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A B S T R A C T

This study investigates the segregation behaviour of Zn in Cu-Zn brass during pulsed laser surface melting 
(pLSM), through a combination of experiments and molecular dynamics (MD) simulations. Understanding the 
segregation phenomena is critical for tailoring surface properties in alloys, which has significant implications for 
improving material performance in demanding applications. Starting from a Cu90Zn10 random solid solution 
brass alloy, well-defined, Zn-rich annular regions that contain about 35 % Zn arise due to segregation during 
pLSM and subsequent solidification. MD simulations reveal that Zn atoms possess significantly higher mobility 
than Cu during both the melting and solidification stages, leading to pronounced surface segregation, corrobo
rating experiments. This selective surface enrichment of Zn holds promise for enhancing corrosion resistance and 
surface hardness in brass alloys, paving way for further optimization of alloy compositions and laser processing 
parameters to achieve tailored surface properties in brasses and other alloy systems.

1. Introduction

Laser surface melting (LSM) is an advanced technique employed in 
material processing to modify surface properties and enhance the per
formance of various materials [1]. Pulsed LSM (pLSM) is a subcategory 
where ultra-fast high intensity laser pulses are employed to rapidly heat 
and melt the surface of a material, leading to significant changes in its 
surface topography [2,3], microstructure [4] and properties [5–7]. The 
high pulsed laser energy melts a thin layer of a localised area, devel
oping a melt pool. The flow within the melt pool induced by surface 
tension forces leads to redistribution of the molten layer which, upon 
solidification, leads to newer surface features [8]. The precise control 
over the laser parameters allows for tailored modifications, making 
pLSM a valuable tool in manufacturing processes where surface char
acteristics are critical.

Due to the high energy and process of solidification involved, alloy 
segregation during this process is a phenomenon of significant interest 
as it can substantially impact the material’s properties. Researchers have 
employed high temperature processing of alloys to induce chemical 
segregation to improve the properties of the material [9]. Shyam et al. 
[10] showed that the segregation of Mn and Zr at specific interfaces in a 
Al-Cu alloy assisted in improving the mechanical properties. Similar 

trends of segregation were also observed in laser-based additive 
manufacturing [11–13]; however, this phenomenon is yet to be explored 
for pLSM to the best of our knowledge. This segregation can lead to the 
formation of regions with varying compositions, which in turn have the 
capability to enhance mechanical properties, corrosion resistance, and 
overall performance. Understanding the mechanisms driving this 
segregation is essential for optimizing pLSM processes and achieving the 
desired material properties.

Molecular dynamics (MD) simulations have emerged as a powerful 
tool for studying segregation phenomena in alloys. For instance, in
vestigations using MD on binary metal nanoparticles, such as Ni-Cu and 
Au-Ag, revealed the segregation of Cu and Ag, respectively [14]. Simi
larly, MD studies on surface segregation in liquid semiconductor Si-Ge 
alloys showed the segregation of Ge [15]. Moreover, many researchers 
have employed MD in laser-based manufacturing processes to gain in
sights into topics such as grain growth, crack repair, and defect forma
tion during the process [16,17]. The level of atomistic detail provided by 
MD is particularly valuable for understanding the effects of rapid heat
ing and cooling during pLSM, which are challenging to capture through 
experimental techniques alone. MD studies thus offer a complementary 
perspective to experimental analyses, facilitating a comprehensive un
derstanding of alloy behaviour during laser processing.

* Corresponding author.
E-mail address: rraghav@iitgn.ac.in (R. Ranganathan). 

Contents lists available at ScienceDirect

Vacuum

journal homepage: www.elsevier.com/locate/vacuum

https://doi.org/10.1016/j.vacuum.2025.114754
Received 19 June 2025; Received in revised form 29 July 2025; Accepted 15 September 2025  

Vacuum 242 (2025) 114754 

Available online 16 September 2025 
0042-207X/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0003-1015-791X
https://orcid.org/0000-0003-1015-791X
mailto:rraghav@iitgn.ac.in
www.sciencedirect.com/science/journal/0042207X
https://www.elsevier.com/locate/vacuum
https://doi.org/10.1016/j.vacuum.2025.114754
https://doi.org/10.1016/j.vacuum.2025.114754


This study investigates segregation in Cu-Zn brass during pLSM using 
experiments and MD simulations. The brass composition used is 10 % Zn 
and 90 % Cu. By integrating these approaches, the aim is to provide a 
detailed investigation of the mobility and distribution of Cu and Zn 
atoms during the melting and solidification processes.

