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The main idea of grain boundary engineering (GBE) evolves from the concept of “grain boundaries (GBs) design

and control” proposed by Watanabe. In addition, after nearly 50 years of development, GBE has emerged as a

mature method that can be applied to a variety of metallic materials, such as copper alloys, nickel-based alloys,

austenitic stainless steels, and lead alloys.
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1. Introduction

Early in the 1880s, Sorby first observed with an optical microscope that the microstructure of a blister steel was

composed of numerous grains of various shapes and the grain boundaries (GBs) between adjoining grains. Since

then, materials researchers have paid an increasing amount of attention to the GBs and interfaces (including phase

boundaries) to explore a well-established method in materials design and performance improvement . After the

past ~140 years of study, the understanding of GBs and interfaces has significantly improved. It is now well

recognized that the GB is an important component of the microstructure in polycrystalline materials and that the

number, type, and distribution of GBs play critical roles in the materials’ properties .

In addition, when it comes to the mechanical properties, GBs can act as the main obstacle to dislocation slip during

plastic deformation, and thus become important sources of strength and work hardening of polycrystalline metallic

materials . Meanwhile, GBs may also be the preferred location for crack nucleation due to the weakened

bonding strength between the atoms on both sides of the structurally disordered interface and the higher stress

concentration derived from the pile-up of dislocations . In addition, most noteworthy, the structural

order of various GBs is significantly different , so that the capacity of various GBs to resist intergranular

cracks is also different . Therefore, cracking is most likely to occur during plastic deformation at or

along ordinary random high-angle GBs (RHAGBs) with higher structural disorder and interface energy, while

special GBs with low energy (will be introduced in detail later) can generally maintain a high resistance to cracking

.

2. Twin-Related GBE

The main idea of GBE evolves from the concept of “GB design and control” proposed by Watanabe . In

addition, after nearly 50 years of development, GBE has emerged as a mature method that can be applied to a
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variety of metallic materials, such as copper alloys , nickel-based alloys , austenitic stainless

steels , and lead alloys . These materials generally have the common characteristic that their

stacking fault energies are relatively low and annealing twins (ATs) are easily formed during the thermal-

mechanical process (TMP); based on this, the so-called method of twin-related GBE has been well developed.

The twin-related GBE is to induce a large number of AT boundaries (or ATs), namely Σ3 GBs, in face-centered

cubic (FCC) metals by the means of thermal-mechanical treatment, and other low-Σ coincidence site lattice (CSL)

GBs can be further induced through the mutual interactions between two annealing twins or even between ATs and

ordinary RHAGBs, thus blocking the connectivity of RHAGBs . Additionally, some previous studies 

 have revealed that the low-ΣCSL GBs introduced by twin-related GBE exhibit a high degree of structural

stability and are not prone to second-phase precipitation during medium- to high temperature annealing or welding

processes. Thus, the low-ΣCSL GBs, especially in the welding heat affected zone, often exhibit a higher corrosion

resistance in corrosive environments compared with ordinary RHAGBs . Moreover, many investigations 

 have substantiated that twin-related GBE is an effective way to improve the intergranular corrosion

resistance, intergranular stress corrosion cracking resistance, and other properties that are closely related to GBs

in some FCC metals.

Consequently, the key to the realization of GBE is to induce the formation of as many annealing twins as possible

during the TMP. In addition, it should be noted that only in FCC metallic materials deformed by planar-slipping of

dislocations can a large number of ATs be easily induced . Therefore, the twin-related GBE can only be availably

applied to some FCC metallic materials with low stacking fault energy or numerous short-range order structures 

. Many important engineering materials, such as austenitic stainless steel, nickel-based alloys, and

copper alloys, are involved in this kind of material, so the twin-related GBE has received widespread attention.

3. GBE-Quantifying Parameters

As mentioned above, the main purpose of twin-related GBE is to optimize the GBCD in materials, namely,

increasing the fraction of low-ΣCSL GBs and blocking the connectivity of RHAGBs. In this case, it is significantly

important to know how to quantify the degree of GBCD optimization. To this end, several important GBE-

quantifying parameters have been successively proposed, as summarized below.

