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« A reliable method was developed to de-
rive composition from X-ray radiogra-
phy, consistent with SEM-EDS measure-
ments.

Persistent non-equilibrium conditions
were observed at the s-1 interface re-
gardless of sample thickness or melting
mechanism.

Despite non-equilibrium conditions, in-
terface migration nearly ceased, with s-1
interface velocity <1 pm/s.

ARTICLE INFO

Keywords:

Additive manufacturing
Remelting

Melting mechanisms
Solid-liquid interface
Non-equilibrium

GRAPHICAL ABSTRACT

X-ray Source t=0s t=300s t=570s

- o
0 10 20 30 40 0 60 15 -10 05 00 05 10
Time [s] Distance from interface [mm]

>
£ Insulation
s Thermocouple]
5 ic Sample . . N
L i Heater Real-time observation of solutal melting
TR 3 '
= — 220pm — 0 H
> w —on = ;
5 2 g 1
x E-ozf i* !
5 N H - i
= ¢ 2 04 N Lw crmss |}
5 amera CCD ] I i !
£ g s § i
= & » - H
§-os 8 |
= 3 i
o ]
avaooum| |
s

Quantification of interface kinetics and composition

ABSTRACT

Solutal melting experiments on isomorphous copper-palladium (Cu-Pd) melting couples are performed to better
understand the kinetics of the solid-liquid (s-1) interface. In-situ monitoring of the melting process with a sub-
second time-resolution by X-ray radiography (XRR) is key to identifying the evolution of the concentration fields
during the process. The samples used, were concentric. XRR experiments were performed using thin samples of
220 and 460 pm thickness. The samples were processed in a near-isothermal furnace by rapid heating at approx-
imately 19.5 °C/min followed by annealing at holding temperature of 1090 °C slightly above the melting point
of copper (Cu) (1085 °C) but far below the melting point of palladium (Pd) (1555 °C). Solutal melting of Pd
was uniformly observed in real-time. In our study particular attention was paid to study the effect of specimen
thickness on the s-1 interface velocity. Pd dissolved rapidly in the thick sample of 460 pum in comparison with
the thin sample of 220 pum. Furthermore, the evolution of in-situ concentrations was determined using transmit-
ted X-ray intensities. Postmortem analysis performed on re-solidified CuPd alloy using SEM showed satisfactory
agreement. Persistent non-equilibrium conditions existed at the s-1 interface by the end of melting regardless of
the melting mechanism and/or sample thickness.
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1. Introduction

Additive manufacturing (AM) is a promising fabrication technol-
ogy to tailor three-dimensional intricate products, layer upon layer.
However, the adoption of AM in critical sectors such as aerospace, is
hindered due to the heterogeneity of mechanical properties and poor
microstructure with deleterious defects (e.g., porosity) [1,2]. Recently,
some real-time investigations have attempted to uncover the mecha-
nisms of porosity formation during laser-matter interaction in AM [3-5].
However, these investigations have exclusively addressed the effect of
thermal melting on the final microstructure. Since the AM process oc-
curs layer upon layer, a remelting of the solidified layer (locally) would
happen when it comes into contact with a fused liquid layer, driven by
thermal gradient and/or solute redistribution. This process is crucial in
shaping the final microstructure, thus influencing the mechanical prop-
erties. For instance, the remelting of secondary dendrite arms at the root
leads to defect formation [6] and the columnar-to-equiaxed transition
[7]. Additionally, AM has emerged as a promising route for fabricating
bimetallic materials with tailored features and site-specific properties to
satisfy the demanding industrial applications [8]. The characteristics of
the interfacial region, however, are strongly influenced by the sequence
of material deposition, which governs subsequent microstructural evolu-
tion and, ultimately, the resultant mechanical properties. For example,
in the AM of stainless steel 316L/Inconel 718 (SS316L/IN718) bimetallic
systems, deposition of IN718 onto SS316L promotes epitaxial solidifica-
tion and the formation of a sharp interface. In contrast, deposition of
SS316L onto IN718 results in melt pool banding, significant dilution,
and the absence of epitaxial growth [9].

