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Highlights
Atomic-scale results reveal that
the structure of ITB is twinthickness dependent
The twin thickness can affect the
alignment of the {111} planes
between ITBs
The interaction between the
dislocation and the ITB leads to an
ITB phase transition

Previous classic theoretical models have predicted that the {111} planes between
the incoherent-twin boundary (ITB) should remain flat without displacement along
the <111> direction. In this research article, Guo et al. show atomic-scale evidence
of the twin-thickness effect on the ITB phase transition and the displacement along
the <111> direction.
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Twin thickness and dislocation interactions
affect the incoherent-twin boundary phase
in face-centered cubic metals
Yizhong Guo,1 Zhanxin Wang,1 Bin Zhang,2 Jiao Teng,3 Weijing Zeng,1 Yufeng Zhao,1 Libo Fu,1
Dongwei Li,1 Yan Ma,1 Wenxiong Song,4 Linlin Liu,1 Ze Zhang,5 Xin Yan,6 Lihua Wang,1,8,*
Yuntian Zhu,7,* and Xiaodong Han1,*

SUMMARY

Incoherent-twin boundaries (ITBs) can significantly affect the mechanical properties exhibited by metals. Although numerous studies
have been conducted to date, the atomic structures of such ITBs
remain unclear, owing to difficulties in imaging their structure. In
this study, high-angle annular dark-field imaging was used to reveal
the atomic structure of the ITBs present in Pt. We discovered that
both the twin thickness and the dislocation-ITB interaction can
affect the ITB phase structure. In thin twins, the {111} planes between the ITB remain flat without any obvious displacement along
the <111> direction, whereas in thicker twins, the {111} planes between the ITB exhibit clear displacement along the <111> direction,
with this displacement increasing as the twin thickness increases.
The ITBs frequently absorb full dislocations, which leads to the formation of dislocation-misaligned ITBs. This twin-thickness effect
and dislocation-ITB interaction, which resulted ITB-phase variation,
has rarely been reported.
1Beijing

INTRODUCTION
The introduction of twin boundaries (TBs) can significantly affect the mechanical
properties of metals.1–3 Evaluating the atomic structures of these boundaries is
therefore crucially important in developing our understanding of their mechanical
properties as well as in the design of metals exhibiting exceptional properties.
Over the past decade, extensive studies have been carried out to investigate the
atomic structures of S3 {111} coherent TBs (CTBs) and S3 {112} incoherent TBs
(ITBs).4–19 In the case of the CTBs within face-centered cubic (fcc) metals,20–26 it
has been well established that the CTB adopts a mirror symmetry of the atomic
arrangement across the {111} close-packed plane, which has a 70.53 angle with
respect to the other close-packed planes. However, in the case of the ITBs, their
atomic structures are unclear, owing to their complicated strain field distribution,
which imparts difficulties in imaging their structures. As a result, our understanding
of the atomic-scale structure exhibited by an ITB relies heavily on theoretical models
or molecular-dynamics (MD) simulations.27–29
According to previous classical models, the ITB consists of a series of Shockley partial dislocations with the same Burgers vector of 1/6<112> on consecutive {111}
close-packed planes.30,31 This structure imparts an ultra-large shear strain at the
ITB. Another interesting study proposed that the ITB can also consist of a series
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of Shockley partial dislocations adopting a different Burgers vector of 1/6<112>
on consecutive {111} planes.11,13–15,31 Since the sum of the Burgers vectors
of these partial dislocations is zero, it leads to a nearly zero macroscopic strain
at the ITB. In all these proposed ITB phases, an intrinsic structure is present,
i.e., a series of partial dislocations adopting Burgers vectors of 1/6<112>
on consecutive {111} planes without displacement in the <111> direction
(perpendicular to the CTB). This results in the widely held belief that the strain/
displacement at the ITB should occur solely along the {111} slip plane, with negligible displacement perpendicular to the CTB.13,14 Furthermore, one interesting
theoretical model has proposed that the ITB dissociates into a new phase that
can induce a displacement in the <111> direction.29 However, there is no direct
experimental evidence to validate this. More significantly, most previous studies
have investigated the ITB structure using high-resolution transmission electron microscopy (TEM),5,13–17 in which the complicated strain field makes it extremely
difficult to resolve the atomic-scale structure of the ITB. Thus, it is of both academic and practical interest to overcome this issue through direct experimental
observations.
In this study, high-angle annular dark-field scanning transmission electron microscopy (HAADF–STEM) was used to evaluate the atomic-scale structures of
ITBs in platinum (Pt) thin films. We discovered that there were multiple metastable
ITB phases and that both the twin-thickness effect and dislocation-ITB interactions
could induce the ITB phase transition. Atomic-scale analysis revealed that
there was a twin-thickness effect imparted on the ITB structure. In the case of a
thin twin, the {111} planes between the ITBs remained flat without obvious
displacement along the <111> direction. This displacement became increasingly
obvious and increased in the vicinity of the ITB (misaligned ITB) as the twin thickness increased. Moreover, the ITBs frequently absorbed full dislocations, resulting
in full dislocation and significant displacement along the <111> direction at the
ITBs.

