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Abstract 
Grain boundary engineering (GBE) is a powerful tool used to enhance the performance of metallic 
materials by optimizing their microstructure. This review explores the mechanisms by which grain 
boundary characteristics influence the physical, mechanical, and thermal properties of advanced 
metallic materials. The role of GBE in improving strength, corrosion resistance, creep behavior, and 
fatigue life is emphasized. Additionally, the paper delves into advanced techniques used for grain 
boundary characterization and manipulation, such as twin boundary engineering and severe plastic 
deformation methods. The potential of GBE in next-generation applications, including aerospace, 
automotive, and energy industries, is also discussed. This review aims to provide an in-depth 
understanding of the current state of GBE and future directions for improving metallic materials' 
performance. 
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Introduction 
In the realm of materials science, the performance of polycrystalline metallic materials is 
critically shaped by their grain boundaries—those thin regions that separate individual 
crystals within the material. Grain boundary engineering (GBE) has emerged as a powerful 
technique to manipulate these interfaces, with the goal of improving material properties like 
strength, toughness, fatigue resistance, and corrosion resistance. The implications of GBE 
are far-reaching, with applications spanning the aerospace, automotive, and energy sectors, 
where high-performance materials are essential. 
This review aims to provide a comprehensive analysis of the role that grain boundary 
engineering plays in advanced metallic materials. We will explore the core principles behind 
GBE, the various techniques for modifying grain boundaries, and the significant 
improvements in material properties that result. We also examine the challenges that remain 
in the field and highlight promising avenues for future research. 
 
Grain Boundary Engineering: Fundamentals and Principles 
Grain Boundary Engineering (GBE) refers to the deliberate manipulation of grain boundaries 
within polycrystalline materials to enhance their properties. Grain boundaries are the 
interfaces between individual grains or crystals in a material, and they play a crucial role in 
determining its mechanical, physical, and chemical characteristics. The nature and behavior 
of these grain boundaries can significantly affect a material's strength, ductility, corrosion 
resistance, and fatigue life, making them a key target for engineering and optimization in 
high-performance materials. Grain boundaries can be classified based on their misorientation 
angles into two broad categories: low-angle grain boundaries (LAGBs) and high-angle grain 
boundaries (HAGBs). LAGBs have small misorientation angles, usually less than 15 
degrees, and tend to act as obstacles to dislocation motion, contributing to increased strength. 
HAGBs, with larger misorientation angles, exhibit different properties. While they can 
enhance ductility and toughness, they are often more susceptible to corrosion and other 
forms of degradation, making them less desirable in certain applications. A third category of 
interest is twin boundaries, where the lattice on one side of the boundary is a mirror image of 
the other. These boundaries, particularly coherent twin boundaries (CTBs), are of great 
interest because they provide a unique combination of strength and ductility by acting as 
barriers to dislocation motion while maintaining structural integrity. The fundamental 
concept behind GBE is to optimize the distribution, orientation, and type of grain boundaries  
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in a material to achieve a specific balance of properties. This 
can involve increasing the proportion of low-energy, 
beneficial boundaries, such as twin boundaries, while 
reducing the presence of high-energy, detrimental 
boundaries, such as certain types of high-angle grain 
boundaries. The ability to control these boundaries allows 
engineers and scientists to tailor the microstructure of 
materials for specific applications. The manipulation of 
grain boundaries is achieved through various techniques, 
with severe plastic deformation (SPD) and heat treatment 
being two of the most prominent. In SPD, processes such as 
equal channel angular pressing (ECAP) or high-pressure 
torsion (HPT) introduce large plastic strains into the 
material, leading to significant grain refinement and the 
creation of a high density of low-angle grain boundaries. 
These techniques are widely used to produce ultrafine-
grained or nanostructured materials with enhanced strength 
and toughness. Recrystallization processes, induced by 
controlled heat treatments, can also be used to modify grain 
boundary character by promoting grain growth and 
influencing the types of boundaries that form during the 
recovery phase. Grain boundary engineering also focuses on 
twin boundary formation, particularly coherent twin 
boundaries, which have been shown to enhance the 
mechanical performance of metallic materials. Twin 
boundaries can be introduced during plastic deformation or 
through controlled recrystallization processes, and they play 
a crucial role in improving the material’s toughness and 
strength without sacrificing ductility. These boundaries 
serve as effective barriers to dislocation motion, which is a 
key mechanism of strengthening in many materials. The 
impact of grain boundary engineering on material properties 
is profound. By carefully controlling the microstructure, 
GBE can lead to significant improvements in mechanical 
strength through mechanisms like the Hall-Petch 
relationship, which shows that smaller grain sizes result in 
stronger materials. Moreover, GBE can enhance corrosion 
resistance by reducing the density of high-energy grain 
boundaries, which are often sites of preferential corrosion 
attack. Grain boundary manipulation also improves the 
creep resistance of materials, particularly in high-
temperature applications such as turbine blades, where 
materials are subjected to long-term stresses at elevated 
temperatures. The optimization of grain boundaries can 
reduce grain boundary sliding, a common mechanism of 
creep deformation, and increase the overall creep life of the 
material. 
 