3.1. Fraction of Special GBs

The fraction of special GBs (f ) is defined by the ratio of the length of special GBs to the total length of all GBs

, which was most widely used in the evaluation of GBE optimization. In the statistics of f , the CSL GBs with Σ

≤ 29 are generally regarded as the special GBs , since these types of GBs have lower energy , and

exhibit some unique performances, e.g., lower diffusivity, lower resistivity, lower sensitivity to solute atom

segregation, and higher resistance to GB sliding and crack initiation .
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Furthermore, with the deepening of GBE studies, it has been recognized that, apart from the f , the role of

special GBs is also closely related to their location, i.e., out of or in networks of random GBs. Lehockey et al. 

reported that the coherent Σ3 GBs were dominant in all special GBs in FCC metals with low stacking fault energy;

however, most of these coherent Σ3 GBs were localized outside of RHAGB networks and cannot make any

positive contributions to the tailoring of RHAGB networks. Naturally, it is difficult for these coherent Σ3 GBs to

impede the intergranular stress corrosion along RHAGBs. Therefore, Lehockey et al.  proposed the concept of

effective special GBs and suggested that only the special GBs that can block the network connectivity of the

random high-angle GBs are effective in preventing the failure of materials along GBs. However, the difference in

the anti-cracking properties of the same type of special GBs was even sometimes reported , so that there

was as yet no unified opinion on the definition of effective special GBs. Further, it may be related to the fact that the

interface index is still not considered in the current electron backscatter diffraction (EBSD) characterization. Thus,

the further developments in the theory of GBs and the relevant characterization methods need to be emphasized

for the better application of GBE.

3.2. Distribution of Triple-Junctions

The ultimate purpose of twin-related GBE treatment is to interrupt the network connectivity of RHAGBs and thus

hinder crack propagation along RHAGBs. Therefore, how to quantify the blocking of RHAGB by the GBCD

optimization is of great significance for GBE. Kumar et al.  proposed that the connectivity of RHAGBs can be

evaluated by the statistics on the distribution of triple-junctions, which are classified as different types according to

the number of special GBs they contain. For example, triple-junctions with zero, one, two, and three low-energy

special CSL GBs are classified as J0, J1, J2, and J3 junctions, respectively. Among these triple-junctions, the

RHAGBs are interconnected with each other at the J0 and J1 junctions, and thereby cracks can pass through the

junctions without hindrance and propagate along the RHAGBs. In contrast, J3 junctions are generally too stable to

meet the conditions for crack nucleation and propagation. Only at the J2 junctions can the cracks be captured by

special GBs. Hence, the capture probability of cracks can be quantified by statistically calculating the distribution of

f /(1 − f ), where f  and f  represent the proportion of J2 and J3 junctions, respectively. Several experimental

studies  have confirmed that there indeed exists a strongly positive correlation between the f /(1 − f ) and

the blocking degree of RHAGB connectivity in FCC metals.

3.3. Ratio of Twin Related Domain Size to Grain Size

In the study on the mechanism of twin-related GBE, it has recently been realized that the formation of annealing

twins during TMP plays an important role in increasing the f  and interrupting the network connectivity of

RHAGBs, since efficiently inducing the formation of ATs can not only directly increase the fraction of special GBs

but also be beneficial to decreasing the grain size. Furthermore, the quasi-in situ EBSD observation on the

evolution of GBCD further indicated that the formation and growth of ATs indeed played a critical role in GBCD

optimization . For example, the f  in a GBE- treated material are directly related to the number of ATs in a twin-

related domain (TRD), which is defined as Σ3  twin cluster (namely, a large cluster of spatially adjacent twin-related
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grains). In light of this, Barr et al.  suggested that the ratio v of TRD size to grain size should be another

important indicative indicator of GBE in polycrystalline materials.

4. Mechanism of GBCD Optimization—“Twin Cluster Growth”
Model

At the turn of the century, the study on the mechanism of GBCD optimization in FCC metallic materials has drawn

immense attention from researchers, and several theoretical models for GBE have been proposed in succession,

as shown in Figure 1. As a result, the “Σ3 GB regeneration model”  indicates that the coherent AT boundaries in

different recrystallized grains can interact with each other to induce the formation of Σ9 GBs, and then the mobile

Σ9 GBs further interact with some other Σ3 GBs, thus inducing the formation of other low-energy SBs (Figure 1a).

The “high ΣCSL GB decomposition model”  suggests that the low-ΣCSL SBs can be derived from the

decomposition of high-ΣCSL GBs (Figure 1b). According to the “special fragment model” , the GBCD

optimization is mainly realized by the SB fragments caused by AT emitting in the RHAGB network (Figure 1c). The

“incoherent Σ3 GB migration model”  indicates that the formation of SBs is mainly achieved by the migration of

incoherent Σ3 GBs (Figure 1d). However, even though these models can explain some laws of GBCD evolution in

FCC metals with low stacking fault energy to a certain extent, there still exist some obvious inadequacies due to

the lack of understanding of the microstructure evolution during the TMP. On the basis of summarizing the recent in

situ or quasi-in situ observations on the microstructure evolution of FCC metals, the “twin cluster growth” model is

further introduced below.
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Figure 1. Theoretical models for the GBCD optimization in FCC metals Adopted from Refs. .

