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Abstract: The origin of the misorientations after fcc (face-centered cubic) to hcp (hexagonal close-packed) 
transformation in pure cobalt was elucidated by utilizing the electron backscatter diffraction (EBSD) technique and 
transformation crystallographic models. It is found the Shoji−Nishiyama orientation relationship during fcc→hcp 
transformation leads to four hcp variants, characterized by a common misorientation angle of 70.5° with respect to the 
1120〈 〉  direction, which is the predominant misorientation observed. Other statistically significant misorientation 

angles between hcp grains, including 32°, 36°, 38°, 60°, 71° and 86°−91°, are also identified. These newly observed 
misorientation angles are linked to the microstructure of the fcc matrix at elevated temperatures, with twin structures in 
the fcc matrix being the primary cause. Furthermore, a novel method is proposed for estimating the fraction of twins in 
the fcc grains based on misorientation angles between hcp variants, which is found to be consistent with experimental 
observations. In-situ EBSD observations validate the possible origin of fcc twins from the hcp→fcc transformation. 
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1 Introduction 
 

Cobalt and cobalt alloys play a crucial role in 
various applications, including implants, magnetic 
media, connectors for integrated circuits, etc. [1−4]. 
This significance is attributed to their favourable 
characteristics such as good corrosion resistance, 
magnetic properties, and biocompatibility. Pure 
cobalt commonly undergoes an allotropic 
transformation between fcc (face-centered cubic) 
and hcp (hexagonal close-packed), i.e. fcc↔hcp 
transformation, around 420 °C [5], and the hcp 
structure is stable at lower temperature. 

During the fcc↔hcp transformation, a 
low-energy interface is established between the fcc 
and hcp structures to minimize the energy barrier 
associated with the phase transformation, leading to 
a reproducible orientation relationship between 
these two phases. Specifically, this relationship is 
known as the Shoji−Nishiyama orientation 
relationship [6]:  
{111}fcc //{0001}hcp 

fcc101〈 〉 // hcp2110〈 〉  
 

The interface is parallel to {111}fcc//{0001}hcp. 
This orientation relationship is easy to understand 
due to the similarity in the atomic structure within 
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the {111}fcc//{0001}hcp close-packed planes. It is 
worth noting that the fcc↔hcp transformation is 
considered as an athermal process [7] and the 
transformation proceeds with the movement of 
partial dislocations, specifically 1/6〈112〉fcc or 

hcp1/3 1100〈 〉  [5,8,9]. 
The transformed hcp product exhibits parallel 

plates or plates intersecting at a special angle, 
forming a regular pattern [10]. The distinctive 
pattern arises from the crystallographic equivalent 
hcp variants associated with the Shoji−Nishiyama 
orientation relationship. It has been observed that a 
single crystal can possess four variants by heating 
and quenching study [11]. The commonly reported 
misorientation angle is approximately 70.5° 
[10,12−17], consistent with the misorientation angle 
between the plates as determined by the electron 
backscatter diffraction (EBSD) method. Grain 
boundaries featuring this misorientation are 
recognized as special boundaries. Despite the 
frequent reporting of 70.5° misorientation, it is 
important to note the existence of other 
misorientations, notably around 40° and 60°. 
Consequently, further exploration of these special 
boundaries and misorientations is necessary to  
gain a comprehensive understanding of the 
microstructure formed during the fcc→hcp 
transformation. Additionally, understanding the 
boundary characteristics is crucial for controlling 
boundary stability [18], including the anisotropic 
migration rate of the interface either in phase 
transformation or recrystallization [19], etc. 

Furthermore, it is not only pure cobalt that 
experiences the fcc↔hcp phase transformation, but 
also cobalt alloys [7,20−22], steels [23−25], high 
entropy alloys [26−28], Co binder in cemented 
carbide [17,29−31], etc. The occurrence of the 
fcc↔hcp transformation serves as a valuable 
system for comprehending both the transformation 
microstructure and the plastic deformation mechanism, 
commonly referred to as transformation-induced 
plasticity (TRIP). Consequently, the fcc↔hcp 
transformation is simple but of great technical 
importance. 

