Cu in the liquid state.

2.3.2. Data processing and visualization
Further data analysis, material segmentation, and visualization were 

performed using: ImageJ (2.14.0/1.54f), Python (3.10.12), and Dragon-
fly (2024.1).

2.4. Microstructural characterization

2.4.1. X-ray diffraction analysis
As-built X-ray diffraction (XRD) measurements were conducted at 

the P23 beamline of DESY-PETRA III (Hamburg, Germany) in transmis-
sion geometry. The setup consisted of a Pilatus 1M (Dectris, Switzer-
land) detector, a monochromatic beam 𝐸 = 20.5 keV and a beam size 
of 200 × 20 μm2 (𝑥, 𝑧). Partial Debye–Scherrer rings were collected 
along a 2 mm horizontal scan (𝑥-direction) to improve grain statistics. 
Data was radially integrated using the pyFAI Python library [50], with 
LaB6 powder calibration to obtain detector position and tilt. Phase 
identification was performed using GSAS-II software (v5784) [51].

2.4.2. Scanning electron microscopy and energy-dispersive X-ray spec-
troscopy (EDX)

For scanning electron microscopy (SEM) characterization, the L3 
sample was sectioned along the 𝑦–𝑧 plane. The cross-section was cut 
using an Ar-ion milling system (Hitachi IM4000) at 6 kV for 8 h with 
no tilt angle. A Zeiss ULTRA 55 SEM equipped with an EXTREME 
(Oxford) detector was used for SEM-EDX (energy-dispersive X-ray spec-
troscopy) analysis. Imaging and elemental mapping were performed at 
an accelerating voltage of 10 kV.

2.4.3. Phase diagram calculation
To support phase analysis, the Al–Cu phase diagram was calcu-

lated using Thermo-Calc (v2022b) with the TCAL8 (v8.1) aluminum 
database and the binary phase calculation module. Only Al and Cu were 
considered in these simulations.

3. Results and discussion

3.1. Real-time Cu distribution

Fig.  2a presents the projected Cu composition time series during the 
deposition of the fourth layer, focusing on the base plate (Cu powder 
is omitted for clarity). Keyhole, bubbles, and pores are highlighted 
in white, while black dotted lines indicate the estimated melt pool 
boundary. The keyhole formation results from the high energy density 
required to melt Cu powder. The Cu composition varies between 0 and 
0.2 wt, a relatively low range due to the projection of Cu through the 
0.5 mm-thick Al base plate and the limited width of the printed track 
(∼0.25 mm).

The results reveal that Cu incorporation into Al occurs primarily 
through stochastic, discrete events, rather than a continuous flow into 
the melt pool. On a macroscopic scale, liquid Cu is initially drawn 
from the melt pool surface (Fig.  2a1–2) before sinking (Fig.  2a2–6) 
supporting the observations in [42]. Additionally, Cu is advected from 
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Fig. 1. Experimental setup and analysis method: (a) photography of the experimental setup at the ID19 ESRF beamline, (b) schematic illustration of the operando 
X-ray imaging during the LPBF processing of Cu alloy powder on Al base plate, and (c) example of raw images acquired during the process, showing the Cu alloy 
powder, Al base plate, and keyhole. The raw images are converted into Al–Cu composition images using the material and experimental setup characteristics. The 
red dashed rectangle indicates the region of interest used for data processing.
the trailing side of the melt pool and influenced by keyhole dynamics, 
where it can be either entrained or expelled (see Supplementary Videos 
1–4). Over time, the Cu concentration within these occurrences dimin-
ishes. Furthermore, at later stages, Cu is displaced by the advancing 
solid/liquid interface (Fig.  2a7–8). The blue cross in Fig.  2a1–8 high-
lights the position, while the purple to blue line in Fig.  2a8 highlights 
the trajectory and velocity of the overall transport behavior.

The discrete Cu incorporation into Al indicates that specific con-
ditions, such as wetting transition, Maragoni convection, or hydrody-
namic fluctuations, must be met. Under static conditions, wetting is 
characterized by the spreading coefficient 𝑆 = 𝛾𝑠𝑎 − 𝛾𝑙𝑎 − 𝛾𝑠𝑙, where 
𝛾𝑠𝑎 is the surface tension of substrate liquid, 𝛾𝑠𝑙 is the surface tension of 
spreading liquid, and 𝛾𝑙𝑎 the interfacial tension between the two liquids. 
Complete wetting occurs for 𝑆 > 0, whereas for 𝑆 < 0, partial or even 
no wetting if expected when 𝑆 ≪ 0. Since 𝛾𝑙𝑎 is generally difficult 
to determine, the inequality 0 < 𝛾𝑠𝑎 − 𝛾𝑙𝑎 − 𝛾𝑠𝑙 can be rearranged as 
𝛾𝑙𝑎 < 𝛾𝑠𝑎 − 𝛾𝑠𝑙. Given that 𝛾𝑠𝑙 > 𝛾𝑠𝑎 for the Al–Cu system up to boiling 
temperatures (Table  1), the condition 𝑆 > 0 would require 𝛾𝑙𝑎 < 0, 
which is thermodynamically impossible. Consequently, assuming pure 
Al and Cu, spontaneous wetting cannot occur. Additional driving forces 
— such Marangoni convection or local hydrodynamic fluctuations — 
must therefore assist the process, explaining the stochastic and discrete 
nature of the Cu incorporation into Al. Although some incorporation 
events coincide with keyhole collapse, this is not systematic, and mi-
nor contamination or oxide formation may further modify interfacial 
energies and the dominant incorporation mechanism.

Fig.  2b and c illustrate representative Cu motion trajectories and 
velocity profiles for each added layer (additional measurements are 
provided in Supplementary Figure 1). The trajectories presented in the 
present manuscript were manually tracked using ImageJ. Cu initially 
sinks into the melt pool while being displaced in the opposite direction 
of the laser scan. The velocity peaks as Cu enters the melt pool, then 
asymptotically decreases as the residence time in the liquid state in-
creases, eventually stabilizing upon solidification. Maximum projected 
velocities reach approximately 1000 mm s−1 (see Supplementary Figure 
1).