Additionally, through the quasi-in situ or in situ observation of the GBCD evolution during the TMP of some FCC

metals (e.g., 304, 316L austenitic stainless steels, and copper alloys) , it has been well recognized that the

microstructural evolution during GBE treatment is mainly completed by strain-induced GB migration. For example,

the ordinary RHAGBs driven by the stored strain energy migrate from the twin clusters to the deformed matrix

during the annealing process of the TMP, and ATs are constantly nucleated behind the migrating GBs and grow up

with the migration of GBs, as shown in Figure 2. Therefore, inducing the nucleation of as many ATs as possible is

crucial to realizing the optimization of GBCD in the process. First, the nucleation of ATs, as mentioned above, can

directly increase the f . Second, ATs with different orientations nucleated behind RHAGBs may interact with each

other, thus inducing other low-energy CSL special GBs (see Figure 2b,c). Finally, the formation of ATs can induce

the structural transition of migrating RHAGBs from disorder to order, which are implanted in the network of

RHAGBs and thus interrupt the network connectivity.

Figure 2. (a,b) Evolution of the twin cluster during the annealing process, where the dashed line indicates the

interface between the existing twin cluster and the deformed matrix; (c) schematic of the formation of the AT

boundary during the evolution of the twin cluster front and the formation of Σ9 GB (the inset illustrates the 111

plane trace for the growing grain (A). adopted from Ref. .

Recent studies  have shown that the deformation microstructures, including stacking faults, planar-slip

dislocation structures, and deformation twins, exhibit distinctive effects on the evolution of twin clusters and thus on
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the GBCD optimization, as evidenced by the experimental findings of Cu-16at.% Al alloys in Figure 3. The stacking

faults and planar-slip dislocation structures are fairly beneficial to the GBCD optimization, for which the formation of

ATs can be induced by the ordered defects in a sequence of closely packed atomic planes at the front end of a

growing twin cluster. On the contrary, deformation twins hinder the growth of twin clusters, thus impairing GBCD

optimization. Therefore, the optimal prior strain for the GBCD optimization should be around the threshold strain for

the appearance of deformation twins in FCC metals.

Figure 3. Influence of deformation microstructures on the GBCD optimization of the Cu-16at.%Al alloy (a) Variation

of GBE-quantifying parameters (a : f , a : ratio of twin- related domain size to grain size, a : triple-junction

distribution) with the reduction ratio; (b) deformation microstructures at low (3%, b ), optimal (7%, b ), and high

(20%, b ) reductions; (c) quasi-in situ EBSD observations on the evolution of microstructures during TMP treatment

at an optimal stain (7% reduction, c ) and annealing at 723 K for 12 h (c ) and 36 h (c ). Adopted from Ref. .

In addition, some low ΣCSL GBs can also be formed when two separate twin cluster migration fronts meet together

during the TMP . These special GBs must be located in the network of random high-angle GBs, which can

effectively block the connectivity of RHAGB networks.
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Figure 4 shows the schematic diagram of the “twin cluster growth” model obtained by summing up the above

research results. In the model, the ATs in twin clusters are mainly induced by the planar deformation

microstructures, including stacking faults and planar dislocation structures, which are the main source of special

GBs. For example, once the stacking faults in deformation microstructures encounter migrating RHAGBs, can they

strongly affect a sequence of close-packed planes of recrystallizing grain and induce the transformation from a

regular sequence (… ABC …) to an inverse sequence (… CBA …), as displayed in Figure 4. This is because there

is a a6[112¯] displacement between atoms in stacking faults and in perfect crystal. The displacement can

effectively reduce the necessary energy of twinning, i.e., the stacking faults can provide excessive activation

energy for twinning . Furthermore, in a twin cluster, ATs with different orientations interact with each other as

they grow with the migration of RHAGBs, thus inducing some other special GBs. Further, at the final stage of twin

cluster evolution, the intersection between separate twin clusters also induces certain special GBs. Finally, the

GBCD optimization of FCC metals is fully realized by the growth of twin clusters.

Figure 4. Schematic diagram of the “twin cluster growth” model for the GBCD optimization in FCC metals.

During the growth of twin clusters, some non-symemtric low ΣCSL GBs can also migrate in one twin cluster, such

as incoherent Σ3 GBs, can reduce the interfacial energy by interacting with other special GBs in the cluster 

. However, such behavior is not necessarily conducive to the increase of f  (e.g., the disappearance of the AT

boundary in Figure 2).
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