This study aims to provide a quantitative 
explanation for the origin of the misorientation 
distribution between the hcp grains. Additionally, a 
novel mechanism for fcc twins resulting from 
hcp→fcc transformations is proposed, and its 
validation is conducted through in-situ EBSD 

observations. Beyond the conventional annealing 
twins, the transformation twins offer a new way  
for grain boundary engineering for the system 
exhibiting hcp→fcc transformations. 
 
2 Experimental 
 

In this study, high-purity cobalt (99.999%, 5N) 
was used, subjected to heat treatment at 550 °C  
for 1 h, followed by furnace cooling to room 
temperature. As shown in Fig. 1, obtained       
by the differential scanning calorimetry (DSC)  
with a heating/cooling rate of 10 °C/min, the 
transformation initiates around 426 °C and finishes 
at about 469.5 °C. Consequently, a full fcc phase is 
anticipated at 550 °C, facilitating the examination 
of the nature of fcc→hcp transformation. The 
samples were cut, mechanically ground, polished  
at 10 V and 120 mA, and finally etched by 4%  
Nital etchant for microstructure characterization. 
The microstructure observations were conducted 
through scanning electron microscopy (ZEISS 
Gemini 2) with an electron backscatter diffraction 
(EBSD) system (Oxford Symmetry2). The in-situ 
EBSD test was carried out with an in-situ heater 
( MINI-HT750-EBSD, Qiyue Tech.) and compared 
with the microstructure at room temperature to 
unveil the transformation rules of hcp→fcc during 
heating. The heating temperature for the in-situ 
observation was set up to 450 °C, allowing 
simultaneous presence of fcc and hcp phases, 
providing insight into the transformation 
crystallographic features between two phases. The 
EBSD data were processed and reconstructed using 
the AZtecCrystal software (Oxford Instruments),  
 

 
Fig. 1 DSC curve with heating and cooling rate of 
10 °C/min 
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and the transformation crystallography was analyzed 
using the open-source software PTCLab [32]. 
 
3 Results and discussion 
 
3.1 Orientation variants 

The orientation relationship between the fcc 
and hcp phases typically obeys the Shoji−Nishiyama 
orientation relationship [6], owing to the similarity 
in atomic structure within the close-packed planes 
of both phases. Due to the symmetry of the parent 
fcc phase, there are four equivalent expressions of 
this orientations, as outlined in Table 1. These four 
equivalent orientations are referred to as orientation 
variants [33]. It is noteworthy that the variants in 
more complex systems can be generated by matrix 
operations [33,34] or software like PTCLab [32]. 
 
Table 1 Four crystallographic variants for Shoji− 
Nishiyama orientation relationship 

No. Close packed plane Close packed direction 

V1 (111)fcc //(0001)hcp fcc hcp[101] //[2110]  

V2 fcc(111) //(0001)hcp fcc hcp[101] //[2110]  

V3 fcc(111) //(0001)hcp fcc hcp[011] //[2110]  

V4 fcc(111) //(0001)hcp fcc hcp[110] //[2110]  

 
The four hcp variants highlighted in red and 

parent fcc shown in blue are depicted in Fig. 2. In 
Fig. 2(a), the distribution of the variants along the 
[001]fcc direction is illustrated, where the four 
variants V1−V4 align with the four-fold symmetry 
axis ([001]fcc) in the parent fcc structure. Similarly, 
Fig. 2(b) shows the projection of variants along 
[111]fcc direction, with the four variants conforming 
to the three-fold symmetry axis ([111]fcc) in the 
parent fcc structure. These finds demonstrate that 
the four orientation variants can be systematically 
generated through the symmetry operations of the 
parent fcc phase. Generally, the variant number is 
less than the number of symmetry operations in the 
fcc structure, as the number of orientation variants 
also depends on the orientation relationship itself 
[33]. For instance, the three-fold symmetry axis 
from two structures coincides with each other at  
the Shoji−Nishiyama orientation relationship, i.e. 
{111}fcc//{0001}hcp, but no new orientation variants 
from the orientation relationship, (111)fcc//(0001)hcp 
and fcc hcp[101] //[2110] , will be generated through 

the rotation around the three-fold symmetry axis 
[111]fcc. 