2. Experimental and computational methods

The pLSM experiments were carried out using a 300 W, 1080 nm 
fiber laser (SPI Lasers, redPOWER QUBE, model SP-0300-C-A-020–05- 
PQA-011–001-000). The laser beam was delivered to a 2D scan head 
(hurrySCAN 20) with a 255 mm f-theta objective lens, producing a near- 
Gaussian beam (M2 = 1.1) with a 1/e2 radius of 19.8 μ m at the focal 
plane. The processing chamber consists of a manual stage with acces
sible z-direction movement allowing adjustment of the beam size. Fig. 1
(a) shows a schematic of the laser setup. All processing was performed in 
open air, as using an argon atmosphere at high energy densities led to 
nanoparticle deposition. However, selected experiments were also 
conducted under argon and varying energy densities to study the in
fluence of atmosphere and temperature on segregation. Elemental dis
tribution of Cu and Zn was analysed using EDS (JEOL JSM-7900F SEM), 
while phase analysis was done via XRD (BRUKER D8 DISCOVER).

All MD simulations in this study were conducted using the open- 
source parallel simulator LAMMPS (Large-Scale Atomic/Molecular 
Massively Parallel Simulator) [18]. OVITO, an open-source software 
package, was utilised for geometry visualisation and post-processing 
analysis [19]. The current simulation investigates the mobility of Cu 
and Zn atoms during pLSM of brass.

MD simulations were first employed to estimate the melting point of 
bulk brass. A cubic simulation box (36.84 Å per side) containing 4000 
atoms with 10 % Zn randomly distributed was used, with periodic 
boundary conditions applied in all directions to mimic bulk behaviour. 
The system was relaxed under the NPT ensemble at 300 K for 1 ns, 
followed by heating from 300 K to 2000 K over another 1 ns. A sharp 
change in potential energy and density around 1420 K indicates the 
onset of melting. This predicted melting temperature is ~18 % higher 
than the experimental value (~1200 K), which is consistent with known 
MD trends. The overprediction arises from the use of periodic bound
aries and the absence of nucleation sites under constant heating rates 
[20,21], and thus still validates the interatomic potential used. The 

latent heat of melting obtained from the simulation is ~128 kJ/kg, 
reasonably close to the reported value of 153.2 kJ/kg [22].

Fig. 1(b–d) shows the initial configuration for the MD simulations. 
The computational box consists of three regions: the melt pool region 
(region Ω), the bulk region (region Π) and the vacuum region (region 
∑

). The melt pool is hemispherical with a diameter of 147.36 Å, rep
resenting localised heating by a Gaussian laser source during pLSM. The 
entire simulation box is of the size of 368.4 ̊A X 221 ̊A X 221 ̊A. A vacuum 
region 

∑
is present till a height of 36.84 Å which is followed by atom- 

filled region of Ω ∪ Π of height 147.4 ̊A. The atom-filled region is topped 
by another vacuum region 

∑
of height 184.2 Å. A total number of 

583200 atoms are present in region Ω ∪ Π out of which 10 % of atoms 
are defined to be Zn. The initial lattice of Cu-Zn brass alloy is created to 
be a disordered Face Centred Cubic lattice, where the positions of 10 % 
of the atoms are randomly assigned to be of type Zn. This composition is 
commensurate with the calculated composition from Energy-dispersive 
X-ray spectroscopy (EDS) analysis. Periodic boundary conditions are 
applied along x and y directions, while reflective walls are applied in the 
z direction at location of z = 36.84 Å and z = 190 Å. The reflective wall 
binds the atoms to the designated region and reflects the atoms (a small 
fraction of them) back in the region when they attempt to cross the wall.