RESULTS
Fabrication and characterization
In this study, a Pt single-crystalline thin film (thickness 50 nm) with a high-density
growth twin was deposited on a (001)-oriented NaCl single crystal substrate (1 3
1 cm2) at 350 C via magnetron sputtering. The Pt thin film was removed from the
NaCl substrate by dissolving the substrate in water, and subsequently, the film
was attached to a microgrid. Following this, the thickness of the Pt single-crystalline
thin film was further reduced to 15 nm using a Fischione 1040 NanoMill. An atomic
structure evaluation of the ITB was performed using HAADF–STEM (Titan Themis,
300 kV) at a resolution of 0.68 Å.
Figure 1A shows a typical low-magnification bright-field TEM image of the Pt thin
film. As denoted by the green arrows, high-density plate-like contrasts with longitudinal axis are present along the [112] direction. A typical selected electron diffraction
pattern (SEDP) obtained from the white framed region is inserted in Figure 1A. It can
be seen that the pattern exhibits a twin-structure feature adopting a mirror symmetry
across the CTB {111} plane, which can be indexed as twins. These results reveal that
the plate-like contrasts are growth twins, which also contain a high density of ITBs.
HAADF-STEM was conducted to reveal the atomic structures of the ITBs, and this
technique is advantageous in that the contrast of the images is generally unaffected
by strain, small changes in the objective lens defocus, or specimen thickness. A large
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Figure 1. Characterization of the atomistic structures of the ITBs in the Pt single-crystalline thin
film along the [110] zone axis
(A) Low-magnification bright-field TEM micrograph. The SEDP is shown in the inset. Areas
exhibiting high density growth twins are marked by arrows.
(B–D) Atomic-scale HAADF-STEM images of the three ITB varieties: an aligned ITB (B), a misaligned
ITB (C), and a dislocation-misaligned ITB (D).

number of atomic-scale observations, therefore, revealed that there are three kinds
of ITB in the Pt thin films.
Figure 1B provides a typical enlarged HAADF image of the atomic-scale structure of
the aligned ITBs with a twin thickness of 1.3 nm. It is shown that the lattice on both
sides of the ITB falls on approximately the same horizontal plane (as marked by the
green dotted lines). We define this ITB phase as an ‘‘aligned ITB’’ (ITBA). Analysis of
the ITB’s atomic structure revealed that the spacing between the two atom columns
pﬃﬃﬃ
at the core of ‘‘b1’’ was approximately 6=6 a larger than the conventional lattice
spacing along the [112] direction, thereby indicating that ‘‘b1’’ is a 90 partial dislocation with a Burgers vector of b = 1/6[112] (see models for more details in Figure S1).
The inter-atomic spacing at the core of ‘‘b2’’ was measured to be approximately
pﬃﬃﬃ
6=12 a larger than the conventional lattice spacing along the [112] direction, indicating that ‘‘b2’’ is a 30 partial dislocation where b = 1/6[211] (Figure S1). In addition, there was no clear spacing variation for the atoms at the core of ‘‘b3’’, indicating
that the ‘‘b3’’ is a 30 partial dislocation where b = 1/6[121] (Figure S1). Therefore,
b1 + b2 + b3 = 0, which leads to a net zero macrostrain. In other words, this ITBA contains periodical sets of the ‘‘b1, b2, b3’’ partial dislocations, which induces a net zero
at the ITBA, and is consistent with previous reports.13–16,27
In addition to the presence of ITBA in thin twins, we discovered that the ITBs present
in thick twins exhibit significant lattice misalignment along the [111] direction,