However, due to the 2D projection, the measured velocities repre-
sent a lower bound, as the transverse displacement (along the 𝑦-axis) 
is not accounted for. As a first reasonable hypothesis, the transverse 
displacement can be assumed to be of the same order of magnitude 
4 
as the in-plane displacements, defined as 𝛥𝑦 = max(𝛥𝑥, 𝛥𝑧). Following 
this analysis, the difference between the 2D and 3D estimated velocities 
can be as high as 250 mm s−1 but decreases drastically over the melt 
pool lifetime. Consequently, the projected 2D velocities are considered 
sufficient for an order of magnitude analysis.

At finer scales, the mixing process exhibits complex fluid dynamics 
during these stochastic Cu occurrences. A Cu occurrence is defined 
as a discrete event in which a substantial volume of Cu is entrained 
and redistributed within the melt pool. Fig.  3 provides further insight, 
presenting (a) the univariate image differencing method employed 
to resolve small-scale transport phenomena, (b) a schematic of the 
methodology, and (c) a plot of time evolution and velocity variations. 
The univariate image differencing [52] is a method employed to iden-
tify changes between two images by subtracting the pixel values of 
one image from another, thereby accentuating the differences. In Fig. 
3a1–3, Cu is drawn into the melt pool, subsequently breaking into 
smaller fragments (Fig.  3a4–7), contributing to material mixing at a 
microscale. Furthermore, Fig.  3c shows that near the keyhole position, 
the liquid metal exhibits upward and lateral flow, counteracting the 
primary Cu motion. These findings suggest that the introduction of a 
significant Cu volume into the melt pool induces a vortex-like flow 
pattern, driven by local hydrodynamic instabilities (Fig.  3c). As pre-
viously mentioned, liquid-phase velocity peaks at the onset of these 
occurrences before gradually decaying over time.

These observations contrast with the steady-state melt pool dynam-
ics typically observed in monolithic material AM, where fluid flow is 
predominantly governed by inward or backward motion due to recoil 
pressure and the Marangoni effect [32,53,54]. In contrast, the presence 
of two distinct materials with significantly different physical properties 
may introduce additional complexity, as discussed in the following 
section. The maximum flow velocity 𝑣 = 1 m s−1 is used in the following 
calculations; thus, the results should be considered as an upper bound 
regarding this variable.

The flow regime of the fluid is first characterized using the Reynolds 
number (𝑅𝑒): 

𝑅𝑒 =
𝜌𝑣𝐿
𝜇

(1)

where 𝜌 is the liquid density, 𝑣 is the flow velocity, 𝐿 is the melt 
pool length set at 500 × 10−6 m (see Fig.  2), and 𝜇 is the dynamic 
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Fig. 2. Real-time Cu composition mapping and dynamic characterizations of an event during Al–Cu multimaterial AM. (a1–8) Snapshots of projected (𝑥–𝑧) Cu 
composition maps during the printing of L4, wherein an estimate of melt pool geometry (gray lines) and keyhole/pores (white areas) are overlaid. Projected 
relative motion trajectories (b), i.e, 𝛥𝑥 = 𝑥 − 𝑥0 and 𝛥𝑧 = 𝑧 − 𝑧0, and velocities (c), i.e, 𝛥𝑡 = 𝑡 − 𝑡0, of Cu mixing discrete occurrences for L1–4 in the melt pool 
onto the 𝑥–𝑧 plane. Results in (b and c) for L4 stem for the blue crosses displayed in (a); the total motion path and its velocity (color scale) are overlaid in (a8). 
Blue and pink arrows in (a1) and (a8) indicate a remixing occurrence and a Cu powder particle stuck on the glassy carbon window, respectively.
viscosity of the liquid. Generally, for pipe geometry, laminar flow 
is considered to occur when 𝑅𝑒 < 2000. However, the transition 
from laminar to turbulent flow is not a sharp boundary but rather a 
gradual process, and localized non-persistent turbulences are observed 
in fluids predominantly characterized as laminar. Table  1 summarizes 
the thermophysical properties used to calculate 𝑅𝑒 characteristic of the 
melt pool length, as well as its value for liquid Al, liquid Cu, and liquid 
Al83Cu17 (eutectic composition) at their melting temperatures. Based 
on the aforementioned criteria, the flow regime for both elements and 
the mixture can be classified as predominantly laminar. Still, vortex-
like patterns and transient hydrodynamic instabilities are observed, 
indicating the onset of non-steady-state flow behavior. However, the 
threshold for the transition from laminar to turbulent flow varies 
significantly depending on the geometry of the fluid flow, e.g., for 
plane-Couette geometry, the flow transition can occur at 𝑅𝑒 = 400. In 
the context of laser melting, numerical simulations often assume incom-
pressible and laminar flow. Despite these assumptions, these models are 
still able to capture the main features of the fluid flow and transient 
phenomena [32,34,55], suggesting that the fluid flow regime is indeed 
predominantly laminar. Nonetheless, discrepancies can be observed 
between experimental observations (velocity, chemical redistribution, 
and bubble evolution) and these models. While these discrepancies 
have been occasionally attributed to the omission of fluid turbulence 
in the models [56,57], they can also arise from numerous factors, 
such as inaccurate knowledge of the thermophysical properties of the 
investigated materials. A numerical direct-energy-deposition simulation 
suggested that turbulence should be accounted for when 𝑅𝑒 > 200, with 
the transition to a fully turbulent state occurring between 𝑅𝑒 = 540 and 
𝑅𝑒 = 900.1 In addition, this study highlighted that the turbulent regime 
is more beneficial for enhancing mixing. Therefore, although Reynolds 
number is a powerful tool to characterize flow regime, care must be 
considered when applying it to AM processing considering the lack of 
characterization. Experimental and simulation works are required to 
better understand flow regimes in the context of AM.