Melting is not simply the inverse of solidification, as emphasized
by Markus Rettenmayr; although both involve solid-liquid (s-1) phase
transitions [10]. They differ fundamentally in nucleation, solute con-
centration, and interfacial thermodynamics [10-14]. Despite its tech-
nological importance, remelting, particularly solute-driven melting has
received little systematic investigation. Moreover no in-depth in-situ
study has been conducted to examine the evolution of solute concentra-
tion together with the s-1 interface kinetics. The present research aims
to address this scientific gap.

Solutal melting (SM) is defined as the dissolution of a solid below its
melting point when it is brought into contact with a liquid of different
composition and under isothermal conditions. While the system tries to
reach thermodynamic equilibrium, the asymmetry of the diffusion coef-
ficients between the solid and the liquid phases leads to a shift between
the interface velocity—governed by diffusive fluxes—and the diffusive
velocity required to reach local thermodynamic equilibrium, making so-
lutal melting an out-of-equilibrium process [15,16]. For instance, in a
Cu-Ni couple (consisting of pure Cu and Ni held together) annealed
isothermally at 1115 °C, thermally melted liquid Cu was in contact with
solid Ni (7,, = 1455 °C). Since the compositions at the newly formed
s-1 interface were out of equilibrium, continuous dissolution of Ni oc-
curred, allowing direct observation of the temporal evolution of the
s-1 interface [15]. However, the mechanism of solid metal dissolution
in liquid remains debated. The conventional melting theory postulates
that dissolution occurs through the detachment of atoms from the solid
surface, followed by their diffusion into the bulk liquid [17,18]. In con-
trast, an alternative theory proposes that atoms from the liquid melt
diffuse into the solid, forming a compositionally modified interfacial
layer that melts below the solid’s melting point [19]. Understanding
the melting mechanism is essential for advancing technologies such
as AM and welding of dissimilar metals, yet such knowledge remains
scarce.

Regardless of the melting mechanism, Dutta et al. have determined
the s-1 interface velocity during solutal melting of the Al-Mg alloy using
simple heat balance calculations [12] related to a decrease in temper-
ature due to the consumption of latent heat [11]. Furthermore, they
have claimed that the experimentally derived s-1 interface velocity was
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in line with the simulation results [14]. Deillon et al. have examined
the SM process in the Cu-Ni system in real-time at the temperatures of
1115-1145 °C using laser confocal microscopy. They observed that the
dissolution rate of Ni into liquid Cu increased with increasing annealing
temperature [15]. Although the progressive dissolution of Ni caused a
radial composition gradient in liquid Cu, this technique was not com-
patible with tracking the compositional changes near the s-1 interface
which would affect the s-1 interface kinetics. To overcome these lim-
itations, X-ray radiography (XRR) was considered by Abdedou et al.,
which is a powerful technique for monitoring the s-1 interface kinet-
ics and the compositional changes simultaneously. Thin foils of Ag-Au
melting couples were considered for in-situ SM experiments at 1000 °C.
The composition analysis by XRR followed by postmortem analysis us-
ing a scanning electron microscope (SEM) revealed that non-equilibrium
conditions existed at the s-1 interface despite the fact that the s-1 in-
terface stagnated after 200 s during the SM process [16]. This unusual
behavior of the s-1 interface remains elusive. The present research is fo-
cused on better understanding the s-1 interface evolution and the effect
of specimen’s thickness on their kinetics through in-situ monitoring of
the melting process with a sub-second time-resolution by XRR. A partic-
ular attention was paid to study the role of melting mechanisms on the
thermodynamic conditions existing at the s-1 interface in the remelted
zone.