Cell Reports Physical Science 3, 100736, March 16, 2022

3

ll

OPEN ACCESS

Figure 2. Examples of the three varieties of ITBs and their corresponding displacement mappings
(A) The well aligned ITB consisting of the periodic sets of partials ‘‘b1 , b 2 , b 3 ’’.
(B) The misaligned ITB exhibiting clear displacement along the [111] direction.
(C) The misaligned ITB containing a lattice misalignment alongside a full dislocation.
(D–I) Quantitative analysis results from the LADIA program, showing distribution of the
displacement εxx (along the [112] direction) and the displacement εyy (along [111] direction) in the
vicinity of the ITB.

indicating that the ITB phase evolved in the thick twins. Figure 1C shows a HAADF
image for a typical misaligned ITB (ITBM), with a twin thickness of 10.4 nm. Analysis
of this image revealed this ITB adopted the same periodical sets of partials ‘‘b1, b2,
b3.’’ Within this misaligned ITB, there was no clear macroscopic shear strain along
the [112] direction. Interestingly, it was observed that the lattice on both sides of
the misaligned ITB did not fall on the same horizontal plane (as shown by the green
dotted lines), whereas an obvious displacement was observed along the [111] direction. Interestingly, a previously unobserved ITB structure exhibiting a lattice
misalignment along the [111] direction alongside a full dislocation within the ITB
was also detected. Figure 1D shows an ITB with both obvious displacement along
the [111] direction and an extra (111) plane inserted to the left of the ITB. The additional (111) plane is a typical structure resulting from a full dislocation within the fcc
Pt. Herein, we define an ITB exhibiting a lattice misalignment alongside a full dislocation as a fully dislocation-misaligned ITB (ITBF).
Twin thickness and dislocation interactions affect the ITB-phase
To quantify the displacements of the ITB varieties, the Lattice Distortion Analysis
(LADIA) program was used to analyze their respective lattice displacements.32,33
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Figures 2A–2C illustrate other examples of ITBs and correspond to ITBA, ITBM, and
ITBF, respectively. As shown in Figure 2A, the ITBA consists of periodical sets of
partials ‘‘b1, b2, b3’’ with no obvious displacement along the [111] direction.
Figure 2B shows that the lattices on both sides of the ITBM exhibit clear displacement along the [111] direction, while Figure 2C shows displacement along the
[111] direction alongside a full dislocation on the ITBF. In addition, Figures 2D–
2I show the displacement mappings of εxx and εyy that correspond to Figures
2A–2C, respectively. In these maps, εxx denotes the displacement along the
[112] direction, and εyy denotes the displacement along the [111] direction. The
color variation from dark blue to red denotes the displacement between 1 and
2 Å. As shown in Figure 2D, the lattice displacement (εxx) at the ITBA exhibits a periodic fluctuation from a maximum value to almost zero, which confirms that the
ITBA consists of ‘‘b1, b2, b3’’, with the sum of their Burgers vectors being equal
to zero. As shown in Figures 2E and 2F, a similar periodic lattice displacement
(εxx) along the [112] direction is also observed in the cases of ITBM and ITBF. For
the displacement along the [111] direction (εyy), as shown in Figure 2G, it was
observed that the ITBA did not exhibit any detectable displacement, whereas in
the cases of ITBM and ITBF, shown in Figures 2H and 2I, a clear lattice displacement is observed along the [111] direction. Through a comparison of the displacements shown in Figures 2H and 2I, the overall trend is remarkably similar; however,
the color at the ITBF is darker than that at the ITBM due to the fact that the ITBF
contains a full dislocation.
Figures 3A and 3B show the statistical results of the measured lattice displacements of the three ITB varieties, where the x-axis represents the index of the
atomic layers from the topmost TB (the top TB is defined as the zero atomic layer)
to the bottommost TB, while the y-axis represents the measured lattice displacements along the [112] and [111] directions, respectively. As shown in Figure 3A,
the displacement along the [112] direction exhibits a periodicity every three atomic
layers, and this feature is valid for the three types of ITBs discussed in this paper.
As shown in Figure 3B, the lattice displacement along the [111] direction is essentially negligible for the ITBA. Both ITBM and ITBF experience an initial increase
(from the topmost TB), approaching the maximum displacement of 1.2 Å at
the inner side of the twin, before decreasing to zero at the bottommost TB. The
difference here is that the maximum displacement value and displacement
gradient exhibited by the ITBF are slightly larger than those of ITBA and ITBM. Figures 3C and 3D show other examples of the statistical results of the measured lattice displacements, which exhibit a similar trend to those shown in Figures 3A and
3B, thereby indicating that the atomic structure and displacement at these three
ITB varieties prevail.
Interestingly, we observed that the ITBA was primarily found in thin twins, whereas
both ITBM and ITBF were more frequently observed in thick twins. In other words, a
twin-thickness effect dictates the ITB phase transition. We examined a significant
number of ITB varieties, with the results obtained also validating the observation
that the displacement along the [111] direction increased with increasing
twin thickness. To further evaluate the twin-thickness effect on the lattice
displacement along the [111] direction, >120 ITBs were investigated across
multiple experiments. Figure 3E shows the statistical results, which reveal that
the displacement along the [111] direction increased with increasing twin thickness, approaching a limit of 1.2 Å. Such displacement along the [111] direction
clearly altered the atomic-scale structure of the ITB, and this was confirmed
by comparing the structures of ITBs with different twin thicknesses. For a given
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Figure 3. Statistical results of the measured lattice displacements of the three types of ITBs
(A and B) The lattice displacements corresponding to Figures 2D–2I along the [111] (B) and [112] (A)
directions, respectively.
(C and D) Other examples of the three ITB varieties.
(E) The statistical results show that as the twin thickness increases, the displacement along the [111]
direction increases, approaching the maximum of 1.2 Å. The error bar resulted from the
displacement values variation of three different lattice planes in ITB.