1 Note that the 𝑅𝑒 equation used in Ref. [40] differs by a factor of two 
with the one used in the current study. As such, values from the Ref. [40] 
were multiplied by the same factor to facilitate comparison.
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Across different length scales, multiple interacting mechanisms gov-
ern the mixing of Cu into Al during the AM process. The presence 
of composition and temperature gradients within the melt pool leads 
to variations in surface tension. To characterize the effect of surface 
tension relative to inertial forces and viscous forces in the liquid, the 
Weber (𝑊 𝑒) and the Marangoni (𝑀𝑎) numbers are introduced, as 
described in [14]: 

𝑊 𝑒 =
𝜌𝑣2(𝐿∕2)

𝛾
(2)

𝑀𝑎 = −
𝑑𝛾
𝑑𝑇

𝐿𝛥𝑇
𝜇𝛼𝑇

(3)

where 𝜌 is the liquid density, 𝑣 is the flow velocity, 𝐿 is the melt pool 
length, 𝛾 is the surface tension, 𝑑𝛾∕𝑑𝑇  is the surface tension gradient 
with respect to the temperature, 𝛥𝑇  is the temperature difference 
between the boiling and melting points, 𝜇 is the dynamic viscosity of 
the liquid, and 𝛼𝑇  is the thermal diffusivity of the liquid. Inertial forces 
dominate when 𝑊 𝑒 > 1, while surface tension force dominate when 
𝑊 𝑒 < 1. Viscous forces dominate when 𝑀𝑎 < 1, while surface tension 
forces dominate when 𝑀𝑎 > 1. The thermophysical properties used to 
calculate 𝑊 𝑒 and 𝑀𝑎, as well as their values for liquid Al, liquid Cu, 
and liquid Al83Cu17 at the melting temperature, are shown in Table  1.

For Al and Cu, Weber numbers are smaller and larger than 1, 
respectively. This suggests that surface tension forces dominate over 
inertial forces for low Cu compositions, while the opposite is true for 
high Cu compositions. As the composition of Cu in the liquid changes, 
a transition from surface tension-dominated to inertial force-dominated 
behavior would be observed. However, the Weber numbers for both 
elements are relatively close to 1, indicating that surface tension forces 
and inertial forces are of comparable magnitude and may balance. 
Estimations of the Marangoni numbers yield values much greater than 
1, indicating that surface tension forces dominate over viscous forces 
and contribute to mass transport within the melt pool. It should be 
noted that the thermophysical properties reported in Table  1 vary with 
Cu composition and temperature [58–62], meaning that the results 
presented here are estimates. Nonetheless, the order of magnitude is 
captured.

Due to the large density contrast between the two elements
(𝜌 ∕𝜌 ≈ 3.3), the gravitational forces involved in the process of 
Cu Al
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Table 1
Reynolds (𝑅𝑒), Weber (𝑊 𝑒), Marangoni (𝑀𝑎), and Galilei (𝐺𝑎) numbers and the thermophysical properties of liquid Al, liquid Cu, and liquid Al83Cu17 at melting 
temperature used for the calculations. The thermophysical properties were extracted from [58–62]. Superscript ∗ indicates that rule of mixture was used to 
estimate the thermophysical properties. The dimensionless numbers were rounded.
 Liquid 𝜌𝑇𝑚 𝑇𝑚 𝑇𝑏 𝛾 𝑑𝛾∕𝑑𝑇 10−4 𝜇 10−3 𝛼𝑇 10−5 𝑅𝑒 𝑊 𝑒 𝑀𝑎 𝐺𝑎  
 [kg m−3] [K] [K] [N m−1] [N m−1 K−1] [Pa s−1] [m2 s−1]  
 Al 2380 933 2743 0.87 −1.55 1.38 3.309 862 0.46 3072 456 
 Cu 8000 1356 2835 1.30 −2.64 4.38 3.62 913 2.3 1231 511 
 Al83Cu17 3239 825 2759* 0.941 −1.61 ∼1.97 3.36* 822 0.86 2352 414 
mixing must be addressed. To do so, the Froude (𝐹𝑟) number is used 
to compare the effects of inertial forces relative to gravitational forces 
within a flow: 
𝐹𝑟 = 𝑣

√

𝑔𝐻
(4)

where 𝑣 is the flow velocity, 𝐻 is the depth of the flow set at 250 ×
10−6 m (see Fig.  2), and 𝑔 is the acceleration due to gravity set at 
9.81 m s−2. Inertial forces dominate when 𝐹𝑟 > 1, while gravitational 
forces dominate when 𝐹𝑟 < 1. Using 𝑣 = 1 m s−1, the Froude number 
is estimated to be approximately 𝐹𝑟 = 20.2. The flow can therefore be 
characterized as supercritical, indicating that inertial forces dominate 
over gravitational forces. The relatively small contribution of gravita-
tional forces, despite the large density difference between the two base 
materials, is consistent with a previous study [14].

Furthermore, the gravitational forces — which are closely related 
to the buoyancy forces — can be compared to the viscous forces using 
the Galilei (𝐺𝑎) number: 

𝐺𝑎 =
𝑔𝐻3

(𝜇∕𝜌)2
(5)

Galilei numbers for liquid Al, liquid Cu, and liquid Al83Cu17 are listed 
in Table  1. Gravitational forces dominate when 𝐺𝑎 > 1, while viscous 
forces dominate when 𝐺𝑎 < 1. For the investigated liquids, the Galilei 
numbers are well above 1, suggesting that gravitational forces play a 
larger role than viscous forces.

