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Abstract: The structure and the migration mechanisms of {10 12}  twin boundaries (TBs) of pure zinc deformed by rolling were 
studied using high-resolution transmission electron microscopy (HRTEM) at atomic scale. We found the presence of basal/prismatic 
(BP/PB) planes serrations on {10 12}  TBs and the coexistence of two kinds of TBs with different structures in the same {10 12}  
twin: TBs composed of {10 12}  coherent twin boundaries (CTBs) plus short BP/PB serrations, and TBs composed of successive 
BP/PB segments without {10 12} CTBs. The formation of BP/PB serrations has no relation to the c/a ratio of hexagonal-close- 
packed (HCP) metals because the BP/PB serrations are energetically preferred and geometrically favored. Based on dislocation 
theory, we proposed the migration mechanisms of the TBs to be the glide of twinning dislocations (TDs) on the CTBs and the climb 
of interface dislocations (IDs) on the BP/PB segments. 
Key words: zinc; twin boundaries; basal/prismatic BP/PB serrations; migration mechanism; high-resolution transmission electron 
microscopy (HRTEM) 
                                                                                                             
 
 
1 Introduction 
 

Deformation twinning plays a critical role in plastic 
deformation of metals with hexagonal-close-packed 
(HCP) structure because of insufficient number of 
available slip systems. In comparison to metals with 
cubic structures, the twinning modes in HCP metals are 
more complex, and different twinning modes including 
{101 }n  and {112 }n  (n=1, 2, 3, 4) could be activated 
when the metal is subjected to different mechanical 
loading modes [1]. Of the various twinning modes, the 
{1012}  mode is the most commonly activated one. As a 
consequence, the nucleation, propagation and growth 
mechanisms of {1012}  twin have been given much 
attention both experimentally and theoretically in recent 
years [2−5]. The propagation of {1012}  twin has been 
ascribed to the successive glide of twinning dislocations 
or disconnections (TDs) with a step height of two atomic 
layers on {1012}  twinning planes, and atomic 
shuffling is also required to move all the atoms to the 
correct twin positions in addition to glide [1,6−8]. Since 
the early studies, the {10 12}  twin boundaries (TBs) 
have been observed to exhibit abnormal characteristics, 
i.e., the macroscopic TB can deviate significantly from 
the crystallographic {1012}  twinning plane, and the 

misorientation relation between matrix and twin can also 
deviate largely from the ideal twin misorientation 
relation [9−11]. Recent experimental observations in 
magnesium and cobalt at atomic scale [4,5,9−11] 
suggested that these deviations could be attributed to the 
unique structure of {10 12}  TBs, which is composed of 
{1012}coherent twin boundaries (CTBs) together with 
basal-prismatic planes serrations (PBs and BPs). The BP 
or PB serrations are specific steps on TBs with the 
geometrical characteristic of the basal plane of the matrix 
parallel to the prismatic plane of the twin, or vice versa 
[12,13]. The BP/PB serrations have been observed in 
HCP metals (Mg [4,8,10,12], Co [9] and Ti [14,15]) with 
γ< 3  (γ is the c/a ratio), where formation of {1012}  
twins will generate a tension strain along the c-axis. 
However, for HCP metals with γ> 3 , where formation 
of {1012}  twins will generate a compression strain 
along the c-axis, the BP/PB serrations have not been 
observed yet. In this work, we reported experimental 
observation of {10 12}  TBs in zinc (with the c/a ratio of 
1.856) at atomic scale using high resolution transmission 
election microscopy (HRTEM). We found the presence 
of BP/PB serrations on {10 12}  TBs and the 
coexistence of two kinds of TBs with different structures 
in the same {1012}  twin: TBs composed of {1012}  
CTBs plus short BP/PB serrations, and TBs composed of  
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successive BP/PB segments without {1012}  CTBs. 
Then, we proposed the migration mechanisms of these 
TBs based on dislocation theory. 
 
2 Experimental 
 

Polycrystalline pure Zn (purity 99.99%) was 
deformed by rolling to a total reduction of 50% in 
thickness by three passes at room temperature. The rolled 
samples were prepared for TEM characterization by 
double-jet electrolytic polishing at −25 °C in electrolyte 
consisting of 6% perchloric acid and 94% alcohol. 
HRTEM observations were carried out using a 
JEM2100F electron microscope operated at 200 kV. The 
detailed boundary characterization was conducted on a 
Titan G2 60−300 Cs-corrected electron microscope 
operated at 300 kV. 
 