The initial configuration is relaxed to reach equilibrium by allowing 
the simulation box to relax under the NPT ensemble at 300 K for 1 ns, 
with reflective walls in the z direction inactive during this stage. After 
the initial relaxation at 300 K, the next steps for the MD simulation are 
melting and solidification. During the melting process, the region Ω is 
heated from the temperature of 300 K–2000 K at a linear rate for 1 ns 
with 0.1 bar pressure using the NVT ensemble. The upper bound tem
perature is 2000 K, well above the bulk melting point, to ensure com
plete melting. For region Π, the atoms are integrated with NVT ensemble 
to maintain the temperature of 300 K for 1 ns. Between the melting and 
solidification phases, a second equilibrium phase is maintained such that 
region Ω and region Π are held at 2000 K and 300 K, respectively, for 1 
ns using the NVT ensemble. For the solidification stage, the temperature 
of region Ω is reduced from 2000 K to 300 K linearly over 10 ns using the 
NVT ensemble, while region Π is kept at 300 K using the NVT ensemble 
for 10 ns. The Nose-Hoover thermostat and barostat were used for the 
NVT and NPT equilibration stages as included in LAMMPS. For the 
current metallic system, the Embedded Atom Method (EAM) potentials 

Fig. 1. (a) Schematic of experimental laser set up and initial configuration for MD simulation with (b) cross-sectional view of atom distribution, and isometric view of 
atom distribution for (c) all regions, and (d) melt pool region.
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for Cu-Zn were used which are fully parameterised based on ab-initio 
simulations [23]. It is important to note the large difference in length 
scale of the experiment and simulation because of the limitation of the 
computational resources. However, the scaled-down simulation was still 
able to shed light on the mechanism of alloy segregation during LSM.

3. Results and discussion

During pLSM and subsequent solidification, Zn atoms were observed 
to segregate and cluster at the surface. EDS analysis of the pLSMed brass 
sample confirms Zn migration and clustering at the top surface, as 
shown in Fig. 2(a). These features, with a diameter of ~92 μm, were 
produced using laser power of 210 W and 5000 μs pulse duration, 
resulting in a surface Zn concentration of ~35 %. Furthermore, XRD 
analysis (Fig. 2(b)) reveals that the bare brass sample exhibits only Cu- 
Zn solid solution peaks, while the pLSMed sample shows additional ZnO 

peaks, indicating surface oxidation during open-air processing. These 
peaks align with patterns reported for heated brass by Zhou et al. [24]. 
The formation of ZnO during open-air pLSM is not only indicative of 
surface oxidation but also plays a critical role in enhancing corrosion 
resistance. ZnO acts as a stable and adherent barrier layer that restricts 
the ingress of oxygen and moisture, thereby suppressing electrochemical 
activity and mitigating dezincification in brass alloys [25]. Although 
direct corrosion testing was not performed in this study, prior literature 
has demonstrated that even low ZnO content significantly improves 
corrosion resistance [26,27]. Additionally, comparative experiments 
conducted under open air and argon atmospheres confirmed consistent 
Zn surface enrichment in both environments, suggesting that Zn segre
gation is robust across processing conditions.

Experiments under open air and argon atmospheres at a reduced 
pulse duration of 500 μs showed comparable Zn segregation (~20 %) on 
the surface (Fig. 2(c)). It was also observed that pulse durations 

Fig. 2. (a) EDS analysis showing the clustering of Zn atoms at the top surface after pLSM, (b) X-ray diffraction patterns for bare and pLSMed samples, (c) EDS analysis 
showing the clustering of Zn atoms at the top surface after pLSM in open and controlled environment and (d) EDS analysis showing the clustering of Zn atoms at the 
top surface after pLSM with different pulse durations.
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exceeding 500 μ s in argon environment, due to higher energy densities, 
commonly result in nanoparticle deposition on the surface which is a 
known phenomenon in high-energy-density laser material processing 
[28,29]. To determine the optimal laser parameters for achieving Zn 
surface segregation while avoiding nanoparticle deposition, a systematic 
approach was adopted. Starting from lower energy densities, the pulse 
duration was gradually increased while maintaining a fixed power of 
210 W. Complete surface melting and formation of defined laser spots 
were first observed at a pulse duration of 500 μs, which was taken as the 
baseline. Subsequent experiments at longer durations (5000–10000 μs) 
revealed progressively enhanced Zn segregation, with the most consis
tent ring-like pattern emerging at 5000 μs. Notably, nanoparticle 
deposition was observed only in the argon environment beyond 500 μs, 
attributed to vapour plume condensation, whereas open-air conditions 
yielded clean surfaces even at higher energy densities. These observa
tions guided the selection of 210 W and ≥5000 μs as the optimal pa
rameters for inducing Zn surface enrichment without surface 
contamination. This stepwise methodology is consistent with ap
proaches reported in prior work for identifying melting and ablation 
regimes in pLSM [2]. A direct relationship between input energy density 
and Zn segregation was also observed. Increasing the pulse duration 
from 5000 μs to 7000 μs led to a progressive rise in surface Zn concen
tration to ~35 %, 41 %, and 46 %, respectively (Fig. 2(d)), highlighting 
the potential to tailor surface composition by tuning laser parameters.

