
Microstructural engineering
through high enthalpy states:
implications for
far-from-equilibrium processing
of structural alloys

Rajiv S. Mishra1,2* and Sanya Gupta1

1Department of Material Science and Engineering, University of North Texas, Denton, TX, United States,
2Center for Friction Stir Processing, Material Science and Engineering, University of North Texas, Denton,
TX, United States

Metallic materials derive their strength and ductility from their microstructural
features. The general principle of alloying is not only to control the phases present
in the alloys, but also how the alloying elements can help in microstructural
control during the processing ofmaterials. The overall thermodynamic framework
of using free energy to explain the stability of an alloy has two significant terms,
enthalpy, and entropy. Engineering alloys are processed by several far-from-
equilibrium processes. During the processing, the materials are in metastable
states. The metastability can also be purposely enhanced through alloy design.
This paper provides a perspective on how “high enthalpy states” can be used to
tailor the microstructure to overcome the conventional strength-ductility
tradeoff. The emergence of new manufacturing processes also provides
unique opportunities to design alloys to maximize the potential of such
processes. A few illustrative examples are presented to tie the historical use of
high enthalpy states and point to future opportunities. Co-development of
advanced materials for disruptive new manufacturing processes can be
enhanced through integrated computational materials engineering approaches.
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1 Introduction

Physical metallurgy is a cornerstone of metallic materials (Reza et al., 1973). It
encompasses the origin of microstructure and its impact on properties. This perspective
paper encourages readers to consider some of the research avenues to control microstructure
and publish in this new Frontiers journal that focuses on metals and alloys. In this article, we
take a fundamental approach to what aspects control microstructure evolution and, thereby,
can be the knobs we turn for microstructural engineering.

A good starting point for this discussion is the basic thermodynamic framework that
describes the state of an alloy in equilibrium (DeHoff, 2006; Gaskell David and Laughlin
David, 2017). The change in free energy of an alloy during any phase transformation is
described in the simplest form as,

ΔG � ΔH − TΔS, (1)
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where ΔG is the free energy, ΔH is the enthalpy, ΔS is the entropy
and T is the temperature. Note that the two terms guiding the
discussion are the change in “entropy” and “enthalpy” of the system.
In this paper, we are focused mainly on the impact of enthalpy on
microstructural evolution and pathways to microstructural
engineering. So, why not entropy? The answer is that lattice
distortion in an alloy system would be very small and negligible
since distortion energy is low compared to the heat of defect
formation when subjected to any process. The significant impact
would be of the enthalpy as defect formation requires breaking
chemical bonds with its neighboring atoms. In contrast, lattice
distortion can only change bond length or angle, making
“Enthalpy” a significant contributor to tailoring the microstructure.

ΔH or Enthalpy, in thermodynamics of solution, can be
explained as the energy required to break 1 mol of bonds of an
element. The enthalpy of any system can be altered either chemically
or microstructurally (Anand et al., 2021).

• The enthalpy of an alloy is chemically expressed in terms of
the bond energy of the constituent elements:

ΔH � ωχAχB (2)
where ω is the interaction parameter. Depending on the nature of
the bonds between two elements it is either positive or negative and
thus determines the stability of an alloy. Chemically, the enthalpy of
some alloys can be tailored by varying the ratios of constituent alloy
to produce spinodal microstructure.

• Microstructurally, the enthalpy can be played around by
disrupting/altering the local bonds within an alloy, for
example, the introduction of vacancies/defects/interstitials.

It varies as:

ΔHdef � ΔNi Ei + ΔNvEv (3)
where ΔNi and ΔNv are the number of interstitials, and vacancies
within a system and Ei and Ev are their corresponding energies.
While the quantitative increase in enthalpy is given by:

ΔHdef � Edef − Epristine −∑ΔNi μi (4)