Techniques for Grain Boundary Engineering 
Grain Boundary Engineering (GBE) relies on various 
techniques to manipulate the grain boundary structures 
within metallic materials, enhancing their mechanical, 
thermal, and chemical properties. One of the primary 
methods used in GBE is Severe Plastic Deformation (SPD), 
which involves subjecting the material to intense plastic 
strain to refine its grain structure. This technique results in 
ultrafine-grained or nanostructured materials, which exhibit 
improved strength and toughness due to the introduction of 
a high density of low-angle grain boundaries. Common SPD 
processes, such as equal channel angular pressing (ECAP) 
and high-pressure torsion (HPT), are frequently employed to 
achieve these desirable microstructures. Another significant 
approach in GBE is the use of recrystallization and heat 
treatment. Through controlled heating and cooling cycles, 

grain boundaries can be modified to optimize the material's 
properties. Recrystallization allows the formation of new 
grains within a deformed material, refining the grain 
boundary network and improving material performance. By 
carefully adjusting heat treatment parameters, grain growth 
can be controlled, reducing the proportion of high-energy 
grain boundaries and promoting the formation of beneficial 
low-energy boundaries. Twin boundary engineering is 
another crucial aspect of GBE, where twin boundaries, 
particularly coherent twin boundaries (CTBs), are 
introduced into the material to enhance both strength and 
ductility. These boundaries act as barriers to dislocation 
movement, improving the material’s mechanical 
performance. Twin boundaries can be induced through 
plastic deformation or recrystallization processes, and their 
presence is particularly valuable in face-centered cubic 
(FCC) metals, where they contribute significantly to 
toughness without compromising ductility. Grain refinement 
through alloying is also employed in GBE. The addition of 
alloying elements can modify the grain boundary structure 
by segregating at grain boundaries or influencing grain 
boundary energy. This can stabilize grain boundaries and 
prevent the migration of high-angle boundaries, leading to 
improved thermal stability and mechanical performance. 
Solute segregation, in particular, plays an essential role in 
stabilizing the grain boundary network, while precipitation 
hardening can further enhance the material’s strength by 
inhibiting grain boundary movement. Additive 
manufacturing (AM) techniques, such as selective laser 
melting (SLM), offer another pathway for grain boundary 
engineering. AM enables precise control over the material 
deposition process, allowing for grain refinement and 
manipulation of grain boundary characteristics during 
fabrication. Rapid heating and cooling cycles inherent in 
AM processes promote the formation of fine grains, which 
contribute to enhanced material properties. This approach is 
gaining popularity, especially in industries that require 
complex geometries and high-performance materials, such 
as aerospace and biomedical sectors. Thermomechanical 
processing combines mechanical deformation and thermal 
treatment to refine the grain boundary network. This method 
is used to improve material performance by aligning grains 
and optimizing grain boundary character through successive 
deformation and heat treatment cycles. It is commonly 
applied in industrial processes such as hot rolling and 
forging, where high-strength materials are required for 
structural applications. Finally, techniques to optimize Grain 
Boundary Character Distribution (GBCD) focus on 
increasing the proportion of low-energy grain boundaries 
and reducing high-energy boundaries. By modifying the 
grain boundary network through thermomechanical 
treatments or the promotion of twin boundaries, GBE 
enhances properties such as fatigue life and corrosion 
resistance. In high-temperature applications, where creep 
resistance is critical, controlling grain boundary sliding 
through grain boundary pinning or increasing grain size is 
also a vital strategy within GBE to improve the material’s 
performance over prolonged periods of stress. 
 
