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Abstract: This comprehensive report explores the intricate relationship between modern laser metal processing techniques and the non-
equilibrium phase transformations they induce in a wide range of materials. The central thesis is that methods such as laser cutting, welding,
and additive manufacturing are not merely thermal processes, but rather precise engineering tools that fundamentally alter a material’s

state by subjecting it to extreme conditions.

Introduction

The focused, high-energy input of a laser creates an incredibly
localized thermal event, which is defined by heating and cooling
rates that can reach an astonishing 104 to 107 K/s, along with steep
temperature gradients from 106 to 107 K/m [4, 5]. These extreme
conditions are what prevent a material from ever reaching
thermodynamic equilibrium, leading to the formation of unique
microstructures and properties that are simply impossible to achieve
with conventional, slower thermal methods. By manipulating these
non-equilibrium phenomena, engineers can create materials with
tailored properties for high-performance applications. The
document outlines the fundamental principles governing this
process, explores specific material responses through a series of
case studies, and discusses the critical role of advanced
computational modeling and characterization in predicting and
controlling the outcomes. It concludes with an outlook on future
research directions in this field, which the author refers to as
"kinetic materials science."

1. The Unique Thermal and

Fundamentals of Laser Processing

The unique thermal environment created by laser processing is a
direct consequence of the laser beam's inherent properties,
specifically its exceptional directivity and monochromaticity [1].
The high-power density of a focused laser beam can heat a small
volume of metal to its melting point in a fraction of a second [2].
This highly localized energy input, often concentrating 1013 W or
more in a spot as small as 0.01 mm in diameter [17, 18], generates
steep spatial and temporal temperature gradients. As the laser
moves and the molten spot cools rapidly due to the surrounding
cooler bulk material acting as a heat sink, the material’s response is
governed by kinetics rather than equilibrium thermodynamics [8].
There is simply not enough time for atomic diffusion to occur at a
rate sufficient to keep pace with the lightning-fast thermal changes,
which is the very essence of non-equilibrium phenomena [6, 19].
The versatility of laser processing is evident in its wide array of
applications, including laser cutting [37], welding [35], and additive
manufacturing [32]. A particularly significant example is Laser
Powder Bed Fusion (LPBF), a method where the thermal conditions
are most extreme. During LPBF, cooling rates typically range from
105 to 107 K/s, and temperature gradients are as high as 106 to 107
K/m [3]. These extreme conditions prevent atoms from settling into
their lowest-energy, equilibrium states, instead of forcing them into
metastable configurations [34]. This kinetic limitation is the direct
causal link between the unique thermal conditions of laser
processing and the prevalence of non-equilibrium phase
transformations.

Landscape

2. Non-Equilibrium Phase Transformations: A

Materials Science Perspective

Non-equilibrium phase transformations are fundamentally distinct
from the equilibrium transformations that are traditionally
represented on standard phase diagrams. While equilibrium
transformations occur in a system at a state of minimum free
energy, non-equilibrium transformations take place when a system
is kinetically constrained and has not reached its lowest energy state
[6]. This results in the formation of metastable phases, which exist
at a higher energy level than the true equilibrium but are not
unstable. The ability to "freeze" a material in this metastable state is
highly valuable for materials science, as it allows for the creation of
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unique properties, such as the exceptional hardness and strength of
martensite in steels [20, 31].

The formation of these non-equilibrium phases is a direct result of
rapid cooling rates, typically in the range of 105 to 108 K/s [4].
These high rates lead to a significant degree of undercooling, which
in turn increases the thermodynamic driving force for nucleation
[71. The most well-known example is the martensitic
transformation, a diffusionless, crystallographic shear-based phase
change that occurs upon very rapid cooling from a high-temperature
parent phase like austenite. Because martensite is a non-equilibrium
phase, it does not appear on conventional equilibrium phase
diagrams [9, 10]. To effectively predict the outcome of such rapid
thermal events, traditional phase diagrams are insufficient. The
paper highlights the critical importance of Time-Temperature-
Transformation (TTT) and Continuous Cooling Transformation
(CCT) diagrams, which incorporate the dimensions of time and
cooling rate. CCT diagrams are particularly relevant for laser
processing because they accurately map the transformation products
as a function of continuous cooling rates [9]. For instance, the
complete conversion of austenite to martensite in low carbon steels
requires a critical quenching rate exceeding 1200 °C/s, a rate that is
practically unachievable with conventional thermal processing but
is a routine outcome of laser processing [21].

A crucial aspect of this process is rapid solidification, which occurs
at cooling rates ranging from 103 to 106 K/s [4]. This rapid cooling
leads to a high degree of undercooling and promotes the formation
of a much finer grain structure [11, 12]. A key phenomenon
associated with this is "solute trapping," where alloying elements do
not have enough time to diffuse away from the solidifying interface
[13]. This effect results in a more uniform distribution of alloying
elements, effectively mitigating microsegregation and significantly
improving the material’s overall homogeneity.