GB, the variation in its structure (without any change in the boundary plane or
misorientation) indicated that the GB phase transition occured.34–36 In the current
study, the twin thickness was found to affect the displacement value along the
[111] direction, and each displacement value corresponded to an ITB phase,
thereby suggesting that the ITB phase transition is dependent on the twin thickness. Here, the observed ITB phase transition took place via a displacement along
the [111] direction while the boundary plane and the misorientation remained constant. This phase transition clearly differed from the lattice phase transition that
occurred via the Bain straining path and in which the main axis of the lattice underwent straining that led to dramatic changes in the lattice parameter and
symmetry.37
To further validate our observations, we initially constructed an ITBA exhibiting varying twin thicknesses. Subsequently, we minimized the energy of this structure using
MD simulations alongside the empirical embedded-atom method (EAM) for Pt.38
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Figure 4. MD simulations and HAADF-STEM simulations of the three ITB varieties
(A–C) Relaxed atomic structures generated using MD simulations, and their corresponding simulated HAADF-STEM images.
(D) The ITB M energy curve generated through the absorption of a full dislocation.
(E) Statistical results of the thickness versus the displacement along the [111] direction, as generated using MD simulations.

The MD simulations revealed that the structure exhibited by the ITB was indeed
thickness dependent. In the case of thin twins, the ITBA was stable, whereas for thick
twins the ITB phase transition occurred during the energy minimization; i.e., the
structure of ITBA transferred into ITBM. Figures 4A and 4B show the MD results
and corresponding simulated HAADF images39–42 obtained from the ITB generated
in both thin and thick twins, which are consistent with those obtained experimentally.
In addition, Figure 4C shows a typical MD result alongside the corresponding simulated HAADF image of an ITBF, which is consistent with those obtained experimentally. The ITBF was obtained through the absorption of a full dislocation by an ITBM.
As shown in Figure 4D, the ITB phase transition process results in a decrease in the
system energy. Thus, the formation of an ITBF is preferential when there is a full dislocation in the vicinity of the ITBM. This was further confirmed by our in situ atomicscale experimental observations, as shown in Figure S2, in which a full dislocation
was absorbed by an ITB, which led to ITBF phase generation. Figure 4E shows the
statistical results of the thickness versus the displacement along the [111] direction,
which were obtained using MD simulations and are consistent with our experimental
results presented in Figure 3E.
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DISCUSSION
We also conducted in situ deformation on the Pt thin film using our home-made in
situ deformation device, and the in situ atomic-scale results showed that the structure of the ITB in deformation twins (as shown in Figure S3) is similar to that of the
growth twins (Figures 1B and 2A), in which the ITB consisted of periodical sets of
partial dislocation with the ‘‘b1, b2, b3’’ partials. Based on our in situ observations,
the structure of the ITB in thick deformation twins should also be similar to that of
the growth twins, and so the same size effect trend should also be observed.
Indeed, numerous in situ atomic-scale observations showed that those deformation twins never exceeded several atomic layers in thickness (see Figures S3 and
S4), which makes it difficult to investigate the effect of the twin thickness on the
structures of the ITBs in deformation twins. This can be attributed to the high
gutf/gusf ratio (gusf and gutf represent the unstable stacking-fault energy and the unstable twin-fault energy, respectively) for Pt, which limits thick-twin generation.43,44
Twin generation is known to take place initially through stacking-fault (SF) formation (i.e., gusf must be overcome) and then twin-fault formation (i.e., gutf must be
overcome) on the adjacent planes of previous SFs, and ultimately this leads to