Mass transport can be further facilitated by diffusion, although the 
extent of its contribution depends on the diffusion coefficients of Cu 
in Al and vice versa. Contrasting conclusions on the subject can be 
found in the literature, where diffusion is sometimes considered neg-
ligible [34] and in other cases non-negligible [31]. These conclusions 
strongly depend on the choice of the diffusion coefficient which can 
vary by several orders of magnitude. The experimentally reported order 
of magnitude of copper diffusion coefficients in aluminum is approxi-
mately 𝐷𝐿

Cu−Al = 5×10−9 m2 s−1 [63,64]. Considering the upper bound 
of the melt pool lifetime in the present work (𝑡MP = 𝐿∕scanning speed =
10−3 s) and 𝐷𝐿

Cu−Al = 5 × 10−9 m2 s−1, the diffusion length (𝑙) of Cu in 
Al in the liquid state can be estimated using 𝑙 = (

2𝑡MP𝐷𝐿
Cu−Al

)1∕2. The 
calculated diffusion length is approximately 𝑙 ∼ 3.2 μm which is more 
than two orders of magnitude smaller than the maximum melt pool 
length. This implies that solute transport by diffusion is negligible at 
the melt pool scale. To further assess the relative importance of fluid 
flow over diffusion in mixing, the Péclet (𝑃𝑒) number can be used: 

𝑃𝑒 = 𝑣𝐿
𝐷𝐿

Cu−Al

(6)

Fluid flow (advection) dominates when 𝑃𝑒 > 1, while diffusion domi-
nates when 𝑃𝑒 < 1. Using the aforementioned values, the Péclet number 
is calculated to be approximately 105, indicating that fluid flow is 
the primary mechanism of mixing and diffusion remains a secondary 
mechanism in AM processes.

Finally, to assess the importance of viscous forces over diffusion and 
fulfill the analysis, the Schmidt (𝑆𝑐) number is estimated. The Schmidt 
number is defined as 𝑆𝑐 = 𝑃𝑒∕𝑅𝑒. Using 𝑃𝑒 = 105 and 𝑅𝑒 ∼ 103 (see 
Table  1), 𝑆𝑐 reads 102 indicating that viscous forces dominate over 
diffusion.
6 
It should be recalled that the maximum flow velocity was used 
for these calculations, leading to upper bound estimates for the corre-
sponding dimensionless numbers. Experimental observations, however, 
indicate that the melt pool flow velocity is heterogeneous and, for 
a given event, decreases over time. Consequently, for the velocity-
dependent characteristic numbers — 𝑅𝑒, 𝑊 𝑒, 𝐹𝑟, 𝑃𝑒, and 𝑆𝑐 — their 
magnitudes decrease and tend toward zero as the velocity approaches 
zero. The transitions between dominant mechanisms occurs at veloc-
ities below 5 × 10−2 m s−1: approximately 10−3, 5 × 10−2, 10−5, and 
10−2 m s−1 for 𝑅𝑒, 𝐹𝑟, 𝑃𝑒, and 𝑆𝑐, respectively. For the 𝑊 𝑒 number, 
the transition occurs between 0.65 m s−1 to 1.46 m s−1, depending on 
composition, as reported earlier. Thus, surface tension, gravitational 
forces, and diffusion dominate over fluid flow, inertial, and viscous 
forces only toward the end of solidification.

During solidification, the composition gradient dictates the local 
solidification pathway, affecting the liquidus and solidus temperatures 
(Fig.  5a). The exothermic nature of solidification releases latent heat, 
locally increasing the temperature. The amount of heat released is 
composition-dependent [65], meaning it varies spatially in multima-
terial systems. Despite the high cooling rates characteristic of LPBF, 
solute redistribution between the solid and liquid phases is still ob-
served, leading to localized variations in temperature and composition 
along the solidification front. These in turn influence phase stability 
throughout the printed track [29,66].

Additionally, factors such as the formation and evolution of bubbles 
and keyholes, the presence of solid and mushy zones, and recoil pres-
sure effects significantly impact liquid flow dynamics in the melt pool, 
e.g., the effect of recoil pressure has been shown to be similar to the 
inertial forces [14]. These interactions underscore the complex nature 
of fluid and solute transport in multimaterial AM, distinguishing it from 
conventional monolithic material processing. However, based on the 
present analysis, the mechanisms acting on mass transport in the melt 
pool during additive manufacturing of multimaterial can be ranked by 
degree of importance. Following a top down ranking: surface tension 
and inertial forces, buoyancy and gravitational forces, viscous forces, 
and finally diffusion.

The mechanisms governing AM are inherently complex, particularly 
in the formation and evolution of fluid flow dynamics within the melt 
pool. These flows are not only driven by intrinsic material properties 
but are also strongly influenced by processing parameters. To quanti-
tatively assess the contribution of each mechanism involved in Cu–Al 
mixing during AM, high-resolution, physics-based numerical models 
are essential. Additionally, a more comprehensive understanding of 
the thermophysical properties of the materials is required, such as the 
diffusion coefficients and surface tensions in the liquid phase as a func-
tion of the composition and temperature. The present findings provide 
crucial experimental ground truths for the development and validation 
of such numerical models, facilitating more accurate predictions of 
solute redistribution in multimaterial AM.

Beyond the incorporation of freshly added Cu during layer depo-
sition, remelting and remixing of previously solidified layers are also 
observed. This behavior, expected due to successive laser passes, is 
highlighted by the blue arrows in Fig.  2a1 (initial state) and Fig.  2a8 
(final state after mixing). In contrast, pink arrows indicate the presence 
of an unmelted Cu particle adhered to the glassy carbon window, where 
no melting or remixing occurs. For clarity, the presentation of the 
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Fig. 3. Characterization of the dynamics and fragmentation of a Cu event during AM: (a) Snapshots of projected (𝑥–𝑧) image differencing during the printing 
of L4, the image differencing method is schematically presented in (b). (c) Projected relative times and velocities of Cu mixing discrete occurrence for L4 in the 
melt pool onto the 𝑥–𝑧 plane.
results and their discussion focused on the addition of the fourth layer, 
as similar mixing phenomena were consistently observed across all 
deposited layers. The raw data are provided in Supplementary Videos 
1–4 for further analysis.