2. Experimental methods
2.1. Fabrication of Cu-Pd melting couple

The well-known isomorphous Cu-Ni melting couple is convenient to
fabricate via casting. However, due to the similar densities and atomic
numbers of Cu and Ni, distinguishing between them using absorption-
contrast XRR is challenging. As a result, this system is not ideal for
XRR investigations. On the other hand, the Ag—Au melting couple is
well suited for such studies, but fabricating thin samples is difficult, and
both Ag and Au are costly materials for casting. Additionally, Abdedou
et al. have reported buckling in thin Ag—-Au samples [16], which can
affect the gray values in X-radiographs and potentially mislead data in-
terpretation. To address these limitations, the Cu-Pd melting couple is
considered a promising alternative for conducting in-situ solutal melting
experiments using XRR. Similar to the Cu-Ni and the Ag-Au systems, it
is also an isomorphous system [20]. A Pd rod (99.95% purity) of 3 mm
diameter and Cu shots (99.9% purity) of 1-10 mm are procured from
ChemPur GmbH, Germany and Johnson Matthey GmbH, England, re-
spectively, to fabricate Cu-Pd melting couples. Concentric samples of
11 mm diameter have been fabricated by casting Cu into a BN-coated
steel-mold under an inert Argon atmosphere. The steel-mold contained
a short 3 mm diameter Pd-rod at its center around which the Cu solidi-
fied. For the XRR experiments thin samples of 220 and 460 pm thickness,
respectively were manufactured by slicing 1 mm discs from the as-cast
Cu-Pd rod and grinding them to the desired thickness using SiC-abrasive
paper.

2.2. In-situ solutal melting with X-ray radiography

An in-house built rotatable XRR facility [21,22] was used to moni-
tor the evolution of the s-1 interface and to track the radial composition
changes during the melting process of the Cu-Pd melting couple. The
XRR facility can be tilted 90° between the horizontal and the vertical
beam direction with respect to the gravitational force. For the current
research a vertical alignment of the XRR facility is considered to keep
the thin samples in a near-isothermal furnace [23] aligned perpendic-
ular to gravity so that buoyancy-driven fluid flow is suppressed. Fig. 1
shows the schematic representation of the XRR setup attached to the
near-isothermal furnace in vertical alignment. The entire furnace setup
was positioned in the X-ray beam to monitor the melting process with
a sub-second time-resolution. Thin samples are firmly positioned in the
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Fig. 1. XRR setup attached with near-isothermal furance in a vertical alignment
[23].

center of the near-isothermal furnace made of BN to anneal them isother-
mally at 1090 °C for 600 s. A vacuum of 10~* mbar was maintained in the
cartridge prior to heating the furnace at a rapid heating rate of approx-
imately 19.5 °C/min to reach the isothermal temperature of 1090 °C.
This temperature is slightly above the melting point of Cu (1085 °C) but
far below the melting point of Pd (1555 °C). Consequently, the ther-
mally melted liquid Cu was in contact with solid Pd. Since the liquid
and solid compositions at the newly formed s-1 interface were out of
equilibrium, the dissolution of Pd takes place. The XRR was operated
at a voltage and a current of 90 kV and 90 pA, respectively, to obtain
the best quality radiographs for the here presented Cu-Pd melting cou-
ple. The entire isothermal melting process, ie., the temporal evolution
of the s-1 interface and of radial compositional changes were monitored
with an effective resolution of 4 um [23].
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2.3. Data processing method

The X-radiographs are recorded with a resolution of 3000x2840 pix-
els and a standard exposure rate of one frame per second. The noise
in the radiographs was reduced by averaging intensities over four im-
ages using the image processing package Fiji [24]. Since each image
was captured with a standard exposure rate of 1 fps, the processed
images have a frame interval of 4 s. The X-radiograph shows contrast
between Cu and Pd owing to a variation in their mass absorption co-
efficients and the densities. Typically, the dense and higher-Z solid
Pd appears darker than liquid Cu. The sharp transition in gray values
was used to identify the s-1 interface position. The procedure of track-
ing the temporal evolution of the s-1 interface and of determining the
radial composition gradient in liquid Cu is explained in detail in the fol-
lowing sections. The Python programming language (Python Software
Foundation, version 3.12, available at https://www.python.org/) was
used for data processing using custom Python scripts written by the
author (unpublished).

Tracking the s-1 interface evolution

Although the original X-radiographs are acquired as 8-bit gray-scale
images, they are rendered here in this article using false-color mapping
to facilitate enhanced visualization of the s-1 interface and the radial
compositional gradient within the liquid Cu. In the color-mapped rep-
resentations, regions corresponding to pure solid Pd and pure liquid Cu
are shown in blue and pale green, respectively (cf. the background of
Fig. 2). The Pd uptake in liquid Cu during melting leads to a darker
green.