According to Fig. 2, the deviation between the 
four variants can be characterized as a 90° rotation 
around 〈001〉fcc axis in Fig. 2(a) or a 120° rotation 
around 〈111〉fcc axis in Fig. 2(b). In the EBSD 
analysis, the smallest deviation, i.e. the mis- 
orientation angle, is typically evaluated to avoid 
ambiguities. The smallest deviation can be 
calculated by considering the symmetry of the hcp 
phase [35], and the resulting misorientation angle  
is determined to be 70.5° around 〈011〉 axis, as 
illustrated in Fig. 3. The variants V1 and V2 (Table 1) 
are shown in Fig. 3, i.e. (111)fcc//(0001)hcp and 

fcc(111) //(0001)hcp, and the deviation between  
these two variants equals the angle between the 
[111]fcc and fcc[111]  directions, i.e. 70.5°. Similar 
relationships exist for other variant pairs, and the 
misorientation angle between arbitrary two from 
four variants is consistently 70.5°, and the 
misorientation axis is along 〈011〉 in fcc and 
1120〈 〉  in hcp according to Fig. 3. 

 

 

Fig. 2 Distribution of four hcp variants: (a) [001]fcc view; 
(b) [111]fcc view (The blue lattice is the parent fcc 
structure, and the red lattices are four hcp variants with 
Shoji−Nishiyama orientation relationship) 
 

 
Fig. 3 Distribution of four hcp variants along [011]fcc 
direction (The arrow indicates the rotation between two 
hcp variants with the angle of 70.5°) 
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3.2 Crystallographic features by EBSD technique 
Figure 4(a) shows the orientation mapping   

of the annealed sample, while Fig. 4(b) displays  
the phase mapping. At room temperature, the   
hcp structure is stable, constituting over 95% of  
the sample. However, due to residual fcc phase 
resulting from transformation delay [36], the 
orientation relationship between fcc and hcp phases 
can be directly assessed. Figure 5 shows the pole 
figures of the arbitrarily selected fcc phase and its 
neighboring hcp phase. In Fig. 5(a), a {0001}hcp 
pole coincides with a {111}fcc pole, and the 

hcp2110〈 〉  poles coincide with fcc110〈 〉  poles in 
Fig. 5(b), indicating the well-established Shoji- 
Nishiyama orientation relationship between fcc  
and hcp phases. Figure 4(c) shows the frequency 
distribution of misorientation angles, which appears 
discontinuous and significantly deviates from the 
random Mackenzie distribution indicated by a  
grey line. The highest peak in Fig. 4(c) is at 
approximately 71° with a frequency of 23%, 
aligning well with the misorientation angle of 70.5° 
between the four variants deduced in Section 3.1.  
In addition to the peak at around 71°, other high- 

 

 
Fig. 4 Orientation mapping of annealed sample at 550 °C for 1 h: (a) Orientation mapping; (b) Phase mapping (Green: 
hcp; Red: fcc); (c) Distribution of misorientation angles 
 

 
Fig. 5 Pole figures for neighboring fcc and hcp phase: (a) {0001}hcp/{111}fcc poles; (b) hcp fcc2110 / 110〈 〉 〈 〉  poles 
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frequency misorientation angles are observed at 
about 32°, 36°, 38°, 60°, 71° and 86°−91°, which 
have not been thoroughly explained in literature.  
It is noteworthy that a misorientation angle of 60° is 
evident in Fig. 4(c), and therefore, it is reasonable 
to suspect that this angle may originate from the 
twin orientations in the parent fcc structure. 
 
3.3 Crystallography of residual fcc phase 

In Fig. 6(a), an EBSD mapping is presented 
with a large magnification to provide detailed 
insights into the fcc phase. Figure 6(b) shows the 
corresponding phase mapping, where the red  
color highlights the fcc phase. The misorientation 
distribution of hcp phase is shown in Fig. 6(c), and 
it is similar to Fig. 4(c). Figure 6(d) shows the 
orientation of fcc grains, positioned along the grain 
boundary of hcp grains. The fcc grains exhibit 
diverse orientations, represented by different colors, 
when compared to their neighboring fcc grains. The 
orientation relationship between these adjacent fcc 
grains is analyzed through pole figures in Fig. 6(e). 
According to Fig. 6(e), one of {111}fcc poles 
coincides with each other, and three 〈011〉fcc poles 
on this plane also coincide. This observation 
indicates that the neighboring fcc grains maintain a 
twin orientation relationship. 