2 High enthalpy states of an alloy: basic
framework

Before getting into specific examples and opportunities for
microstructural engineering, we want to briefly capture the well-
known microstructural features and how conceptually the enthalpy
changes. If we start with a pure metal crystal, at 0 K, it has no lattice
defect and it has some intrinsic enthalpy value. As we increase the
temperature of this pure metal crystal, an equilibrium concentration
of vacancies form (Damask and Dienes, 1971; Miedema, 1979;
Novikov et al., 1980; Kobelev and Khonik, 2018). Conceptually
we can visualize that the enthalpy of the system is increasing as there
is heat of formation associated with each vacancy. This is our
baseline of equilibrium value of enthalpy for a given material.
Now, let us heat this crystal to 0.9 Tm, where Tm is the absolute
melting temperature of this pure metal. If this specimen is then

rapidly quenched, then the lattice retains the excess vacancy, i.e., the
crystal is at higher state of enthalpy! Such processing step is very
common for all precipitation strengthened alloys. Compare the two
microstructural states of Al-4%Cu alloy single crystal. If this alloy is
very slowly cooled, it will have an equilibrium microstructure
consisting of an Al-Cu solid solution matrix and coarse Al2Cu
particles (Laird and Aaronson, 1966; Wang et al., 2004). The
second phase particle density will be low. However, the quenched
specimen will have supersaturated solid solution matrix. The matrix
is now in a high enthalpy state because excess number of alloying
atoms and thermal vacancies are trapped in the lattice as shown in
Figure 1A. Upon low temperature aging, the excess solutes form a
large number of small second phase particles. The energy level of the
system becomes lower after this step. This refined distribution of
precipitates leads to higher strength. Heat treatment of precipitation
strengthened aluminum alloys is being practiced for more than a
century and is the basis for T6 temper in aluminum alloys (Fine,
1975). The effectiveness of precipitation strengthening is further
enhanced in some aluminum alloys by introducing a rolling step
after quenching. In such a case, the peak hardened temper is referred
as T8 temper. Introduction of dislocations in lattice leads to
displacement of atoms from its pristine lattice position. This
effect is confined to a finite distance from the dislocation core.
Energetically, this is also a higher state of enthalpy as the system’s
overall energy is enhanced. The presence of lattice dislocations,
provides sites for nucleation of precipitates, thereby enhancing the
nucleation density. In certain aluminum alloys, the
T3→T8 approach provides more effective precipitation
strengthening than T4→T6 path. The only difference being the
intermediate step of cold work after solution treatment and
quenching.

Incorporation of interfaces constitutes planar microstructural
features and it increases the free energy of the system as well. Over
the last 40 years or so, a number of severe plastic deformation
processes have emerged that refine the grain size to ultrafine grained
regime (grain size < 1 µm) and even nanocrystalline level (grain
size <100 nm). The refinement of grains through severe plastic
deformation is a top-down approach (McFadden et al., 1999;
Mishra et al., 1999; Setman et al., 2010). When the lattice defect
densities of 0-dimension (vacancies) (Damask and Dienes, 1971;
Mishin et al., 2009; Kobelev and Khonik, 2018; Korte-Kerzel et al.,
2021; Varotsos et al., 2022), 1-dimension (dislocations) (Gibbs,
1969)and 2-dimensions (interfaces) are incorporated in a single-
phase alloy, the energy state is enhanced. This is schematically
illustrated in Figure 1A. Using Eq. 4, we can deduce that enthalpy is
directly proportional to the number of defects introduced into the
system, ΔH∝ number of defects, thus influencing the final
microstructure of the system (Makarov et al., 2021).

A second category that we want to discuss is the deformation
induced transformation of metastable alloys. The metastability
engineering is first done through the alloy chemistry. For this,
the alloy must have at least two crystal structure or allotropic
phases. Figure 1B depicts the deformation induced
transformation from phase A to phase B (Agrawal et al., 2020;
Gupta et al., 2021). Conceptually the applied stress provides the
energy to overcome the thermodynamic barrier for transformation
from one phase to another. Note that by incorporating the lattice
defects or microstructural features, the intrinsic energy level of the
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starting alloy is altered, leading to change in the transformation
barrier. Such a change can be studied by carefully constructing an
experimental matrix that quantifies the rate of deformation induced
transformation as well as the full extent of this transformation. A key
distinction to note is that while the alloy chemistry provides the
possibility of this transformation, thermo-mechanical processing
creates microstructural variants. For example, a study on friction stir
welded Cu-containing high entropy alloy demonstrated the change
in enthalpy for different zones of the weld in comparison to the base
material using differential scanning calorimetry (DSC) (Gupta et al.,
2021). The DSC results showed that the change in enthalpy was
completely dependent upon the microstructure, and we could tailor
mechanical strength without compromising the ductility by
attaining metastability of phases.