3.2. Three dimensional Cu distribution

Fig.  4 presents the local Cu composition obtained from microtomog-
raphy experiments, conducted with a 0.6 × 0.6 × 0.6 μm3 voxel size, 
on additional samples with varying numbers of layer additions. The 
volume renderings (Fig.  4a–d) of the third layer reveal the morphology 
and Cu distribution within the melted region. A composition projection 
along the 𝑦-axis confirms consistency with the Cu distribution observed 
in operando imaging experiments. A composition-based thresholding 
approach (Fig.  4c and Fig.  4d) highlights that the Cu composition 
primarily ranges between > 0 wt Cu and ∼ 0.547 wt Cu, corresponding 
to 𝜃-Al2Cu. This composition interval accounts for 97%–98% of the 
melted track volume and spans the biphase region between 𝛼-Al and 
𝜃-Al2Cu, as defined by the Al–Cu phase diagram (Fig.  5a). Addition-
ally, a disconnected Cu-rich network with compositions exceeding that 
of Al2Cu is observed, representing the remaining volume fraction. 
The non-uniform distribution of these Cu-rich regions along the track 
further underscores the stochastic nature of mixing during LPBF.

Fig.  4e provides cross-sectional views of the first three deposited lay-
ers. Due to the high solidification rates and limited solute diffusion in 
the solid state, the final chemical distribution reflects the complex fluid 
flow dynamics occurring prior to solidification. Additionally, keyhole-
induced porosity and shrinkage pores are visible (see Supplementary 
Videos 1–4). The Cu concentration progressively increases with the 
number of added layers, exhibiting a gradual compositional transition. 
This trend is further confirmed in Fig.  4f, which depicts the Cu compo-
sition distribution alongside the mean composition (red lines). The Cu 
composition cumulative distributions are presented in Supplementary 
Figure 2. Furthermore, a bimodal Cu distribution is evident in layers L2 
and L3. At the lower Cu composition range, the distribution stabilizes 
around ∼ 0.08 − −0.1 wt, while at higher Cu concentrations, a second 
peak emerges at ∼ 0.28 − −0.33 wt. The high probability observed 
in the first composition range is partially attributed to Cu content 
thresholding and experimental noise.
7 
To quantify the degree of mixing between Cu and Al in the melted 
regions (as shown in Fig.  4c), a normalized total entropy of mixing 
index (𝛴𝑡𝑜𝑡) [67] is introduced, defined as: 

𝛴𝑡𝑜𝑡 =
𝑆𝑡𝑜𝑡
𝑆𝑡𝑜𝑡,𝑃

=
1∕𝑏

∑𝑏
𝑖=1 −𝑝𝑖 log(𝑝𝑖) − (1 − 𝑝𝑖) log(1 − 𝑝𝑖)

−𝑃 log(𝑃 ) − (1 − 𝑃 ) log(1 − 𝑃 )
(7)

where 𝑏 is the number of voxel, 𝑝𝑖 the Cu composition in the voxel 
𝑖, and 𝑃  the average Cu composition of a given set of layer addition. 
The index ranges from 0 to 1, where 1 indicates perfectly ordered and 
0 completely unmixed states (Fig.  4g). In this study, 𝛴𝑡𝑜𝑡 characterizes 
mesoscale heterogeneity, where different phase compositions — such as 
those in a eutectic microstructure — are averaged. The results indicate 
that as the number of layer additions increases, the overall composition 
homogeneity remains stable in the solidified volume. The small varia-
tion observed, e.g., L2, are likely due to the intrinsic variability of the 
AM process, as the microtomography experiments were conducted on 
additional samples.

3.3. Solidified microstructure

Based on the Cu distribution observed in Fig.  4 and the Al–Cu 
equilibrium phase diagram (Fig.  5a), the solidified microstructure is 
expected to primarily consist of 𝛼-Al and 𝜃-Al2Cu phases, with minor 
fractions of Cu-rich phases. This expectation is validated by the XRD 
profile of L4 (Fig.  5b), which confirms that 𝛼-Al and 𝜃-Al2Cu are the 
dominant constituents. In addition to these primary phases, 𝜂-AlCu and 
𝜔-Cu phases are also detected, albeit in smaller fractions. The 𝜔-Cu 
peaks are attributed to Cu-rich regions, likely formed due to partially 
molten Cu particles and incomplete mixing within the melt pool. Addi-
tionally, supersaturated 𝜔-Cu is expected, likely resulting from rapid 
cooling conditions during solidification [68]. The 𝜂-AlCu phases is 
presumed to form at interfaces between Cu-rich regions and eutectic 
microstructures [69,70]. Furthermore, additional Cu-rich phases with 
compositions spanning from 𝜂-AlCu to 𝜔-Cu may be present; however, 
their volume fractions are too low to be distinctly resolved by XRD 
analysis.

Fig.  5c–f present scanning electron microscopy secondary electron 
(SEM-SE) images and energy-dispersive X-ray spectroscopy (EDX) maps 
of Al and Cu, revealing the solidified microstructure of L3 along the 𝑦–𝑧
plane. These images distinguish two distinct microstructural regions: (i) 
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Fig. 4. Three dimensional characterization of the solidified Cu distribution. Volume renderings of sample L4: (a) full sample volume, (b) cross-section through 
the track, (c) regions with Cu composition above 0.05 wt, and (d) region with Cu composition above Al2Cu composition, i.e., ∼0.5407 wt Cu. Panel (e) contains 
𝑦–𝑧 cross-section views of L1, L2, and L3, and 𝑥–𝑧 and 𝑥–𝑦 cross-section views of L3. (f) Distribution of Cu composition and mean Cu composition (red lines) and 
(g) normalized total entropy of mixing index (𝛴𝑡𝑜𝑡) after the addition of each layer. A minimum threshold of 0.02 wt Cu has been used to remove the Al matrix 
contribution for (f and g). Vertical dotted lines in (f) show the maximum solubility in Al, the eutectic point composition, and the Al2Cu phases composition in 
Cu, 𝑤Cu

