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Twin-structured materials have garnered significant attention
owing to their exceptional mechanical properties [1,2], such as
ultrahigh strength [3–5] and improved fatigue resistance [6–8].
These mechanical properties are directly influenced by their
atomic-scale structures. Consequently, numerous studies have
investigated the atomic structures of twin boundaries (TBs) in
face-centered cubic (FCC) metals. Among TBs, the coherent TB
(CTB) is a special grain boundary (GB) with perfect symmetry
and coherent structure, and its deformation mechanism varies
with the twin thickness [9–17]. Similar to CTBs, incoherent TBs
(ITBs) are also important GBs that significantly impact the
mechanical properties of materials. In recent decades, extensive
research has been conducted to explore the atomic-scale struc-
tures of ITBs, leading to the proposal of various models [18–22].
Theoretical models have suggested that ITBs consist of a series
of Shockley partial dislocations with Burgers vectors of
1/6<112>, without any displacement along the <111> direction
[20–22]. This has led to the widespread belief that lattice dis-
placement along the <111> direction (perpendicular to the CTB)
between the two sides of the ITB interface should be dis-
regarded. However, experimental observations and molecular
dynamics simulations have revealed evident lattice displacement
along the <111> direction between the two sides of the ITB
interface [23], seemingly contradicting the theoretical predic-
tions. This discrepancy between the theoretical model and the
experimental findings requires further systematic investigation.
Furthermore, previous studies [24–26] have revealed that the GB
plane and angle can significantly affect the GB structure. Both
experimental and simulation results [27–32] have demonstrated
that GB transitions can occur in various material systems due to
heating and impurity concentrations. However, whether changes
in size alone can lead to ITB transitions remains unknown.

In this study, we conducted molecular statics (MS) simula-
tions to investigate the influence of twin thicknesses on the
atomic structures of ITBs in four FCC metals: Ag, Cu, Ni, and
Al. When ITBs were thin, the lattices on both sides were located
approximately on the same horizontal plane, exhibiting no sig-
nificant displacement along the [111] direction. However, as the
ITB thickness increased, the displacement along the [111]
direction between the ITB interfaces increased, approaching a
nearly constant value when the thickness exceeded approxi-
mately 80 atomic layers. We observed that the CTB and matrix

lattice had a confinement effect that suppressed the displace-
ment along the [111] direction of the ITB. This confinement
effect decreased with increasing distance from the CTB, leading
to the observed size effect on lattice displacement along the
[111] direction. Additionally, the displacements along the [111]
direction of the ITBs exhibited a negative linear relationship
with the stacking fault energy (SFE) in the thick twins.

To examine these effects, we constructed atomic models of Ag,
Cu, Ni, and Al with twin structures of different ITB thicknesses.
A typical example is shown in Fig. 1a. In these models, the atoms
of the FCC crystal structure, hexagonal close-packed (HCP)
crystal structure, and others are depicted in green, red, and
white, respectively. The X, Y, and Z axes align with the [110],
[112], and [111] directions, respectively. A periodic boundary
condition was applied in the X direction while maintaining the
surfaces in the Y and Z directions free. Fig. 1b shows the two-
dimensional (2D) structure projected along the [110] direction.
The figures clearly show that the ITB (white atoms) is parallel to
the [111] direction, and the CTBs (red atoms) are perpendicular
to that direction. The atomic interactions were described using
embedded atom method (EAM) potentials [33], and the energy
of the structures was minimized using a conjugate gradient (CG)
approach to obtain stable structures. In this simulation, the
corresponding atomic displacement was defined as the differ-
ence between the atomic spacing in the twin-structured models
and that in a perfect FCC structure (see the calculation methods
and Fig. S1 in the Supplementary information for details). The
displacements of each atom along the [111] and [112] directions
were measured, and the atomic models were created using
ATOMSK (see the detailed modeling method and Fig. S2 in the
Supplementary information) [34]. The simulations were con-
ducted using a large-scale atomic/molecular massively parallel
simulator (LAMMPS) [35] and the configurations were rendered
in OVITO [36].