3. Case Studies and Impact on Material Properties
The paper uses several case studies to illustrate how laser
processing induces these non-equilibrium phases and their
subsequent impact on material properties. In steels, the rapid
cooling rates trigger a martensitic transformation, forming a
diffusionless, crystallographic shear-based phase change that is
known for its exceptional hardness and strength [20]. The research
highlights that low carbon steels, for instance, need a critical
quenching rate of over 1200 °C/s to fully convert austenite to
martensite, a rate easily reached with laser processing but not with
conventional thermal treatments [21].

For titanium alloys, particularly Ti-6Al-4V, the high cooling rates
experienced during Laser Powder Bed Fusion (LPBF) are
responsible for the formation of acicular alpha-prime (o) martensite
[3]. The study finds that the combination of this (a’) martensitic
phase with low porosity is a major contributor to the material's high
fatigue strength [23, 27]. However, the directional nature of laser
processing can also lead to non-homogeneous and anisotropic
properties, a critical challenge that the paper explores [15].

The paper also examines aluminum alloys, such as AlSil0Mg.
Here, rapid cooling during LPBF leads to a refinement of the
primary a-Al grains and a stronger solute capture effect, which
reduces microsegregation and enhances homogeneity [12]. In the
case of nickel-based superalloys, the rapid solidification during
laser cladding and Selective Laser Melting (SLM) can result in fine
grains, but it also introduces significant challenges like
solidification and liquation cracking. These defects are an
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unfortunate consequence of the steep thermal gradients and rapid
solidification conditions [24, 25].

The non-equilibrium microstructures created by laser processing
have a profound impact on a material's performance. The formation
of martensite in steels, for example, dramatically increases hardness
and strength, making it ideal for applications requiring high wear
resistance. However, this enhanced strength often comes with a
trade-off: a notable reduction in ductility and toughness [26]. The
presence of non-tempered martensite is a key factor that is
identified as limiting ductility [27, 26].

A significant challenge posed by laser processing is the introduction
of substantial residual stress. These stresses arise from the large
temperature gradients and rapid cooling, and they can cause
deformation or even failure [28, 29]. The paper notes that these
stresses typically need to be managed with post-processing heat
treatments [22, 28]. Conversely, techniques like Laser Shock
Processing (LSP) can be used to intentionally create beneficial
compressive residual stresses that improve a material's durability
against fatigue or stress corrosion cracking [29]. Another area
where non-equilibrium processing excels is in surface engineering.
Laser cladding can be used to apply protective coatings that
improve wear, corrosion, and thermal resistance [30]. The ability to
localize the energy input means that these beneficial non-

a 100

240
80 220
200

S 60 —~
[ DO 180
Z 10 . 160
© 140
0 120
oF 100

0 200 400 600 800 1000
Time (ms)
The q phase of flow-induced cr

equilibrium transformations can be confined to the surface,
allowing the bulk properties of the material to be preserved while
the surface is enhanced [30].

4. Advanced Characterization,

Modeling, and Future Outlook

The dynamic and complex nature of laser-induced non-equilibrium
transformations ~ makes  advanced  characterization  and
computational modeling essential for this field of research.
Techniques such as Electron Backscatter Diffraction (EBSD) are
used for detailed microstructural analyses at multiple length scales,
and X-ray diffraction (XRD) is employed to accurately measure
residual stresses [28, 29]. Because direct experimental observation
of these transient processes is extremely difficult, computational
models are indispensable [11]. The paper highlights the use of
Computational Fluid Dynamics (CFD), Phase Field (PF) models,
and Cellular Automata (CA) to simulate complex solidification
processes and predict microstructure evolution [11, 28]. This
integrated approach is vital for establishing a predictive link
between processing parameters and final material properties,
thereby reducing the need for extensive physical testing and
accelerating the development of new materials.
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A deeper understanding of this interplay has significant implications for advanced manufacturing.

By precisely controlling laser parameters, engineers can effectively
design the microstructure itself, creating materials with localized
and custom-tailored properties, such as a hard surface combined
with a ductile core [32]. Post-processing heat treatments are also a
crucial part of this process. Since non-equilibrium phases are
metastable, heat treatments can be used as a "second stage" of
engineering to carefully modify properties, such as improving
ductility or relieving residual stress [22]. The paper also addresses
defect mitigation and outlines future research directions. The same
extreme thermal conditions that create beneficial non-equilibrium
phases can also cause defects like cracking and residual stress [25,
28]. The research explores strategies such as beam oscillation or the
use of grain refiners to minimize these issues [25]. Looking ahead,
the paper suggests that future research will likely focus on multi-
material processing, Al-driven process optimization, and the design
of novel non-equilibrium materials [33]. This represents a
significant shift towards what the author calls "kinetic materials
science," where the processing path becomes a primary design
variable, opening new possibilities for high-performance materials.
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