3 Results 
 

Figure 1 shows a typical TEM micrograph of a long 
grain boundary indicated by white arrows after rolling 
deformation. The inserted selected area electron 
diffraction (SAED) patterns taken from a large range 
across the grain boundary demonstrate that the two 
grains have a perfect {1012}  twin orientation relation, 
indicating the long grain boundary to be {1012}  TB. 
The trace of the {1012}  twinning plane is marked by a 
yellow line in the matrix and by a green line in the twin 
according to the SAED patterns. Intriguingly, the TB 
exhibits different characteristics at different positions. 
On the upper side, the TB exhibits a relatively straight 
morphology, and is parallel to the trace of the {10 12}  
twinning plane. While on the left side, the TB shows a 
curved morphology, and deviates significantly from the 
{1012}  twinning plane. The deviation angle between 
the actual TB and the {1012}  twinning plane can reach 
90° at some positions. This large deviation from the 
theoretical twinning plane exceeds the deviation usually 
observed on the tips of lenticular twins [1], which can be 
attributed to the presence of regularly arranged twinning 
dislocations on the incoherent TB. 
 

 
Fig. 1 TEM micrograph of {10 12}  twin boundary and 
corresponding SAED pattern 

In order to clarify the microstructure of the {1012}  
TB at atomic scale, HRTEM analyses were conducted. 
Figure 2 shows the HRTEM image of the upper side of 
the above {1012}  TB. It is obvious that the TB is 
composed of {10 12}  CTBs connected by short BP and 
PB serrations. The misorientation angle between the 
matrix and the twin is measured to be about 86° 
according to the traces of the basal planes, approximately 
equal to the ideal value (86.3°) of {1012}  twin 
orientation relation, indicating that the {10 12}  twin 
orientation relation still maintains well despite the 
presence of the BP/PB serrations. The inserted SAED 
patterns taken from this region also confirm an evident 
{1012} twin orientation relation. 
 

 

Fig. 2 HRTEM image and corresponding SAED pattern of 

coherent twin boundary 

 

The HRTEM image of the left side of the above TB 
is shown in Fig. 3. The inserted SAED patterns taken 
from this region demonstrate a definite {10 12}  twin 
orientation relation, the same as in Fig. 2. However, 
attention should be paid to the fact that the TB here 
exhibits incoherent characteristic and does not coincide 
with any well defined crystallographic planes. The trace 
of the {1012}  twinning plane is marked by a yellow 
line in the matrix and by a green line in the twin 
according to the SAED patterns. Obviously, the actual 
TB deviates significantly from the theoretical {1012}  
twinning plane. The deviation angle between the actual 
TB and the {1012}  twinning plane can vary in a large 
range, from nearly 50° to 90°. The misorientation angle 
between the matrix and the twin is measured to be still 
about 86°, very close to the ideal value (86.3°), 
suggesting that the significant deviation from the 
theoretical {1012} twinning plane and the breakdown 
of the coherency of the TB do not break the {1012}  
twin orientation relation. To throw light on the detailed 
structure of the incoherent TB, a Cs-corrected HRTEM 
image is provided in Fig. 4. It can be observed that the 
incoherent TB is composed of successive BP and PB 
segments perpendicular to each other, as indicated by 
blue lines, without the participant of {10 12}CTBs. This 
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unique structure can give rise to the curved configuration 
of the actual TB deviating largely from the theoretical 
{1012} twinning plane, because the successive BP/PB 
segments can form a macroscopic boundary of any shape 
by containing BP/PB steps with different lengths and 
proportions. 
 