The displacement maps (along the [111] direction) of Cu
models are presented in Fig. 2a–d, where the color variations
from dark blue to red indicate displacements ranging from
−0.25 to 0.5 Å. Notably, the displacement along the [111]
direction exhibited a clear twin-thickness effect. Fig. 2a shows
that the ITB had a thickness of nine atomic layers, and the
lattices on both sides of the ITB resided on nearly the same
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horizontal plane. The interface appeared light green, indicating
minimal displacement along the [111] direction. However, for
twins with greater thickness, as shown in Fig. 2d, significant
displacements occurred along the [111] direction. Interestingly,
as the twin thickness increased, the overall color of the ITB
changed from light green to dark red, indicating an increase in
displacement along the [111] direction (Fig. 2a–d). This serves as
direct evidence that the ITB structure is subject to a strong size
effect. We further investigated the lattice displacements along
the [111] direction of the ITBs in Al, Ni, and Ag and observed
the same behavior (Figs S3–S5). Additionally, we used other
EAM potentials to verify the effect of the potential on this size
effect and similar size effects on the ITB were observed (Fig. S6).
Moreover, considering the effect of kinetic energy, this size effect
was also observed using molecular dynamics simulations

(Fig. S7). Furthermore, our experimental observation on twin-
structured Pt also exhibited this size effect on the ITB structure
(Fig. S8), indicating its universality.

Maps of the relative displacement along the [112] direction are
shown in Fig. 2e–h. The color variations from dark blue to red
indicate displacements between −0.2 and 0.4 Å. A clear peri-
odicity can be observed, with atoms at the ITB interface exhi-
biting a repeatable order of dark blue, orange, and green, which
remained consistent regardless of twin thickness. Correspond-
ingly, the strain at the ITB interface also exhibited periodicity,
with a repeatable order of compressive, tensional, and nearly
zero strains. This structure aligns with previous studies where
the ITB consisted of periodic sets of partial dislocations b2, b1,
and b3 [21,37,38]. Here, “b1” represents an edge partial dis-
location with a Burgers vector of 1/6[112], whereas “b2” and “b3”

Figure 1 (a) 3D structure of the model and (b) 2D view projected along the [110] direction (atom colors denote crystal structures according to common
neighborhood analysis, where red, green, and white indicate HCP, FCC, and others, respectively).

Figure 2 2D views and displacement maps of Cu with twin thicknesses of n = 9, 18, 27, 36 atomic layers: (a–d) displacement maps along the [111] direction;
(e–h) displacement maps along the [112] direction.
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are mixed types with Burgers vectors of 1/6[211] and 1/6[121].
Our atomistic simulations confirmed that the ITBs of Cu, Al, Ni,
and Ag contained the same periodic sets of partial dislocations
b2, b1, and b3.

Based on the MS simulations, the statistical results of the
lattice displacements along the [111] and [112] directions of the
ITBs in Cu, Al, Ni, and Ag are presented in Fig. 3. The X-axis
represents the index of the atomic layers from the topmost TB
(where the middle TB is defined as the zero-atomic layer) to the
bottommost TB. The Y-axis, as shown in Fig. 3a–d and e–h,
represents the lattice displacement along the [111] and [112]
directions, respectively. Each subgraph includes the statistics of
the ITBs with thicknesses of 9, 18, 27, and 36 atomic layers.
Fig. 3a shows the statistics for displacement along the [111]
direction in Cu. The overall shapes of the dotted lines resemble
arches, with higher values in the middle and lower values at the
two ends. The red dotted line denotes the displacement of each
layer of the ITB with a thickness of nine atomic layers. Here, the
arch shape is not obvious, and the displacements of every three
layers are small. However, in relatively thicker twins, as indi-
cated by the orange, green, and blue dotted lines, clear arches
can be seen. Additionally, as the twin thickness increased, the
top of the arch also increased correspondingly, following the
same regularity as the color changes in Fig. 2a–d. This suggests
that the displacement along the [111] direction increased with
twin thickness, with the maximum displacement occurring near

the middle of the ITBs. Similar results were observed for other
FCC metals (Al, Ni, and Ag), as shown in Fig. 3b–d, indicating
the universal nature of this size effect in FCC metals. Fig. 3e
shows the statistics for displacement along the [112] direction in
Cu. The displacement along the [112] direction exhibited peri-
odicity with repeatable values of ~−0.57, 0.82, and 0.14 Å every
three atomic layers. Similar periodic features were observed for
other FCC metals (Al, Ni, and Ag) along the [112] direction, as
shown in Fig. 3f–h.