The bare (unprocessed) sample is crystalline, and this crystallinity is 
retained even after solidification following pLSM. Similar recrystallisa
tion upon cooling has been reported in laser-treated materials [30–32]. 
Both the bare and pLSMed samples exhibit a crystalline but disordered 
solid solution, a feature also captured in the MD simulations. Fig. 3(a–b) 
shows the post-solidification lattice structure of the region Ω. Initially, 
88.8 % of atoms are arranged in the FCC lattice, with atoms at the top 
surface and around the periphery of region Ω deviating from the FCC 
packing. Upon heating beyond the melting point, the region transitions 
to liquid, however, after solidification, 63 % of the atoms revert to FCC 
packing. During the melting and solidification process, many atoms 
diffuse to the surface, where they do not follow the FCC structure. 
Nonetheless, the MD simulations successfully capture the atoms 
regaining their crystalline structure, as observed in the experimental 
XRD findings. It should be noted that for simplicity, oxidation effects 
during the pLSM process are not modelled in this study. Furthermore, 
Fig. 3(c–d) shows the Zn and Cu distribution before and after 
solidification.

A significant fraction of Zn atoms migrates to the surface during 

pLSM. Quantitative analysis of the MD results was performed to evaluate 
the composition within a 10 ̊A depth from the top surface in region Ω. In 
the initial configuration, Zn atoms made up ~10 % of this region, which 
increased to ~35 % after solidification.

To further investigate Zn redistribution, the simulation box along the 
z-direction was divided into 0.5 Å bins, and the number of Zn atoms per 
bin within region Ω was calculated (Fig. 4(a)). Initially, Zn atoms were 
confined below 184.2 Å. However, post-solidification, a significant 
number of Zn atoms appeared above this height, forming a distinct 
surface layer. This is evident from the large number of Zn atoms present 
beyond the height of 184.2 Å in the post-solidification configuration, 
corroborating our experimental results (Fig. 2(a)). Moreover, increasing 
the input energy density led to wider melt pools and a higher degree of 
Zn segregation to the surface. This trend highlights the potential for 
tuning surface composition and properties through precise control of 
pLSM parameters.

The mean squared displacement (MSD) for Zn and Cu atoms in region 
Ω during heating and solidification is shown in Fig. 4(b–c). During both 
the melting and the solidification stages, Zn atoms exhibit higher MSD 
than Cu in all directions, indicating enhanced diffusivity. Notably, 
higher MSD of Zn in the z direction highlights their greater vertical 
mobility, enabling surface migration.

To characterise the segregation of Zn along the lateral dimensions (x 
and y axes), Fig. 4(d–e) compares the distribution of the Zn atoms along 
the x and y axes belonging originally to the region Ω, but located at 
heights of z ≥ 180 Å. The distribution of Zn at initial and post- 
solidification remains symmetric along x and y, reflecting the axisym
metric nature of pLSM. However, a clear increase in Zn count is observed 
post-solidification, attributed to the upward migration of interior Zn 
atoms that then spread laterally at the surface. Interestingly, Zn atoms 
tend to accumulate more at the periphery than at the centre of region Ω 
in both directions. This ring-like distribution matches experimental re
sults, where Zn clustering is observed around the edges of laser- 
processed features (See Fig. 2(a)).

Fig. 5 shows the evolution of Zn concentration within two regions of 
the melt pool during molecular dynamics (MD) simulations: Region 1 
(z ≥ 180 Å), representing the surface, and Region 2 
(134 Å ≤ z ≤ 144 Å), representing the interior, as illustrated in Fig. 5
(a). The Zn distribution is analysed across three distinct phases: (I) 
melting, (II) relaxation at 2000 K, and (III) solidification. From Fig. 5(b), 
it is evident that Zn segregation at the surface (Region 1) progressively 
increases through all three phases, with the most pronounced enrich
ment occurring during solidification. The corresponding average 

Fig. 3. Post-solidification cross-sectional and isometric view of the (a–b) lattice structure and (c–d) distribution of Zn and Cu atoms. In (b), the atoms belonging to 
the ‘other’ category are removed for better visualisation.
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temperature of all atoms within the Ω domain is also plotted for 
reference.