 
Fig. 3 HRTEM image and corresponding SAED pattern of 

incoherent twin boundary 

 

 
Fig. 4 Cs-corrected HRTEM image of incoherent twin 

boundary 

 
4 Discussion 
 

According to the above observations, we can make 
the following conclusions: 1) the BP/ PB serrations could 
exist on {1012}  TBs of zinc with the c/a ratio larger 
than 3 ; 2) two kinds of TBs with different structures, 
i.e., TBs composed of {1012}  CTBs connected by short 
BP/PB serrations (referred to as serrated CTBs in the 
following) and TBs composed of successive BP/PB 
segments without the presence of {10 12}  CTBs, could 
coexist in the same {10 12}  twin; 3) the {1012}  twin 
orientation relation maintains well throughout the whole 
region, despite the presence of the BP/PB serrations or 
the large deviation of the actual TB from the theoretical 
{1012}  twinning plane. Based on these, two questions 
could be raised: 1) Does the c/a ratio of a certain HCP 
metal have any effect on the presence of BP/PB 

serrations on twin boundary? and 2) how do the two 
kinds of TBs migrate? 

For the first question, the BP/PB serrations have 
already been universally observed in Mg, Co and Ti with 
the c/a ratio less than 3  both experimentally and 
theoretically. Combined with our present observations, 
we can conclude that the formation of BP/PB   
serrations has no relation to the c/a ratio. Atomistic 
simulations show that the formation of BP/PB  
serrations is energetically preferred and geometrically 
favored [16−18]. During plastic deformation, dislocation 
slip is usually activated accompanied by deformation 
twinning. Lattice dislocations can dissociate on CTBs, 
and interact with CTBs or transmit across CTBs to the 
adjacent grain. In addition, CTBs can also serve as 
nucleation sources of lattice dislocations that glide away 
from CTBs. In all cases, residual defects will be left on 
the CTBs, resulting in the CTBs exhibiting serrated 
configurations or the misorientation angle between 
matrix and twin deviating from the ideal twin orientation 
relation. During further deformation, BP or PB serrations 
can form on the CTBs as a result of accumulation of 
these residual defects within the CTBs, leading to 
reduction of the excess energy of the dislocated CTBs. 
Energy calculations show that the BP/PB serrations have 
a relatively low formation energy (170 mJ/m2) which is 
comparable to the formation energy of CTBs       
(122 mJ/m2) [16], meaning that the BP/PB serrations are 
thermodynamically stable. Thus, formation of BP/PB 
serrations is energetically preferred. 

Furthermore, according to the geometrical 
characteristic of {1012}  twin, the misorientation angle 
between the basal planes of the matrix and the twin is 
nearly 90° across the twin boundary. In other words, the 
basal plane of the matrix is nearly parallel to the 
prismatic plane of the twin, or vice versa. This 
geometrical relationship nearly coincides with the 
geometrical characteristic of BP/PB serrations, where the 
basal plane of one grain is parallel to the prismatic plane 
of the other. This means that the BP/PB serrations are 
geometrically favored. In the present case of zinc, the 
exact {1012}  twin orientation relation is not disrupted 
by the presence of BP/PB serrations, even the absence of 
{1012}  CTBs has no influence on the twin orientation 
relation. Since the actual misorientation angle between 
the matrix and the twin is 86.3° rather than 90°, 
geometrically necessary grain boundary dislocations 
should be present on the TBs to accommodate the nearly 
4° of misorientation angle. It is the presence of grain 
boundary dislocations, which contributes to keeping the 
{1012}  twin orientation relation well, otherwise the 
actual misorientation relation may deviate from the  
ideal twin orientation relation, as observed in Mg and  
Co [4,5,9−11]. 
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Then, we proposed the probable migration 
mechanisms of the two kinds of TBs. For the serrated 
CTBs (Fig. 5(a)), TDs dipoles with the Burgers vector of 
btw=(3−γ2)/ (3+γ2) [1011]  (γ=c/a) [1,6] first nucleate and 
glide along the {1012}  CTBs, leading to the migration 
of CTBs. These TDs are of glide-shuffle type with a step 
height of two atomic layers. As for the BP/PB serrations, 
recent topological modeling and MD simulations [16,18] 
revealed that the migration of BP/PB serrations could be 
accomplished via the climb of interface dislocations  
(IDs) along the BP/PB serrations with the magnitude of 
Burgers vector to be |bID|=−( 3 −γ)a. The IDs are also 
two atomic layers thick and are of climb-shuffle type. 
When the gliding TDs meet the BP/PB serrations, they 
will be impeded. Then, the TDs can dissociate into IDs 
that climb on the BP/PB serrations, leading to the BP/PB 
serrations migration. The migration of the BP/PB 
serrations means the transformation between the basal 
planes and the prismatic planes of the matrix and the 
twin, which depends on the c/a ratio and the stress state. 
For zinc with γ> 3 , the basal planes will transform into 
the prismatic planes when the BP/PB serrations are 
subjected to a compression stress, while the prismatic 
planes will transform into the basal planes when the 
BP/PB serrations are subjected to a tension stress. Due to 
the difference in the interplanar spacing between the 
basal planes and the prismatic planes, the critical stress 
needed to activate the IDs between compression and 
tension is also different. When the CTB is subjected to a 
shear stress, there will be a normal stress component 
perpendicular to the BP/PB serrations since the BP/PB 
serrations deviate nearly 45° with respect to the CTB. 
The shear stress will drive the nucleation and glide of 
TDs along the CTBs, while the normal stress will drive 
the dissociation of TDs into IDs and the climb of IDs 
along the BP/PB serrations, cooperatively accomplishing 
the migration of the serrated CTBs, as indicated by green 
arrows in Fig. 5(a). 
 