Figure 7(a) shows the orientation mapping in 
another local area of the sample, and residual fcc 
grains highlighted with red color are found at the 
hcp grains in Fig. 7(b). The orientation of the fcc 

phase is shown in Fig. 7(c), where variously 
oriented fcc grains are evident. By analyzing the 
pole figures in Fig. 7(d), the orientation relationship 
between neighboring fcc grains also demonstrates a 
twin relationship. 

Figures 8(a) and (b) display reconstructed fcc 
orientations based on the low-temperature mapping 
of the hcp phase in Figs. 6(a) and 7(a), respectively 
[37]. The twin boundaries are highlighted in red 
lines. In these local areas, the twin fractions in these 
local areas are 42.6% and 60.1%, respectively. 
Nevertheless, the twin relationship in the parent fcc 
phase is reproducible, consistent with previous 
report [10]. This special orientation in the parent 
phase may result in different misorientation angles 
between transformed hcp grains, as observed in 
Fig. 4(c). 

 
3.4 Relationship between fcc twins and their hcp 

variants 
By supposing that two fcc grains hold a twin 

relationship, theoretically, four hcp variants can be 
generated for each fcc grain. However, one hcp 
variant from each fcc grain is the same, namely the 
hcp variants with {0001}hcp parallel to the twin 
boundary. As a result, a pair of fcc twin grains can 
yield seven hcp variants with different orientations. 
Figure 9 shows variants along [111]fcc direction, 
with labelled misorientation angles between the 
variants. In addition to the misorientation angle 
discussed in Section 3.1 (70.5°), angles of 38.9° and 

 

 
Fig. 6 Orientation mapping of annealed sample with higher magnification: (a) Orientation mapping; (b) Phase mapping 
(Green: hcp; Red: fcc); (c) Distribution of misorientation angles; (d) Orientation of fcc phase; (e) {110}fcc and {111}fcc 
pole figures for fcc phase marked in (d) 
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Fig. 7 Orientation mapping of another sample: (a) Orientation mapping; (b) Phase mapping (Green: hcp; Red: fcc);   
(c) Orientation of fcc phase; (d) {110} and {111} pole figures for fcc phase marked in (c) 
 

 
Fig. 8 Reconstructed orientation of parent fcc phase from hcp phases (The twin boundaries are marked by red) 
 

 
Fig. 9 Distribution of seven hcp variants from a pair of 
fcc twins viewed along [111]fcc direction (The (111)fcc 
plane is twin plane) 

60° are also identified. These angles correspond to 
the peaks observed in the distribution in Figs. 4(c) 
and 6(c). It is worth noting that the misorientation 
near 38.9° is reported to be generated in the 
deformation process [13], but there is such a 
misorientation angle before deformation. 

Additionally, the misorientation angles 
between any two arbitrary variants from the hcp 
variants are calculated, and the result is given in 
Table 2. Twenty-eight (8×7/2=28) combinations for 
any two different variants from the eight variants 
are calculated. The first column in Table 2 gives the 
misorientation angles and the second column 
indicates the frequency of each angle. A 0° angle 
signifies that the pair of hcp variants are the same. 
The angles of 70.5° and 60° in Table 2 exhibit a 
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higher frequency compared to other angles, which 
is consistent with Figs. 4(c) and 6(c). It is note- 
worthy that there are additional misorientation 
angles, such as 32°, 36° and 86°−91°, which lack a 
clear rationale, although their frequency is lower 
compared to the peaks observed for 60° and 71°. 
 
Table 2 Misorientation angles between arbitrary two of 
eight hcp variants and their appearance counts 

Misorientation 
angle/(°) 

Appearance count 
from 28 pairs 

0 1 

38.9 3 

60 6 

70.5 18 

 
Since only a pair of fcc twins are considered 

above, there are four fcc twin variants in total, 
corresponding to the twinning planes of (111)fcc, 

fcc(111) , fcc(1 11) , and fcc(111) . When taking into 
account the four hcp variants from each fcc grain, a 
total of sixteen variants can be generated. The 
misorientation angle between any two arbitrary 
variants out of these sixteen variants is calculated 
and the results are presented in Table 3. Compared 
to Table 2, additional misorientations such as 31.5°, 
35.4° and 89.8° are identified, and these align well 
with the peaks observed in Figs. 4(c) and 6(c). 
Furthermore, the frequency of each misorientation 
angle is given in the second column of Table 3. The 
misorientation angle of 70.5° exhibits the highest 
frequency, followed by the angle of 60°, consistent 
with the observations with the EBSD technique. 
 