𝛼,𝑚𝑎𝑥., 𝑤Cu
𝐸 , and 𝑤Cu

𝐴𝑙2𝐶𝑢, respectively. A minimum threshold of 0.05 wt Cu was applied in (c) to enhance readability. Frames with blue, red, or green color 
for L3 specify cross-section positions. The laser traveled along the 𝑥 direction. Color scales represent the Cu composition in weight and the dotted lines represent 
the approximate position of the interfaces.
darker contrast areas, corresponding to 𝛼-Al primary dendrites, and (ii) 
lighter contrast areas, representing a lamellar eutectic microstructure 
composed of 𝛼 − 𝜃 phases. Quantitative analysis of the images yields 
a secondary dendrite arm spacing (𝑆𝐷𝐴𝑆) of 0.443 ± 0.028 μm and an 
interlamellar spacing (𝜆) of 0.047±0.002 μm. As expected, the dendritic 
regions exhibit a lower Cu content than the eutectic microstructure, as 
confirmed by Fig.  5f1 and Fig.  5f2. However, the presented composition 
maps should be interpreted qualitatively, as the interaction volume of 
the EDX measurement significantly exceeds the microstructural length 
scales [71].

The bimodal Cu composition distribution observed in microtomog-
raphy experiments (Fig.  4) can be directly correlated with these mi-
crostructural features. The first and second composition peaks corre-
spond to regions primarily consisting of 𝛼-Al dendrites and the eutectic 
microstructure, respectively. Given the high solidification rates char-
acteristic of LPBF, 𝛼-Al is expected to be supersaturated with Cu, as 
indicated by both EDX maps and Cu distribution data [72,73]. Addi-
tionally, a lamellar eutectic microstructure is observed in interdendritic 
regions. Notably, 𝜃-Al Cu dendrites are absent, which can be attributed 
2

8 
to two possible mechanisms. The first, albeit unlikely, is that the 
local Cu concentration in the melt pool remained hypoeutectic during 
solidification (Fig.  5a).

However, this hypothesis is contradicted by the results in Fig. 
4f, which show that the composition exceeds the eutectic composi-
tion. This deviation from equilibrium expectations, where hypereutec-
tic compositions should initiate solidification with Al2Cu, is attributed 
to the rapid solidification conditions inherent to additive manufactur-
ing. Under rapid solidification, the solidification front velocity becomes 
sufficiently high that diffusion length becomes smaller that the charac-
teristic size of the microstructure or interface width, leading to solute 
trapping. As a result, the degree of solute partitioning decreases at the 
solid/liquid interface and solute can exceed the solid solubility given by 
equilibrium. This effect is characterized by a rate-dependent partition 
coefficient 𝑘(𝑅), which tends to unity as interface velocity increases. 
At 𝑘(𝑅) = 1, partitionless solidification occurs, i.e., both the solid 
and liquid phases share the same composition. The thermodynamic 
path then nearly follows the 𝑇0 line which represents equal Gibbs free 
energy of the two phases. Consequent to the decrease of partitioning, 
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Fig. 5. Microstructural characterization of the solidified Al–Cu multimaterial along the 𝑦–𝑧 plane with the vertical of the images aligned with 𝑧. (a) Al–Cu 
equilibrium binary phase diagram, (b) X-ray diffraction profile and indexed phases, (c–e) SEM-SE images, and (f) SEM-SE image and EDX elemental maps of Al 
and Cu. The interaction depth between an electron beam at an accelerating voltage of 10 kV with a bulk pure Al sample is ∼1.3 μm [71]. Additional SEM-SE 
images taken from various positions across the 𝑦–𝑧 plane are provided in Supplementary Figure 3.
the undercooling at the interface increases—the interface temperature 
decreases.

Since the solidification and growth rate of dendritic, planar, or 
eutectic microstructures are different, there is a competition between 
phases. Applying the criterion of maximum growth temperature, which 
states that the phase with a higher solid/liquid interface temperature at 
a given growth velocity has a higher driving force to form, it is possible 
to predict which phase will form for given compositions and growth 
velocities [29,74–76].

The 𝜃-Al2Cu phase is an intermetallic phase with a layered and 
chemically ordered tetragonal crystal structure. It has a steep solidus 
and 𝑇0 slopes and a narrow composition range (32.1 at% to 33.6 at% 
of Cu) [68]. This makes 𝜃-phase less capable of accommodating solute 
trapping compared to 𝛼-phase, even for high growth velocities. There-
fore, under high solidification rates, the 𝜃-phase requires significantly 
more undercooling to nucleate and grow. The required undercooling to 
form Al2Cu, which is dominated by the solute undercooling component, 
can exceed that of eutectic or 𝛼-phases. Therefore, only a limited range 
of solidification interface velocities allows for 𝜃-Al2Cu phase to form 
and grow upon rapid solidification. As an example, in a hypereutec-
tic Al–37wt%Cu alloy, the maximum expected growth rates for the 
dendritic 𝜃-phase to form is 𝑅 = 0.0357 m s−1 [77]. As a result of 
this restricted solidification window, the eutectic growth domain — 
comprising 𝛼-Al and 𝜃-Al2Cu — expands in composition, a phenomenon 
consistent with previous studies on rapid solidification [29,66,74,76].

Finally, in AM, thermal gradients (𝐺) and cooling rates (𝑇̇ = 𝐺𝑅)
vary over space and time within the melt pool. As a consequence, 
solidification rates are heterogeneous across it. This ultimately results 
into spatially varying microstructures. In multimaterial AM, an ad-
ditional gradient in composition further complicates the system. In 
9 
such systems, the interplay between velocity, composition, and local 
thermodynamic conditions can create local conditions allowing the 
coexistence, at a larger scale, of dendritic and eutectic phases.