an increase in the twin thickness.45 For metals with a relatively high ratio of gutf/
gusf (such as Pt), the energy barrier for increasing the twin thickness is significantly
higher than that associated with SF formation, and so thicker twins are rarely
observed. The effect of the twin thickness on the structures of ITBs in the deformation twin requires further clarification. Moreover, the ITB structure of fcc iridium (Ir)
was also investigated, as shown in Figure S5, wherein no obvious displacement
along the [111] direction was observed in the ITB with a twin thickness of seven
layers, whereas a clear displacement was found along the [111] direction for the
ITB with a twin thickness of 12 layers; this is similar to the result obtained for Pt.
Additionally, this size effect on the ITB-phase transition is also valid for copper
(Cu), although it was not addressed in a previous study.13,46 Thus, the discovered
twin-thickness effect on the ITB-phase transition should be considered a universal
phenomenon that is also valid for other metals.
According to previous theoretical predictions, the ITB always dissociates by emitting one set of partial dislocations away from the initial position at every third (111)
plane, leading to a 9R phase between two separated boundaries. The 9R phase
tilts away from the fcc phases at an angle of 13.28 ,29 which leads to a relative
displacement along the [111] direction. Based on our observations, the displacement occurring along the [111] direction in both ITBM and ITBF decreased to nearly
zero at the TB, thereby indicating that the TB is particularly strong and exhibits a
confinement effect. This confinement effect can significantly affect the width of the
separated boundaries. In the case of thin twins, the confinement effect exhibited
by the TBs is sufficiently strong to suppress the displacement along the [111] direction at the ITB, and as a result, an ITBA is frequently observed in thin twins. In the
case of thick twins, the confinement effect exhibited by the TBs decreases toward
the center of the ITB and so is not sufficient to suppress displacement along the
[111] direction; an ITBM is therefore frequently observed in thick twins. This twinthickness-dependent displacement along the [111] direction at the ITB is shown
in Figure 3E. It should be noted that this confinement effect can also be affected
by the local strain/stress, which can lead to variation in the CTB confinement effect,
thereby affecting the displacement values along the [111] direction. The scattering
data for the thin twin shown in Figure 3E may be caused by the local residual
strain/stress in the Pt film. As the GB phase can significantly affect the mechanical
properties exhibited by materials,3,9,25,33 twin-structured metals exhibiting varying
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ITB structures/twin thicknesses will exhibit significant variations in their strengthening effect. Both the unexpected twin-thickness effect and the dislocation-ITB
interactions that result in the ITB phase transition suggest that the twin-thickness
effect not only influences the dislocation-TB interaction, but also significantly affects the structure of the ITB phase. These results may provide significant insight
into why twin-structured metals exhibiting varying twin thicknesses exhibit different
mechanical properties. Most previous studies have focused on the twin-thickness
effect during the dislocation-TB interaction while ignoring the twin-thicknessdependent ITB structure that can also influence the strengthening/softening of
twin-structured metals.
In summary, through the use of HAADF-STEM analysis, we discovered a twin-thickness effect that influences the phase transition of ITBs in twin-structured Pt nanocrystals. As the twin thickness increases, the <111> direction displacement of the
{111} planes between the ITBs increases, resulting in a transition from an aligned
ITB to a misaligned ITB. We proposed a transition mechanism for the dislocation-misaligned ITB. Our results also provide significant insight toward understanding the strengthening/softening in twin-structured metals that exhibit varying twin
thicknesses, which may help guide the design of metals with ultrahigh strengths
and ductilities.
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