The spatial pixel intensity profiles shown in Fig. 2 as a function of
distance from the original s-1 interface are extracted along the red dash-
dotted (3 mm in length) line positioned near the interface between solid
Pd and liquid Cu in a 220 um thin sample, at two temporal snapshots:
t = 0 s (onset of melting) and ¢ = 570 s (completion of melting). A
sharp change in the pixel intensity profile is observed at the s-1 inter-
face, which is defined as the reference position (0 mm) as illustrated in
Fig. 2(a). Distances extending into the liquid Cu and solid Pd phases are
represented on the positive and negative scales, respectively. As melt-
ing proceeds, the dissolution of Pd into the Cu melt induces a leftward
migration of the s-1 interface, as illustrated in Fig. 2(b). The determined
raw interface position versus time data were first smoothed using a
Savitzky-Golay filter (window length = 11, polynomial order = 3) to
suppress high-frequency noise while preserving the underlying trend.
The smoothed data were then fitted with an exponential decay function,
y = A -exp(—k - x) + C, yielding an excellent goodness of fit (R? = 0.99),
indicating that the functional form accurately represents the measured
interface evolution. The fitted curve was used to represent the temporal
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Fig. 2. The spatial pixel intensity profiles extracted along a red dash-dotted (3 mm in length) line positioned near the interface between solid Pd and liquid Cu in a
220 pm thin sample, at two temporal snapshots: (a) = 0 s (onset of melting) and (b) 7 = 570 s (completion of melting).
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Table 1 Table 2
The pixel intensities of pure liquid Cu and solid Pd at 1090 °C. The mass absorption coefficients and densities of Cu and Pd at 1090 °C.
d (u m) I, I, Iy, d(pm)  Material g (cm?g™!)  pl (em?g!)  p(gem) P (gem)
220 219.7 180.0 43.0 220 Cu 1.07 1.17 8.49 7.83
460 219.7 144.0 24.0 Pd 6.44 6.75 11.55 11.02
460 Cu 1.09 1.18 8.49 7.83
Pd 4.21 4.41 11.55 11.02

evolution of the interface position. The interface velocity was subse-
quently obtained by numerically differentiating the fitted curve, rather
than the raw data. This approach substantially reduces numerical arti-
facts associated with the direct differentiation of noisy measurements
and yields a smooth, physically consistent velocity profile, including ve-
locities near the end of melting. Concurrently, the Pd diffusion into the
Cu melt also leads to a radial concentration gradient within the liquid Cu
adjacent to the interface. This is manifested in the form of a progressive
increase in pixel intensity values in the liquid Cu region, along with a
corresponding shift in color contrast, indicative of increasing Pd content
in the melt (s. Fig. 2(b)).

Composition determination

Elemental concentrations were quantified from gray-level intensities
using the Beer-Lambert law, which relates X-ray attenuation to mate-
rial thickness d, density p, and mass attenuation coefficients y,,. For
monochromatic radiation, the transmitted intensity I is given by:

I=1y-exp(—py,-p-d) (D

with I, being the transmitted intensity of the detector without sample.
For a binary mixture of Cu-Pd in a single phase (either solid or liquid),
a linear mixing rule applies:

Hm " P=Xcy* Bmcu* Pcut Xpd * Hmpd * PPd (2

where x,, xp, are the weight fractions of the elements Cu and Pd, re-
spectively. Rearranging Eq. (1) the liquid Cu composition is obtained
as:

o [G) ()] () @
“ (”in,Cu : pICM) - (Hmed '/’lpd)

The sample thickness d was held constant throughout the melting
process by applying a controlled pressure via a piston within a near-
isothermal furnace, thereby eliminating thickness variation as a con-
tributing factor to changes in detector intensity profiles. The incident
X-ray intensity, I,, was determined from images acquired in the absence
of the sample. For a poly-chromatic X-ray source, the effective mass
absorption coefficients for Cu and Pd in relevant solid/liquid phases
were calibrated empirically using the measured gray-scale intensities
of pure reference materials. Specifically, the absorption coefficients for
liquid Cu (ﬂfmc“) and solid Pd (y;,Pd) at 1090 °C were obtained from
Beer-Lambert law (Eq. 1):

In < ],—°>
1 _ [Cu

'Mm,Cu - d- p[
Cu
C)]
()
s _ Pd
”m,Pd - d - ps .
Pd

where I ’Cu and I}, correspond to the pixel intensities of pure liquid Cu
and solid Pd, respectively, measured immediately prior to melting (s.
Table 1).