The mean solidification growth rate can be estimated using em-
pirical relationships: 𝑆𝐷𝐴𝑆 = 35𝑅2∕3

𝛼  for 𝛼-Al dendrites [78] and 
𝜆2𝑅𝐸 = 99 for 𝛼 − 𝜃 lamellar eutectic [79]. To differentiate between 
these two growth rates, subscripts 𝛼 and 𝐸 are assigned to 𝛼-Al den-
drites and 𝛼 − 𝜃 lamellar eutectic, respectively. The estimated values 
are 𝑅𝛼 ∼ 0.69 m s−1 and 𝑅𝐸 ∼ 0.045 m s−1. By correlating these 
growth rates with microtomography-based composition measurements 
(Fig.  4f), the observed microstructures align well with predictions 
from monolithic composition alloy systems [29,66]. Furthermore, the 
calculated 𝑅𝐸 supports the absence of 𝜃-phase dendrites, consistent 
with prior studies on binary Al–Cu alloys processed under rapid solid-
ification conditions [29,66,74]. It should be noted that the empirical 
coefficients linking 𝑆𝐷𝐴𝑆 to 𝑅2∕3

𝛼  [78] do not fully encompass the 
high solidification rates observed in this study, requiring extrapolation 
beyond their reported range. Additionally, these coefficients depend on 
Cu content, and variations in published values exist. Here, the most 
recent upper-bound coefficient is applied [78].

The mean normal solidification rate at the trailing melt pool bound-
ary provides a first-order comparison to these calculated values. Based 
on real-time imaging data, this rate was estimated using the equation: 
𝑅𝐴𝑀 = 𝑉 cos(⟨𝜙⟩), where 𝑉  represents the scanning speed, and ⟨𝜙⟩ ≈
53◦ denotes the angle between the scanning direction and the normal 
to the trailing melt pool boundary. This yields 𝑅𝐴𝑀 ∼300 mm s−1, 
which is more than twice lower than 𝑅𝛼 . Despite this discrepancy, 
the predicted microstructure remains consistent with previous litera-
ture [29,66]. However, these findings underscore the lack of a robust 
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correlation between solidification rates and microstructural scaling 
laws in the context of rapid solidification in AM [78,80].

Microhardness testing performed on the sample cross-section (Sup-
plementary Figure 4) showed an increase of hardness with higher Cu 
contents, as expected. Maximum microhardness reached approximately 
1000 Hv, compared to an average of 32 Hv for pure Al or approximately 
120 Hv for LPBF-manufactured CuCrZr [81]. However, this increase 
is primarily attributed to the microstructural refinement — specifi-
cally, the reduction of interlamellar spacing — rather than composition 
alone. Using the Hall–Petch relationship provided in [82] for an Al–
Cu eutectic composition, the estimated hardness using 𝜆 = 0.047 μm 
is approximately 790 Hv, showing good agreement with our measure-
ments. The remaining difference can be attributed to compositional 
variations (solid solution strengthening) and the extrapolation of the 
relationship beyond its originally validated range. Additionally, it is 
well known that mechanical properties in crystalline solids exhibit a 
size dependence relatives to the applied load and indenter, smaller 
being stronger [83]. In the context of hardness measurements, this 
phenomenon is referred as the indentation size effect. Consequently, 
the maximum microhardness values reported in this study should be 
interpreted with care. Such sharp changes in mechanical properties are 
likely to induce stress redistribution at the Al–CuCrZr interface under 
mechanical loading, potentially leading to localized deformation or 
crack initiation. Finally, these high hardness levels, combined with dif-
ferences in physical properties and the inherent temperature gradients 
observed during multimaterial AM, promote crack formation during 
cooling [42]. For instance, a crack across the solidified melt pool (𝑦–𝑧) 
is visible in Fig.  4e.

These results suggest that the local solidification behavior in multi-
material systems can be effectively understood using principles derived 
from monolithic composition alloys. Furthermore, processing maps 
linking composition and growth rates to final microstructure could 
serve as a preliminary predictive tool for multimaterial numerical sim-
ulations. Such models could enable the estimation of physicochemical 
and mechanical properties, thus maximizing the design flexibility of 
AM.

4. Summary and outlook

This study characterized in real-time the mixing of elements in the 
melt pool of Al–Cu multimaterials during LPBF process, leveraging 
X-ray attenuation measurements. The results reveal complex solute 
transport mechanisms, driven by material properties, fluid flow dynam-
ics, keyhole evolution, and bubble formation, all of which influence 
mixing at multiple length scales. Fig.  6 schematically summarizes these 
key findings.

Cu incorporation was found to occur primarily through discrete 
transport events at the melt pool surface, particularly on the trailing 
side and at the keyhole position (Fig.  6a, top panel). As demonstrated, 
spontaneous wetting cannot occur because the spreading liquid (Cu) 
has a higher surface tension than the substrate liquid (Al). There-
fore, additional dynamic driving forces, such as Marangoni flow or 
hydrodynamic fluctuations, must assist the process, leading to the 
stochastic and discrete nature of the incorporation. These events are 
followed by element redistribution, where successive layer deposition 
induces remelting and remixing of the underlying track, leading to a 
progressive increase in compositional homogeneity (Fig.  6a, middle 
panel). Moreover, chemical heterogeneity at the local scale results in 
microstructural inhomogeneity, with regions exhibiting distinct phase 
compositions (Fig.  6a, bottom panel). Fig.  6b highlights that surface 
tension, inertial forces, and recoil pressure play a primary role in mass 
transport for the majority of the melt pool lifetime and thus in the 
mixing of multimaterial processed using AM.