It is important to note that the spatial and temporal scales accessible 
through MD simulations are inherently smaller than those encountered 
in experiments. To ensure the mechanistic validity of the simulation 
outcomes, a systematic scaling analysis was conducted. Three simula
tions were performed to examine the sensitivity of Zn segregation 
behaviour to both time and system size. In Simulation 2 (Fig. 5(c)), the 
heating, relaxation, and solidification durations were each extended by 
a factor of three compared to the baseline case of Simulation 1 (Fig. 5
(b)).In Simulation 3 (Fig. 5(e)), the original time scales were retained, 
but the simulation box size and number of atoms were reduced to half. In 
all three cases, the Zn surface enrichment behaviour remained consis
tent, with the Zn concentration at the surface stabilising around ~35 %. 
These consistent outcomes, despite variations in simulation time and 
size, confirm that Zn segregation is not an artifact of accelerated MD 
dynamics or limited domain size, but instead reflects intrinsic physical 
drivers such as higher diffusivity and vapour pressure of Zn relative to 
Cu. The agreement with experimentally observed Zn enrichment further 
supports the scale-independent mechanistic reliability of the MD results 
in representing Zn migration during pulsed laser surface melting.

It is known that Zn exhibits significantly higher vapour pressures 
than Cu at a given temperature, indicating a greater tendency to enter 
the vapour phase [33]. As Cu reaches its solidification point at 1357 K, 
Zn still has a high vapour pressure, suggesting that Zn atoms retain 

significant mobility at this temperature. This difference in vapour 
pressure implies that Zn atoms are more likely to migrate to the surface 
compared to Cu atoms in the same environment. This characteristic can 
play a crucial role during solidification processes, where Zn’s higher 
vapour pressure supports its continued redistribution and migration, 
even under conditions where Cu has already solidified.

While the present study did not include thermal or mechanical sta
bility testing of the Zn-rich surface layers, the potential risk of inter
diffusion at elevated temperatures is acknowledged. However, this risk 
is considered manageable for many practical applications, particularly 
due to the presence of a ZnO surface layer, which can serve as a diffusion 
barrier. Prior studies have shown that ZnO exhibits high thermal sta
bility and low diffusivity, thereby limiting atomic exchange and 
enhancing surface durability [34–37]. Furthermore, the shallow nature 
of the segregated Zn layer produced by pLSM inherently reduces the 
likelihood of deep interdiffusion-driven degradation. These consider
ations, while not experimentally explored in the current work, are 
important for long-term application and form the basis for future work 
focused on thermal cycling, wear resistance, and interdiffusion profiling.

4. Conclusions

In summary, the current study integrates MD simulations and 
experimental analyses, to provide a comprehensive demonstration of Zn 
atom migration and surface clustering during pLSM of brass, phenomena 

Fig. 4. (a) Number of Zn atoms at different z height bins at initial and after-solidification configuration and (b–c) Mean squared displacement (MSD) calculated for 
Zn and Cu atoms along the x, y and z directions for atoms in the region Ω during (b) melting and (c) solidification stages and comparison of the distribution of Zn 
atoms in post-solidification and initial configuration along the (d) x and the (be) y axes.
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that can be important for tailoring the material properties of alloys. The 
results reveal that Zn atoms exhibit significantly higher mobility than Cu 
atoms during both the melting and solidification stages, leading to a 
pronounced and robust segregation of Zn at the surface. Understanding 
the Zn atom segregation during pLSM allows for the precise control of 
surface composition, which can be harnessed to enhance specific prop
erties of brass alloys. For instance, the increased presence of Zn at the 
surface can improve corrosion resistance [38,39] and surface hardness 
[40,41], making these materials more suitable for demanding applica
tions in various industries. We believe that there is immense scope in 
optimization of pLSM parameters for tailoring segregation in alloy sys
tems that have reasonable solid solubility along with significantly 
different elemental mobility or partial vapour pressure in the liquid 
phase for engineering customized surface properties.
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