The absorption coefficient for pure Pd in the liquid phase (yfn pa)s T€"
quired for subsequent composition analysis via Eq. (3), was not directly

accessible. Following the approach reported by Abedou et al. [16], ;4:" Pd

was approximated based on the inverse ratio of densities between the
phases:

S
”ﬁn,Pd R pg plﬂ' ®

Pd
The phase-specific densities pICM and p},, at 1090 °C were obtained from
the literature [25-27] are tabulated (s. Table 2). While this represents
a reasonable first-order approximation, effective attenuation in a poly-
chromatic X-ray beam may deviate from linear density scaling. To assess
the sensitivity of the reconstructed composition profiles to this assump-
tion, the liquid Pd attenuation coefficient was varied by +10% relative to
the density-scaled reference value, and the full reconstruction procedure
was repeated. The analysis shows that variations in the assumed liquid
Pd attenuation coefficient mainly affect the absolute attenuation within
the fully solid Pd region, while the position of the s-1 interface, the solute
concentration gradients in the liquid Cu region, and the overall profile
morphology remain essentially unchanged.

Additionally, postmortem analysis of the re-solidified alloys was per-
formed using field-emission SEM. The re-solidified Cu-Pd samples were
polished with BUEHLER MasterPrep polishing solution with an average
grain size of 0.05 um. Data were acquired using a ZEISS Gemini SEM op-
erated at 7 kV and 2 nA in back-scattered electron (BSE) imaging mode.
Energy Dispersive Spectroscopy (EDS) measurements were performed
using an Oxford Instruments detector, and AZtec software was used for
data acquisition and post-processing.

3. Experimental results
3.1. Preliminary SEM studies

The process of Cu-Pd melting couples fabricated here closely resem-
bles the solutal melting process, with liquid Cu contacting a solid Pd
rod (refer Section 2.1). Based on Deillon’s study on the Cu-Ni melting
couple, the presence of a pre-existing inter diffusive layer influences s-1
interface kinetics during the melting process [15]. Therefore, inter dif-
fusion at the Cu-Pd interface during casting must be assessed. Prior to
SM experiments, the as-cast Cu-Pd rod was analyzed using SEM-EDS for
compositional analysis across the Cu-Pd interface, sampling from both
the bottom and top sections. Fig. 3 presents BSE micrographs of the
as-cast Cu-Pd rod from the bottom and top sections. The bottom section
exhibits a sharp interface with no detectable inter-diffusion (s. Fig. 3(a)),
whereas the top section shows a 2 um diffusive layer (s. Fig. 3(b)), at-
tributed to slower heat extraction during solidification. To eliminate any
influence of the pre-existing diffusive layer on the s-1 interface kinet-
ics, solutal melting experiments were conducted exclusively on Cu-Pd
melting couples sliced from the bottom section of the as-cast rod.

3.2. Solutal melting of Cu-Pd couple

Solutal melting experiments were performed on two samples of 220
and 460 um thickness. Each was annealed in a near-isothermal furnace
at 1090 °C, slightly above the melting point of Cu (1085 °C) and well
below that of Pd (1555 °C), resulting in liquid Cu in contact with solid
Pd. Fig. 4 illustrates Pd dissolution into liquid Cu during the melting of
220 pm thin sample and 460 um thick sample (video files are provided
as Supplementary material). Pd dissolution occurs uniformly across the
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Fig. 3. BSE micrographs of as-cast Cu-Pd interface, sampling from both the (a) bottom and (b) top sections.

t=0s

t =300s

t=570s

Fig. 4. False-color representations of X-radiographs illustrate Pd dissolution into liquid Cu during melting at 1090 °C; Top row: 220 pum thin sample; Bottom row:

460 pm thick sample.

interface, but proceeds faster in the thicker 460 pum sample (s. Fig. 4
bottom row) than in the thinner 220 um sample (s. Fig. 4 top row).
Simultaneously, the evolution of solute gradients within the liquid Cu is
evident from the progressive color changes in the maps.