Table 3 Misorientation angles between arbitrary two of 
hcp variants generated from four fcc twins and their 
appearance counts 

Misorientation 
angle/(°) 

Appearance count 
from 190 pairs 

0 4 

31.5 6 

35.4 12 

38.9 24 

60 48 

67 12 

70.5 60 

89.8 24 

Figure 10 presents a quantitative comparison 
between the experimentally observed and 
theoretically predicted frequencies of misorientation 
angles. This comparison assumes that the total 
fraction of these special angles is equal to 1, and  
all variants appear with equal possibility. Notably, 
the experimentally observed frequency of 70.5° 
misorientation angle in Fig. 10 is larger than the 
theoretical prediction. This discrepancy might be 
attributed to the factors, such as the grain size, and 
nucleation sites, which have not been taken into 
account in Fig. 10. 
 

 
Fig. 10 Comparison between experimental and 
theoretical frequency in misorientation angles 
 

To summarize, the special orientation angles 
other than 70.5° are attributed to fcc twinned grains. 
In an extreme case where only one fcc single crystal 
or randomly oriented fcc grains are considered, the 
misorientation would be 100% of 70.5° according 
to the deduction in Section 3.1. However, when 
twinned fcc is considered, as given in Tables 2 and 
3, the fraction of 70.5° grain boundaries is reduced 
to about 1/3. The relative fraction of 70.5° among 
the special misorientation angles observed in 
Fig. 10 is about 52% (of all special misorientations), 
indicating that the high-temperature fcc grains in 
this sample contain twins. Otherwise, only the 70.5° 
misorientation should be observed. The twinned 
fraction in parent fcc could be estimated as  

1 0.52  72%
1 1/ 3

f −
= =

−
                       (1) 

 
This estimation is slightly higher than the twin 

grain fraction of 61.63% in Fig. 8(a), but it provides 
a relatively good approximation. Compared to the 
parent reconstruction method [37−39], estimation 
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from the misorientation angles is simpler and 
requires fewer computation resources. 

The origins of twins in the parent fcc grains 
can be attributed to several factors. One possible 
reason for the grown twin is due to a low stacking 
fault energy [8], which is (27±4) mJ/m2 as reported 
before [14]. Another source of the twined fcc is the 
hcp→fcc transformation. During the heating of  
the hcp phase to the transformation temperature,  
the hcp→fcc transformation occurs. The Shoji− 
Nishiyama orientation relationship is still preserved 
between two phases, as shown in Fig. 11, indicating 
two fcc variants originating from a single hcp phase 
based on this orientation. These two fcc variants 
maintain a twin relationship, suggesting that the 
twin in high-temperature fcc grains may also result  
 

 
Fig. 11 Two fcc variants from hcp→fcc transformation 

from the transformation twin variants, in addition to 
the grown twin. Further insight into the formation 
of fcc twins could be gained through in-situ 
observation. 

Figure 12 shows an in-situ EBSD test result 
capturing the hcp→fcc transformation. The 
microstructure before heating is shown in 
Figs. 12(a, b), consisting of a fully hcp phase. This 
sample contains nearly {0001} grains generated by 
the recrystallization below the phase transformation 
temperature, and this deliberate selection helps 
avoid the presence of pre-existing special 
misorientation angles due to phase transformation, 
which might otherwise be inherited in the 
subsequent transformation. Upon heating the 
sample to 450 °C, the corresponding EBSD  
results are shown in Figs. 12(c, d), and hcp→fcc 
transformation occurs according to the phase 
mapping in Fig. 12(d). Lamellar structures of the 
fcc phase are formed within in the hcp grains, as 
shown in Fig. 12(c). The twin boundaries in 
Fig. 12(c) are highlighted by red lines in Fig. 12(e),  

 

 
Fig. 12 Orientation mapping of sample with in-situ EBSD test: (a) Orientation mapping before heating; (b) Phase 
mapping of (a) (Green: hcp; Red: fcc); (c) Orientation mapping after heating; (d) Phase mapping of (c); (e) Twin 
boundaries between fcc phase in (c, d) shown in red colors 
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and their fraction is as high as 70.3%, which is 
close to the estimation of 72% based on the 
misorientation angles. 