3 Far-from-equilibrium processing:
Historic context and future prospects

While the phase diagram based predictions are based on
equilibrium thermodynamics, most of the conventional
processing is non-equilibrium. More than 6 decades ago,
researchers realized that major opportunities lie in far-from-
equilibrium processing, both liquid-based and solid state-based.
In this perspective article, we take two illustrative examples. Both
these examples build on efforts to extend the solubility of alloying
elements and obtain microstructures that cannot be obtained by
conventional processing. During the far-from-equilibrium
processing the alloys go through metastable states, which can be
fundamentally treated as high enthalpy states that govern the
evolution of microstructure.

3.1 Rapid solidification
processing–Transition from fundamental
research to additive manufacturing

The evolution of rapid solidification from pioneering work of
Pol Duwez and coworkers (Duwez et al., 2004) has been

remarkable. The initial work on an immiscible Cu-Ag system
showed that metallic glass can be formed at rapid solidification
rates. In 1980s, Inoue and co-workers (Chen et al., 1985; Inoue
and Zhang, 1996) transitioned this work to bulk metallic glasses
through alloy composition design. The bulk metallic glasses
could be synthesized at lower cooling rates and resulted in a
very large range of compositions. However, balance of
mechanical properties remains Achilles heel for metallic
glasses and has thus limited its structural applications. During
this same period, rapid solidification processing of crystalline
metallic alloys was pursued in many forms (Das and Davis, 1988;
Froes and Carbonara, 1988; Schwarz and Koch, 1998;
Suryanarayana et al., 2013). In 1980s and 90s, two popular
forms were atomization of alloys (Lawley, 1981; Lavernia
et al., 1992; Bowman et al., 1997) for powders and planar flow
casting of ribbons (Carpenter and Steen, 1992; Viala et al., 1996;
Lee and Hong, 1997; Lee et al., 1998). Both these forms required
further powder processing to produce bulk forms. The advantage
of excess solid solubility led to synthesis of bulk ultrafine and
nanocrystalline alloys. For example, a number of aluminum
alloys were developed with the hope of obtaining creep-
resistant alloys or so-called high temperature aluminum alloys.
These alloys had as much as 20–30 vol% of second phase
particles. Such alloys cannot be conventionally processed! The
overall mapping of these efforts in captured in Figure 2.

3.1.1 Fusion based additive
manufacturing–Integration of alloy design

The laser powder bed additive manufacturing (LPB-AM) is
providing an unprecedented component design flexibility and is
an excellent approach for unitization of parts. An intrinsic
feature of LPB-AM is the in-situ rapid solidification of alloys.
But similar to any fusion-based process, LPB-AM does result in
solidification related porosity. Mishra and Thapliyal (Mishra and
Thapliyal, 2021) reviewed the approaches for LPB-AM of
aluminum alloys and suggested that the best properties can be
obtained for alloys designed specifically for additive
manufacturing. Clare et al. (Clare et al., 2022) have done a
broader review of different alloy categories. Philosophically

FIGURE 1
Illustration of higher enthalpy states in (A) a single-phase alloy with lattice defects, and (B) ametastable dual-phase alloy that undergoes deformation
induced phase transformation.
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there are two lines of thoughts. One can argue that if we really
master the process and print the component in an optimized
process window, it will be defect-free. On the other hand, it can
be argued that given the physics of volume change associated
with liquid to solid transition, there will always be some porosity.
The second line of thought can draw from experiences of casting
or fusion welding where there is always some level of porosity. If
one accepts that the second line of thinking is more practical or
appropriate, then the issue turns to “how to maximize the
performance for structural applications”. Can one intrinsically
change the damage tolerance? Yes, if one designs the alloys for
additive manufacturing. Consider these two examples. The first
one is for the aluminum alloys. To analyze the stress response of
the alloy, one should look at the details of the stress-strain curve.
Is there good work hardening? Does the stress-strain curve
exhibit good non-uniform elongation as well? Both these
features are indications of how stable the deformation of
specimen is in the presence of any process-related micro-
defects like porosity. For example, a newly designed Al-3Ni-
1Ti-0.8Zr alloy shows excellent uniform elongation as well as
good resistance to necking in the form of extended non-uniform
elongation (Thapliyal et al., 2021; Haridas et al., 2023). The alloy
is designed with the help of Scheil-Gulliver model where
solidification occurs under rapid solidification, allowing solute
redistribution to alter and achieve desired level of properties with
minimal defects.