3.3. S-linterface kinetics

As Pd dissolves into the liquid Cu during melting, the s-1 interface
migrates leftward (s. Fig. 2), indicating that, from the perspective of
solid Pd, the interface progressively recedes with time. The temporal
evolution of s-1 kinetics and solute gradients in liquid Cu were quan-
tified from the processed data (refer to Section 2.3). Fig. 5(a) presents
the interface position as function of time. The negative scale indicates
a progressive recession of the s-1 interface. In the thin sample, the in-
terface receded by 330 pum, compared to 970 um for the thick sample.
The interface velocity is obtained by differentiating the interface posi-
tion with respect to time. In both cases, dissolution rates decreased with
time; however, the initial rate was notably lower in the thin sample (s.
Fig. 5(b)).

3.4. Composition gradient in liquid Cu

The solute gradient in liquid Cu was determined from the XRR data
as described in the Section 2.3. Fig. 6 shows the concentration profiles
in the vicinity of the s-1 interface at the beginning (+ = 0 s) and at the end

(1 = 570 s) of the melting process. The equilibrium liquidus and solidus
compositions of the Cu-Pd alloy at 1090 °C are 90 and 89 wt.% of Cu,
shown as red and blue dash-dotted lines, respectively. At first glance,
the composition profile at t = 570 s indicates that the interface receded
by 330 pm (s. Fig. 6(a)), compared to 970 pm for the thick sample (s.
Fig. 6(b)). Besides, the composition profiles at the end of melting indi-
cate that liquid Cu in the 220 pm thin sample does not reach equilibrium,
whereas in the 460 um thick sample, equilibrium appears to be attained
away from the s-1 interface. Subsequently, postmortem analysis of the
re-solidified Cu-Pd alloys were conducted using SEM to examine the Cu-
Pd interface and the radial solute gradients of Cu. In principle, the width
of the s-1 interface is only a few atomic layers, which lies beyond the res-
olution limit of SEM. Therefore, in the present study, a transition zone
between solid Pd and liquid Cu was analyzed using SEM. Fig. 7 presents
the BSE micrographs of the re-solidified samples. For improved clarity,
the inherently gray-scale BSE images are shown with false-color map-
ping to highlight the s-1 transition zone. The regions corresponding to
pure Pd and to Cu alloyed with Pd appear in uniform colors, whereas
the transition zone displays a gradual change in color contrast (outlined
by dashed lines in Fig. 7), which is interpreted as representing the s-1
transition zone width in the re-solidified alloys. The postmortem analy-
sis indicates an s-1 transition zone width of 20-25 um and 28-30 um in
the thin and thick specimens, respectively.



N. Remalli, H. Zhang, N. Singh et al.

0.2
0.0
E
E -02 %W
& e
= -04
2 =)
a
8 -0.6 5
©
5 08 [ — fit220 ym 1
2
£ e fit-460 pm
-1.0 O raw-220 ym
O raw-460 ym
-1.2 -
0 100 200 300 400 500 600
Time [s]
(@

Materials Today Communications 50 (2026) 114619

0.0
w— 220 ym

-0.5 |- = 460 um —
7
5-10
z —
3 -1.5
& //

-2.0
[0}
E -25
£

-3.0

-35

0 100 200 300 400 500 600
Time [s]
(b)
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thick sample.