 
Impact of Grain Boundary Engineering on Material 
Properties 
Grain Boundary Engineering (GBE) has a profound impact 
on the material properties of metallic alloys, enhancing 

https://www.mechanicaljournals.com/materials-science


International Journal of Materials Science https://www.mechanicaljournals.com/materials-science 

~ 43 ~ 

several key characteristics such as mechanical strength, 
ductility, corrosion resistance, creep performance, and 
fatigue life. By precisely controlling the grain boundary 
network, GBE optimizes the internal structure of a material, 
improving its performance under a variety of operating 
conditions. One of the most notable effects of GBE is the 
improvement in mechanical strength. This is primarily 
achieved through grain refinement, where reducing the grain 
size leads to an increase in yield strength, a phenomenon 
explained by the Hall-Petch relationship. Grain boundaries 
act as barriers to dislocation motion, and finer grains 
introduce more boundaries, which helps strengthen the 
material. Additionally, by promoting the formation of 
beneficial boundaries, such as twin boundaries, GBE can 
enhance strength while maintaining or even improving 
ductility. Ductility is another critical property that benefits 
from GBE, especially when twin boundaries are involved. 
Coherent twin boundaries (CTBs) provide a unique 
combination of strength and ductility because they allow for 
dislocation movement while acting as obstacles to excessive 
deformation. This means that materials engineered with 
high densities of twin boundaries can withstand higher 
stresses without fracturing, making them ideal for 
applications requiring both toughness and flexibility. GBE 
also plays a significant role in enhancing corrosion 
resistance. Grain boundaries are often more susceptible to 
corrosion due to their higher energy and atomic disorder 
compared to the interior of grains. However, by reducing the 
number of high-energy, high-angle grain boundaries and 
promoting the formation of low-energy boundaries, GBE 
can mitigate corrosion effects. Twin boundaries, in 
particular, are less prone to corrosion attack, contributing to 
the long-term durability of materials in harsh environments, 
such as marine or chemical processing industries. In terms 
of creep resistance, which is vital for materials used in high-
temperature applications, GBE offers significant 
improvements. Creep is the tendency of a material to 
deform permanently under sustained stress at elevated 
temperatures. Grain boundary sliding is a primary 
mechanism of creep deformation, and GBE reduces this by 
promoting grain boundary pinning and increasing the 
proportion of low-angle boundaries that resist sliding. 
Materials subjected to GBE demonstrate improved 
performance in high-temperature environments, making 
them ideal for applications like turbine blades and nuclear 
reactors, where prolonged exposure to heat and stress is 
common. Fatigue life—the ability of a material to resist 
failure under cyclic loading—is another critical area where 
GBE has a strong impact. Fatigue cracks typically initiate at 
grain boundaries, especially high-angle ones, which act as 
stress concentrators. By refining the grain structure and 
optimizing the grain boundary network, GBE reduces the 
number of sites where cracks can initiate. Moreover, twin 
boundaries have been shown to significantly retard crack 
propagation, increasing the material’s resistance to fatigue 
failure. This makes GBE crucial for applications in the 
aerospace and automotive industries, where materials are 
subjected to repeated stress cycles. In summary, Grain 
Boundary Engineering profoundly influences several key 
material properties, enhancing strength, ductility, corrosion 
resistance, creep resistance, and fatigue life. By controlling 
the grain boundary network through techniques like severe 
plastic deformation, recrystallization, and twin boundary 
engineering, GBE optimizes the internal structure of 

materials, resulting in superior performance across a range 
of demanding applications. This ability to fine-tune material 
properties through microstructural control makes GBE an 
essential tool in the development of advanced high-
performance materials. 
 
Conclusion 
Grain Boundary Engineering (GBE) has emerged as a 
transformative approach to improving the performance of 
metallic materials by tailoring their microstructure at the 
grain boundary level. Through the deliberate manipulation 
of grain boundary networks, GBE enhances crucial 
properties such as mechanical strength, ductility, corrosion 
resistance, creep performance, and fatigue life. The various 
techniques employed, including severe plastic deformation, 
recrystallization, twin boundary engineering, and additive 
manufacturing, have demonstrated remarkable success in 
refining grain size, promoting beneficial grain boundaries, 
and optimizing the overall grain boundary character 
distribution. The impact of GBE is evident across numerous 
industries, from aerospace to energy, where materials must 
withstand extreme conditions. By reducing the number of 
high-energy grain boundaries and promoting low-energy or 
twin boundaries, GBE offers materials that perform 
exceptionally well under high stress, high temperature, and 
cyclic loading conditions. The ability to enhance properties 
like strength and toughness without sacrificing ductility is 
particularly valuable, making GBE an indispensable tool in 
modern material science. Despite the significant advances 
made in GBE, challenges remain, particularly in scaling up 
processes for industrial applications and maintaining grain 
boundary stability over extended periods. However, ongoing 
research and the integration of new technologies, such as 
additive manufacturing and computational modeling, 
promise to overcome these hurdles and unlock further 
potential in grain boundary manipulation. In conclusion, 
Grain Boundary Engineering represents a crucial frontier in 
the development of high-performance metallic materials. As 
research continues to evolve, GBE will play an increasingly 
important role in shaping the future of materials science, 
offering tailored solutions to meet the ever-growing 
demands of advanced industrial applications. 
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