To explore the effects of twin thickness on the [111] dis-
placement and validate its size effect, we plotted the normalized
maximum displacement (the ratio of the maximum displace-
ment to the lattice constant) along the [111] direction against the
variations in twin thickness in Ag, Cu, Ni, and Al (Fig. 4a). The
results show that the normalized maximum displacement
increased with increasing twin thickness. Particularly, the
increase in the normalized maximum displacement was more
pronounced when the twin thickness was less than ~60 layers.
However, for twin thicknesses exceeding 80 layers, the normal-
ized [111] displacement appeared to approach a constant, with a
less noticeable increase as the twin thickness continued to
increase. Consequently, the validation of the twin-thickness
effect was ~80 layers. Notably, this trend was valid for Al, Ni, Cu,
and Ag, indicating a general phenomenon. The vertical dashed
line in Fig. 4a indicates that the magnitudes of the normalized
[111] displacements of the 108-layered ITBs for the four FCC

Figure 3 Statistical results of the measured lattice displacements: (a–d) lattice displacements along the [111] direction at the ITBs for Cu, Al, Ni, and Ag,
respectively; (e–h) lattice displacements along the [112] direction at the ITBs for Cu, Al, Ni, and Ag, respectively.
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metals followed the order Ag > Cu > Ni > Al. Furthermore,
based on our calculations, we found that the SFE significantly
influenced the normalized [111] displacements. Fig. 4b shows
the calculated fault-energy curves of Ag, Cu, Ni, and Al, where
the magnitude of the SFE followed the order Ag < Cu < Ni < Al
(indicated by the black vertical dashed line). Using the infor-
mation from Fig. 4a, b, we generated a plot of the normalized
maximum displacement against the SFE (Fig. 4c). The normal-
ized displacement values along the [111] direction exhibited a
negative linear relationship with the SFE in thick twins. In other
words, as the SFE increased, the normalized values decreased.
The corresponding fitted equation was given by
d/a ≈ 0.31 − k0 × γsf, (1)
where d is the displacement along the [111] direction, a is the
crystal constant, k0 is a constant coefficient for FCC metals (with
a unit of 10−4 m2 mJ−1), and γsf is the value of the SFE.

Previous atomistic simulations have shown that the displace-
ment along the [111] direction arises from ITB dissociation. The
ITB can spontaneously dissociate, forming the 9R phase [37,38].
This 9R phase tilts away from the FCC phase at an angle of
approximately 13.28°, leading to displacement along the [111]
direction. The normalized displacement increases with the dis-
sociation distance, which scales inversely with the SFE [37].
Consequently, the displacement along the [111] direction exhi-
bits a negative linear relationship with the SFE of the metals. The
displacement maps shown in Fig. 5 reveal that the dissociation
distance of the ITB decreases with increasing SFE, with the ITB
dissociation distance of the four FCC metals following the order

Ag > Cu > Ni > Al. For Ag, the ITB structure exhibits a relatively
distinct 9R structure, as evidenced by the specific 9R structure
analysis shown in Fig. S9.