Two grains in Figs. 12(a, c) are selected for 
further analysis and presented in Fig. 13. The two 
grains are labelled as G1 and G2, respectively. 
From Figs. 13(a, b), the lamellar fcc phase is 
formed upon heating. The orientation of the fcc 
lamella, marked by rectangles in Fig. 13(b), is 
demonstrated in Figs. 13(c, d) using {111}fcc pole 
figures. Four {111}fcc poles of one fcc grain are 
connected with line segments. A pair of fcc grains 
are observed in both G1 and G2. According to the 
pole figure, the two fcc grains are related by a twin 
relationship, and the shared {111} pole coincides 
with the {0001}hcp pole indicated by red circles in 
Figs. 13(c, d). Figure 11 suggests that twinned fcc 
grains can be formed by hcp→fcc transformation, 
and this is consistent with present in-situ 
observation. 
 

 
Fig. 13 Orientation mappings of two selected grains 
before (a) and after (b) heating, and {111} pole figures  
(c, d) for fcc phase marked in (b) 
 

In addition, it is noted that the twins are 
formed in pairs, which is a typical microstructure 
generated by phase transformation. During the 
hcp→fcc transformation, operation of hcp1/3 1010〈 〉  
partial dislocations can transform the hcp structure 
to the fcc structure, and the shear strain due to the 
partial shears can increase the strain energy in the 
system. However, the formation of twinned fcc 

pairs with opposite shears can reduce the total strain 
energy, which is known as strain accommodation 
[40,41]. Therefore, the in-situ EBSD test 
demonstrates that the twinned structures in fcc 
grains result from phase transformation. Moreover, 
the profuse twinned structures are crucial for grain 
boundary engineering (GBE) [42], and the present 
result could also be applied to the GBE through the 
hcp↔ fcc phase transformation process. 
 
4 Conclusions 
 

(1) There are four Shoji−Nishiyama variants 
for hcp variants formed from a single fcc matrix. 
The misorientation angle between the variants is 
70.5° and the rotation axis is 1120〈 〉  in hcp and 
〈011〉 in the fcc matrix. 

(2) The misorientations with the statistical 
significance, other than 70.5°, are identified, and 
they are attributed to the twinned fcc matrix. The 
analysis of hcp variants resulting from four fcc 
twins agrees well with the EBSD results. 

(3) A method to estimate the fcc twin 
fractions is proposed based on the special 
misorientation angles and the predicted results 
show relatively good agreement with in-situ 
observation. 

(4) The twin can originate from two origins. 
One is due to the low stacking fault energy, and the 
other is due to the twin variants from the hcp→fcc 
transformation. The latter scenario is directly 
verified by the in-situ EBSD test. 
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摘  要：通过电子背散射衍射表征方法和相变晶体学模型，阐明了纯钴中面心立方(fcc)结构转变到密排六方(hcp)

结构后取向差的来源。结果发现，fcc→hcp 相变过程中 Shoji−Nishiyama 位向关系产生 4 个变体，变体之间的取

向差角为 70.5°，旋转轴为 1120〈 〉，为实验中主要观察到的取向差。另外，还观察到 hcp 晶粒之间其他占有重要

比例的取向差，包括 32°, 36°, 38°, 60°, 71° 和 86°~91°。这些新观察到的取向差与高温母相的显微组织密切相关。

母相中存在的孪晶结构是形成这些特殊取向差的原因。此外，还提出了一种基于取向差分布估算 fcc 孪晶分数的

方法，预测结果与实验观察较吻合。原位 EBSD 观察证明 fcc 中的孪晶来源于 hcp→fcc 相变。 

关键词：钴；相变晶体学；变体；位向关系；孪晶 

 (Edited by Bing YANG) 