4, Discussion

In-situ solutal melting of isomorphous Cu-Pd couples showed uni-
form Pd dissolution into liquid Cu. Two specimen thicknesses, 220 and
460 pm, were used to investigate the influence of sample thickness on
s-1 interface evolution and melt depth, where the melt depth corre-
sponds to the recession distance of the s-1 interface. Thin specimens were
held perpendicular to gravity in a near-isothermal furnace to minimize
buoyancy-driven convection. Despite this, the 460 um specimen exhib-
ited markedly faster dissolution than the 220 um specimen (s. Fig. 4),

with s-1 interface recession distances of 970 and 330 pm, respectively.
The larger melt depth in the 460 pm specimen places it firmly in a regime
where buoyancy-driven flow is more likely to arise. Consequently, the
rapid dissolution of Pd in the 460 um specimen was attributed to buoy-
ancy convection leading to additional transport of solute-depleted liquid
to the interface, whereas the smaller melt depth in the 220 um speci-
men remains predominantly diffusion-controlled as illustrated in Fig. 8.
Although no direct evidence of convection, such as grayscale fluctua-
tions or asymmetries, was observed in the XRR measurements, indirect
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Fig. 8. Schematic representation of (a) diffusion-controlled melting in 220 pm
thin sample, (b) convection-dominated melting in 460 pm thick sample.

signatures support its presence. For example, the concentration profiles
of Cu melt at the end of melting (s. Fig. 6).

Pd dissolution generated a radial solute gradient in Cu melt, evi-
dent from decreasing pixel intensities near the s-1 interface over time
(s. Fig. 4). The concentration profiles, derived from XRR as described
in Section 2.3, are shown in Fig. 6 for the initial state (+ = 0 s) and at
the end of melting (+ = 570 s). The composition profiles at the end of
melting indicate that liquid Cu in the 220 um thin sample still varies
as a sharper gradient over 1 mm from the s-1 interface, whereas in the
460 um thick sample, the composition profile is a flattened, plateau-like
concentration profile as shown in Fig. 6. This difference is consistent
with enhanced convective mixing in the thicker sample and reinforces
the conclusion that convection plays a significant role in the observed
differences in melt depth between the two sample thicknesses. This ob-
servation strongly endorses the previous statement that in the thick
sample the Pd transport is enhanced by buoyancy-driven convection.

To quantify the transition between diffusion- and convection-
dominated solute transport, the solutal Rayleigh number (Ra,) was
estimated using thermophysical data for silver-copper (Ag—Cu) as a
proxy system, due to the absence of Cu-Pd liquid-state properties in the
literature. Ag was selected because it is adjacent to Pd in the periodic
table and exhibits similar solution behavior in liquid Cu. The current
XRR setup is not suitable for determining the concentration gradient
AC in the gravity direction. Hence, AC and s-1 interfacial compositions
are assumed to be 0.5% and 50-50 wt.%, respectively. The parameters
used for the calculation are summarized in Table 3. The solutal Rayleigh
number is defined as

g-p.-AC- H?
Ray==—"—— ©)

where g is gravitational acceleration, g, = (%) . (3—2) is the solu-

tal expansion coefficient, AC is the concentration difference, H is the

specimen height, v = % is the kinematic viscosity, and D is the so-

lute diffusivity [28]. The solutal expansion coefficient is approximated
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Table 3
Parameters used for estimating the solutal Rayleigh number for Cu-Pd using
Cu-Ag thermophysical data as a proxy.

Parameter Value Source

g 9.81 ms™2

H 220 — 460 pm

Pu-tg 9155kgm? Estimated
3 0.338 Estimated

n 3.2mPas [30]

v=n/p 3.50m?s™! Estimated

D 3.03x 107 m?s~! [31]

from volumetric expansion, i.e., f;, = (#) . ( %) at the interfacial al-
loy composition of 50-50 wt.%. Using the parameters in Table 3, the
solutal Rayleigh numbers Ra, for the 220 um and 460 pm samples
are 167 and 1525, respectively. Typical critical Rayleigh numbers for
buoyancy-driven solutal convection in simple layer geometries are on
the order of 103 [29]. Thus, the 220 um specimen lies safely within the
diffusion-dominated regime, whereas the 460 um specimen approaches
the convection onset threshold. This is consistent with the experimen-
tally observed transport behavior: the thicker 460 pum specimen displays
significantly flatter concentration profiles compared with the sharp,
diffusion-controlled gradient in the 220 pm thin sample.