Here, the CTB can have a confinement effect on the dis-
placement along the [111] direction of the ITB, arising from
various factors. The strain field and displacement generated by
the 9R phase along the [111] direction disrupt the equilibrium
and stable state of the CTB and matrix. Consequently, the CTB
and matrix restrict the displacement along the [111] direction.
Moreover, the lattice orientation in the matrix differs from that
of the twin, causing the 9R-phase-generated field/displacement
along the [111] direction to undergo disturbance and release
upon penetrating the matrix. Moreover, this confinement effect
decreases with increasing distance from the CTB. For thinner
ITBs, the effect is sufficient to suppress the displacement along
the [111] direction of the ITB. Thus, our study showed that
practically no lattice displacement occurred along the [111]
direction between the ITB interfaces, as shown in Fig. 2a.
However, in thicker ITBs, the confinement effect becomes
insufficient to suppress the [111]-direction displacement of the
entire ITB. Thus, an obvious displacement along the [111]
direction was observed. The lattice displacement along the [111]
direction increases as the distance from the CTB increases, with
the maximum displacement constantly occurring in the middle
of the ITBs. To further verify this, we compared the lattice
displacements along the [111] direction of ITBs with and
without CTBs. Fig. 5a shows the ITB models of Ag, with two
CTBs and no CTBs in the left and right models, respectively. The

Figure 4 (a) Normalized maximum [111]-direction displacements vs. twin thickness. (b) SFE curves of Ag, Cu, Ni, and Al. (c) Fitted line showing the
relationship between the normalized maximum [111]-direction displacements of the 108-layered ITBs and SFE.
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figure shows that the color of the ITB without CTBs is more
intense than that of the ITB with CTBs, indicating that the
[111]-direction lattice displacement of the former is greater than
that of the latter. This proves that the CTBs have a confinement
effect on the [111] displacement. Fig. 5b–d show that the other
metals (Cu, Ni, and Al) exhibit similar behaviors, indicating that
the confinement effect of the CTBs is universal. Moreover, the
structure of the GB can significantly affect the mechanical
properties of metals [39,40]. Our results, which revealed a strong
size effect in the ITB structure, offered a potential explanation
for the variation in mechanical properties observed in twin-
structured metals with different twin thicknesses. Moreover,
although theoretical models suggesting no lattice displacement
along the [111] direction between the two sides of the ITB
interface [20–22], our experimental observations and molecular
dynamics simulations show conflicting results. Our findings
demonstrated that both the size and SFE can affect the lattice
displacement along the <111> direction, offering valuable
insights to resolve this puzzle. Previous studies have primarily
focused on the twin thickness effect on dislocation behavior,
overlooking its impact on the atomic-scale structure of ITBs.
This effect represents another critical factor influencing the
mechanical properties of twin-structured metals [41].

In summary, we statistically analyzed the structures of ITBs
with different thicknesses of Ag, Cu, Ni, and Al and observed a
significant size effect in the displacements along the [111]
direction of the ITBs in these metals. Thinner ITBs exhibited a
confinement effect by the CTBs, effectively suppressing dis-
placement in the [111] direction. However, as the twin thickness
increased, the confinement of the CTB was no longer sufficient

to suppress the displacement along the [111] direction, resulting
in an obvious size effect on the ITB structure. Furthermore, we
found that the normalized [111] displacements of the ITBs
exhibited a negative linear relationship with the SFE in FCC
metals. Our findings provide valuable insights into under-
standing the distinct mechanical properties of twin-structured
metals with different thicknesses.
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面心立方金属中非共格孪晶界原子结构的孪晶厚度
效应研究
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摘要 非共格孪晶界(ITB)能显著影响金属力学性能, 受到了研究者极
大关注. 理论模型预测ITB是由系列偏位错组成, ITB两侧的晶面没有
沿[111]方向的相对位移. 本文利用分子静力学模拟研究了Ag, Cu, Ni
和Al中ITB的结构, 发现ITB的结构具有显著的尺寸效应. 对于较薄的
ITB, 界面两侧的晶面处于同一水平面, 没有沿[111]方向的相对位移,
与理论模型结果一致. 而对于较厚的ITB, 界面两侧的晶面有明显的
[111]方向的相对位移, 且相对位移随着ITB厚度的增加而增加. 此外,
研究揭示出ITB两侧晶面沿[111]方向的位移与金属的层错能直接相关.
该研究表明ITB的结构并不唯一, 不同的厚度、层错能对应不同的ITB
结构. 本研究为理解孪晶厚度和层错能对金属力学性能的影响提供了
新见解.
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