 

Fig. 5 Mechanisms of twin boundaries migration: (a) Coherent 

twin boundary; (b) Incoherent twin boundary 

For the TB consisting of successive BP/PB 
segments (Fig. 5(b)), it can be deemed as an extreme 
case where the length of CTBs shrinks to zero. As a 
result, the successive BP/PB segments will migrate only 
via the climb of IDs while TDs are not involved. Since 
the IDs cannot form via the dissociation of TDs, the IDs 
must nucleate directly on the BP/PB segments under a 
relatively high normal stress. According to the 
geometrical characteristic of the entire {1012}  twin 
(Fig. 1), when the serrated CTB on the upper side is 
subjected to a shear stress, there will be normal stress 
components on the successive BP/PB segments on the 
left side. When the normal stress on the BP/PB segments 
reaches the critical value, nucleation of IDs of 
climb-shuffle type could be activated. Then, the 
migration of the incoherent TB will be accomplished via 
the cooperative climb of IDs on the perpendicularly 
successive BP/PB segments, as indicated by green 
arrows in Fig. 5(b). 

Combining above analyses, the migration of the TB 
is accomplished via the glide of TDs on the CTBs and 
the climb of IDs on the BP/PB segments. Because the 
nucleation and glide of TDs along the CTBs could be 
activated under a relatively low shear stress, the 
migration of the incoherent TB composed of successive 
BP/PB segments is more difficult than the serrated  
CTBs. As the BP/PB segments can serve as effective 
obstacles of TDs glide, increasing the density and the 
height of the BP/PB segments will significantly impede 
the migration of TBs, and correspondingly hinder the 
deformation process related to twinning, which will 
improve the mechanical strength of HCP metals. 
 
5 Conclusions 
 

1) Two kinds of TBs with different structures could 
coexist on {1012}  twin boundaries of rolling deformed 
zinc: TBs composed of {10 12}CTBs plus short BP/PB 
serrations, and TBs composed of successive BP/PB 
segments without {10 12}  CTBs. 

2) The formation of BP/PB serrations has no 
relation to the c/a ratio of HCP metals because the 
BP/PB serrations are energetically preferred and 
geometrically favored. 

3) The migration mechanisms of the TBs can be 
deduced as the glide of TDs on the CTBs and the climb 
of IDs on the BP/PB segments. 
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原子尺度下纯锌中 {1012} 孪晶界的结构表征 
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摘  要：通过高分辨透射电子显微镜研究原子尺度下轧制变形后的纯锌中{10 12}孪晶界的结构和迁移机制，发现

在{10 12}孪晶界上存在基面/柱面锯齿，并且在同一个{10 12}孪晶中存在两种结构不同的孪晶界：由{10 12}共格

孪晶界和微小基面/柱面锯齿组成的孪晶界，以及由连续基面/柱面锯齿组成的不包含{10 12}共格孪晶界的孪晶界。

基面/柱面锯齿的形成与密排六方金属的轴比无关，因为基面/柱面锯齿的形成在能量上和几何上都是有利的。基

于位错理论，孪晶界的迁移是由孪生位错在共格孪晶界上的滑移以及界面位错在基面/柱面锯齿上的攀移来实现

的。 

关键词：锌；孪晶界；基面/柱面锯齿；迁移机制；高分辨透射电镜 
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