Fig. 9 compares the composition profiles obtained from XRR data
at the end of the experiment (i.e., at 570 s) with postmortem SEM-
EDS analysis on re-solidified Cu-Pd alloy. It shows close agreement
between XRR-derived radial concentration gradients and EDS measure-
ments, confirming negligible beam-hardening effects in polychromatic
XRR under these experimental conditions. In addition, quantitative SEM-
EDS line scans were acquired in the vicinity of the s-1 interface on
specimens with thicknesses of 220 um and 460 pum (s. Fig. 10). The
normalized profiles show the variation in elemental composition across
the s-1 interface, with measurement uncertainty, confirming the previ-
ously observed compositional trends. The relatively higher noise in the
Cu-Pd alloy region compared with the pure Pd domain is attributed to
micro-segregation during resolidification. This shows that the method
presented to determine composition from the grayscale X-radiographs is
consistent for the Cu-Pd system. Postmortem analysis revealed transition
zone widths of 20-25 um in the 220 um thin specimen and 28-30 pm in
the 460 pm thick specimen (s. Fig. 7), which is indicated by chocolate-
colored vertical dashed lines in Fig. 9. Using composition data obtained
from XRR and SEM, the s-1 interface compositions at + = 570 s were
~50-60 wt.% Cu for the thin sample and ~70-75 wt.% Cu for the
thick sample, indicating that non-equilibrium conditions persist at the
s-1 interface regardless of specimen thickness and underlying melting
mechanism. These findings are consistent with prior observations in so-
lutal melting of isomorphous Cu-Ni [15] and Ag-Au couples [16]. To
contextualize the observed non-equilibrium behavior at the s-1 interface,
an approximate diffusion timescale analysis was performed. Since direct
measurements of the diffusion coefficient of Pd in liquid Cu at 1090 °C
are not available, we used the diffusivity of Ag in liquid Cu as a proxy
system to estimate the characteristic diffusion length using x = /Dt. The
diffusion coefficient of Ag in liquid Cu at 1090 °C is D = 3.03- 10~° m?/s
[31]. The resulting diffusion distance over ¢+ = 570 s is approximately
x ~ 1314 pum. Surprisingly, this length is much larger than the mea-
sured melt depth (i.e., the recession distances of s-1 interface). Although
diffusion coefficient suggests relatively rapid solute transport in liquid
Cu, the in-situ XRR and EDS measurements still reveal non-equilibrium
solute gradients at the s-1 interface. This indicates that additional ki-
netic limitations beyond simple diffusion may be active. Despite the
non-equilibrium state, interface migration rates diminished to <1 pum/s
by the end of melting (s. Fig. 5(b)). These results pave the way for further
investigations into the precise quantification of interface kinetics and
concentration evolution by probing the s-1 interface at atomic resolution
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Fig. 10. Representative EDS line scans in the vicinity of s-1 interface of (a) 220 pum thin sample, (b) 460 pum thick sample.

in real-time. This will provide insight into the out-of-equilibrium aspects
of solutal melting.

5. Summary

Pd dissolved uniformly in liquid Cu. However, the sample thickness
plays a key role on the dissolution rate. The s-1 interface was receded
by 330 pum in the thin sample, which is attributed to the diffusion-
controlled dissolution of Pd. In the thick sample, the s-1 interface was
receded by 970 um. The rapid dissolution of Pd was attributed to ad-
ditional convective transport contributions besides Pd inter-diffusion.
XRR-derived radial composition gradients and EDS measurements, con-
firm negligible beam-hardening effects in poly-chromatic XRR for these
experimental conditions. The composition profiles indicate that persis-
tent non-equilibrium conditions existed at the s-1 interface regardless of
sample thickness and/or the underlying melting mechanism. Flattened
concentration profiles in the thick sample versus steep gradient profiles
in the thin sample, along with estimated solutal Rayleigh numbers, in-
dicate the transition from diffusion-dominated to convection-influenced
transport. Despite the non-equilibrium state, interface migration rates
diminished to <1 pum/s by the end of melting, highlighting kinetic
limitations with implications for additive manufacturing, welding, and
solidification processes, which need to be further studied.
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