The mode of incorporation observed here is consistent with studies 
performed on the same system [41] and on other multimaterial systems 
during additive manufacturing, namely In718 powder onto Al base 
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Fig. 6. Schematic outlining (a) the principal phenomena dictating Cu evolu-
tion observed during layer additions and the resulting microstructure and (b) 
the typical length scales of the forces participating to the mass transport in 
the melt pool.

plate and 316L powder onto Al base plate [42]. For the latter, the 
surface tension gradients of the liquids (considering the pure elements) 
display the same trend, i.e., the surface tension of the spreading liquid 
is higher than that of the substrate liquid. Therefore, this could suggest 
that this mode of incorporation will be expected for systems sharing 
the same surface tension properties, such as Ti onto Cu, Fe onto Cu, 
and Ni onto Cu [84]. Conversely, when the surface tension gradient is 
reversed (e.g., Al onto Cu or Cu onto Fe), spontaneous wetting would 
occurs, facilitating a more continuous and homogeneous mixing. This 
underscores the importance of the printing sequence (A on B or B on 
A) to obtain sound bonds when processing multimaterials [24].

Furthermore, the thermal mismatch between the high melting tem-
perature of the powder relative to the melting temperature of the base 
material must be considered. These powder particles initially act as 
heat sinks which therefore delays their melting relative to the base 
material. Consequently, their initial incorporation into the melt pool 
may be driven by their momentum rather than a liquid–liquid mixing 
process. This ultimately affects the melt pool flow and therefore the 
distribution of the elements [85].

In addition, it is worth mentioning that alloying elements and 
contaminants present in the materials or introduced during the process 
can strongly affect the physical properties of the liquids and therefore 
change the wetting behavior [84,86]. Although the surface tension 
evolution is primarily monotonic with the composition in binary sys-
tems [86], certain systems, such as Fe–Ti, exhibits local minima or 
maxima which ultimately influence wetting behavior during mixing. 
However, the mixing length scales and predominant mechanisms are 
expected to hold for other multimaterial systems, as the orders of 
magnitude of the physical constants remain similar.

Finally, although some generalization to other multimaterial sys-
tems can made, specificities may arise from differences in process-
ing parameters, thermophysical properties, and phase formation and 
stability. Notably, significant differences are expected in multimate-
rial systems presenting a liquid immiscibility. Contrary to the binary 
Fe–Cu system, where liquid miscible gap disappears above approx-
imately 1450◦C—theoretically allowing for unrestricted mixing, the 
316L–CuCrZr system exhibits a persistent liquid miscibility gap that 
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extends well above the melting point of the 316L phase [87]. In such 
immiscible systems, a distinction must be made between the incor-
poration event and the subsequent mixing. In both cases, the mixing 
subsequent to the incorporation and final element distribution are heav-
ily governed by the liquid miscibility gap. However, in 316L–CuCrZr, 
the persistent miscible gap prevents homogenization of the superheated 
liquid, causing discrete droplets with vastly different compositions to 
persist or further segregate during cooling.

Furthermore, higher degrees of homogeneity are expected for high 
energy density conditions, large melt pool width and depth, and multi-
tracks and interlayer rotation scanning strategies. The increased melt-
pool lifetime in these conditions enables mass transport over a wider 
length scale, promoting better mixing [25]. However, for example, 
in the case of spiral scanning strategies, gradients of chemical homo-
geneity from the outer to the inner section of the spiral might be 
observed if the processing parameters are not adjusted during manufac-
turing. This scanning strategy could be used to leverage the formation 
of heterostructured microstructures. To better understand the effect 
of scanning strategy on element distribution during AM, in situ and 
operando X-ray tomography experiments have to be exploited [88,89]. 
However, due to similar X-ray attenuation coefficients at given X-ray 
energies, some multimaterial systems, such as Fe–Ni and Fe–Cu, do not 
lend themselves to this type of experiments.

5. Conclusions

Leveraging attenuation measurements, this study employed X-ray 
radiography and X-ray computed tomography to investigated elemental 
redistribution during laser powder bed fusion of an Al–CuCrZr multima-
terial system. Real-time radiography experiments at 100,000 frames s−1
enabled direct observation of the mixing dynamic during the deposition 
of successive single tracks. The main conclusions are summarized as 
follow:

• The mixing of CuCrZr into Al occurs through discrete and stochas-
tic events originating from the melt pool surface. This mode of 
incorporation could results from the poor wetting of the spreading 
liquid on the substrate liquid, necessitating additional dynamic 
driving forces to assist the incorporation process. Therefore, these 
events are driven primarily by melt pool fluid dynamics and may 
coincide with keyhole collapses.

• The melt pool composition is heterogeneous, typically ranging 
approximately from Al to Al2Cu. Upon solidification, this compo-
sitional variability leads to the formation of distinct microstruc-
tures due to differing solidification paths. The resulting out-of-
equilibrium local microstructure can be predicted from mono-
lithic alloy processing–microstructure maps using the local com-
position and cooling rates.

• The predominant mixing mechanisms and length scales observed 
in this study are likely generalizable to a wider set of multima-
terial systems, with notable differences expected for alloy com-
binations exhibiting liquid immiscibility, such as 316L–CuCrZr. 
Additionally, the incorporation mode could be expected to hold 
for multimaterial systems in which the spreading liquid has a 
higher surface tension than the substrate liquid. However, due 
to the metallurgical complexity of multimaterial systems and 
their interplay with processing conditions, further investigation 
of diverse multimaterial systems is necessary to fully validate 
the transferability of these findings across different metallurgical 
combinations.

This work provides critical ground truth for the development and 
validation of advanced numerical models, thereby facilitating a deeper 
understanding of multimaterial AM processes. Beyond numerical mod-
eling, these findings highlight the need for next-generation experimen-
tal capabilities, including high-resolution operando imaging, improved 
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spatial and temporal resolution, and real-time tomography. Such ad-
vancements will enable a more comprehensive understanding of solute 
mixing dynamics, ultimately enhancing process control and material 
design strategies in multimaterial AM.
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