The second example is from Thapliyal et al. (Thapliyal et al.,
2020). They describe the “damage tolerant” approach for an AM
component. The approach is based on the concept of stress-induced
phase transformation. The porosity in a material represents elastic
discontinuity. Upon loading, such regions develop stress
concentration. The metastable HEAs exhibit transformation
induced plasticity (TRIP) (Mishra et al., 2021). These stressed
regions locally undergo transformation and hardened the
material locally. Such an approach leads to high structural

performance by delaying the onset of failure mechanisms.
Currently, this has been demonstrated only with FCC to HCP
phase transformation. Opportunities exist to use other
transformations in the Burgers triangle, namely, any of the other
combinations from FCC-HCP-BCC triangle. Note that in the
example citing here, FCC to HCP transformation led to
reduction in volume. Triggering transformation from FCC or
HCP to BCC will result in volume expansion (Agrawal et al.,
2020)! So, the possibilities of micromanaging the transformation
path through alloy design is tremendous and can be explored with
the help of ICME approach.

3.2 Intense shear deformation
processing–From mechanical alloying to
friction stir processing

Solid state processing to force mechanical mixing is another
pathway to enhance metastability. This line of research has been
developed from 1970s (Liu et al., 1995; Suryanarayana, 2001;
Perepezko, 2004). The simplest method was high energy ball
milling of constituent elements. Extensive research has been done
using this path and it has been demonstrated that mechanical
alloying produces metallic glasses in many alloy systems; in fact,
this has wider range than rapid solidification approach. The
extended solid solubility is also a parallel pathway that has been
applied to many metallic systems including immiscible alloys. The
comparison of the state of metastability of a hypothetical
composition between solid state processed and rapid
solidification processed alloy is intriguing. Are both alloys with
identical composition in extended solid solution condition same?

Last 3 decades has seen emergence of many severe plastic
deformation methods. Friction stir processing among them is a
unique high temperature severe plastic deformation method that
can create nanostructured immiscible alloys. Remarkably, the Cu-

FIGURE 2
Far-from equilibrium processing of alloys based on extended solid solubility. Liquid metal-based processing of alloys at high cooling rate provides
opportunities to tailor microstructure. Previous fundamental knowledge of rapid solidification derived microstructure can now be applied to powder
based additive manufacturing processes, like laser-powder bed or direct energy deposition. Solid state processing is based on shear driven dissolution of
alloying element.
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Ag-Nb immiscible system displayed exceptional thermal stability up
to 500°C (Raabe and Mattissen, 1998). Initial results show that the
approach is amenable to manipulation of matrix and the Cu-Al-Nb
system shows low stacking fault energy matrix with thermally stable
nanostructures. Additionally, results on metastable HEAs show
ability to create highly interfaced materials. The metastability of
the HEAs can be altered, which in turn impacts the stress-strain
response and associated transformation induced plasticity (TRIP).
Solid state processing of such nanostructured alloys and highly
interfaced alloys opens a new domain not easily accessible by other
processing techniques.

4 Concluding remarks

This brief perspective paper highlights numerous possibilities
of integrating alloy design with far-from-equilibrium processing
to control the microstructural evolution pathways using high
enthalpy states. Such approaches can lead to hierarchical
activation of deformation mechanisms resulting in better
combination of mechanical properties. This new journal of
Frontiers in Metals and Alloys encourages researchers to
pursue the research opportunities outlined here and submit it
for publication.
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