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Abstract: The martensitic microstructure of Zr-Cr-Fe alloy after β-quenching was investigated by a combination of electron 

channeling contrast (ECC) imaging, transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) 

techniques. The results show that all of theoretical 12 α variants inherited from one single β phase have been obtained that reveal 

strict Burgers orientation relationship (BOR) with respect to β parent phase. The entire martensitic microstructure consisting of these 

12 α variants in the as-quenched Zr-Cr-Fe alloy can be divided into four sub-regions. Each sub-region, in turn, is dominated by only 

one type of three-variant cluster (one crystallographic group composed of three α variants) showing the self-accommodation 

triangular morphologies. These three variants from individual cluster share a common 111 β< >  pole of β parent phase and are 

related to each other by an angle/axis pair 60 / 1120

ο

< > . The preferred formation of such three-variant cluster is ascribed to the 

elastic interaction between variants to achieve the largest degree of self-accommodation. 
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Zr alloys are widely used as fuel cladding tubes in nuclear 

water reactors by virtue of their sufficient mechanical strength, 

excellent corrosion resistance, and particularly, low thermal 

neutron absorption cross section

[1-3]

. For conventional 

fabrication technologies in Zr alloys, β-quenching is mainly 

employed to tailor microstructure prior to subsequent thermo- 

mechanical treatments. During such process, martensitic 

transformation between β parent phase (bcc) and α product 

phase (hcp) in Zr alloys is usually activated. Theoretically, the 

α product phase generally follows the well-known Burgers 

orientation relationship with respect to β parent phase, i.e., 

{110}β ||{0001}α  and

 

111 β< > || 1120 α< >

[4]

. Based on Burgers 

orientation relationship (BOR) and the symmetries of the 

cubic (β parent phase) and hexagonal structures (α product 

phase), one single β parent phase can transform into 12 α 

product phases with distinct orientations, which are referred to 

be variants listed in Table 1

[5]

. When two different α variants 

adjoin in one prior β grain, a special intervariant boundary is 

usually formed. Due to the crystal symmetry, all possible 

intervariant boundaries formed in the system can be described 

by only five independent misorientation angles and axis pairs, 

as tabulated in Table 2

[6]

. 

With respect to the martensitic transformation, one impor- 

tant aspect is that the nucleation and growth of product phase 

would lead to significant shape strains of the surrounding parent 

matrix. Therefore, the system will favor the reduction of the 

overall strain energy through the so-called self-accom- 

modation

[7-9]

. Accordingly, different types of clusters consisting 

of two or three variants showing various self-accommodation 

morphologies would be formed in different alloy systems. For 

instance, three-variant cluster showing triangular self- 

accommodation morphology has been observed in CuAlNi

[10]

, 

pure Ti

[11]

 and Ti-Nb-Al

[12]

 alloys. In the meantime, two- variant 

cluster exhibiting V-shaped morphology in Ti-Nb

[13]

 and β-Ti

[14]

 

and four-variant cluster having diamond-shaped morphology in 

Ag-Cd alloys

[15]

 and Co

50

Ni

20

Ga

30

[16]

 were also reported. 
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Table 1  Twelve possible variants generated by the β→α 

martensitic phase transformation through the 

Burgers orientation relationship

[5]

 

Variant No. Plane parallel Direction parallel 

V1 (110)β || (0001)α  [111]β || [1120]α  

V2 (101)β || (0001)α  [111]β || [1120]α  

V3 (011)β || (0001)α  [111]β || [1120]α  

V4 (110)β || (0001)α  [111]β || [1120]α  

V5 (101)β || (0001)α  [111]β || [1120]α  

V6 (011)β || (0001)α  [111]β || [1120]α  

V7 (110)β || (0001)α  [111]β || [1120]α  

V8 (101)β || (0001)α  [111]β || [1120]α  

V9 (011)β || (0001)α  [111]β || [1120]α  

V10 (110)β || (0001)α  [111]β || [1120]α  

V11 (101)β || (0001)α  [111]β || [1120]α  

V12 (011)β || (0001)α  [111]β || [1120]α  

 

Table 2  Specific angle/axis pair between α variants inherited from 

the same β grain according to Burgers relationship

[6]

 

Type Axis/angle pairs Frequency/% 

1 10.5 / [0001]°  9.2 

2 60 / [1120]°  18.2 

3 60.8 / [1123]°  36.4 

4 63.3 / [4483]°  18.2 

5 90 / [1230]°  18.2 

 

Besides to the experimental studies, extensive theoretical 

calculations have also been carried out to explore the 

formation mechanism of different types of variant clusters 

during martensitic transformation. Meng et al

[17]

 have 

calculated average shape deformation of different combina- 

tions of variants in the Ti-Ni-Cu thin film based on classical 

phenomenological theory of martensite crystallography 

(PTMC). It is shown that for triangular self-accommodation 

morphology, the diagonal elements of the average shape 

deformation approach unity and the off-diagonal terms 

approach zero, suggesting that the total shape change is 

minimized. For single pair morphology, the average shape 

deformation is larger than that for triangular self-accom- 

modation morphology, indicating that the single pair 

morphology of martensite cannot release the transformation 

strain efficiently in one grain. Applying a similar method, 

Wang et al

[11]

 have calculated the individual shape strain of the 

12 variants originated from the martensitic transformation as 

well as the average shape strain of three-variant cluster and 

four- variant cluster in pure titanium. It is concluded that the 

three- variant cluster would give the greatest degree of self- 

accommodation. More recently, Balachandran et al

[18]

 have 

investigated the stereology and distribution of α variant 

generated from the β (bcc) matrix in Ti5553 alloy by 

calculating the effective Von-Mises strain to analyze the 

elastic interaction between different pairs of variants. It is 

established that the interaction energies between variants 

reach minimum when 3 variants cluster into one group in 

which these variants are related to each other by an angle-axis 

pair 60 / 1120

ο

< > . In addition, Chai et al

[13]

 have investigated 

the self-accommodation behavior of the α" martensites in 

Ti-Nb shape memory alloys with Nb content ranging from 20 

at% to 24 at%. It has been reported that the different viewed- 

orientation or a different level of sectioning through the 

tetrahedron would also result in different self-accommodation 

morphologies. 

In spite of these previous extensive studies on various 

alloys, the formation of variant cluster in Zr alloys during 

martensitic transformation, especially in the case of a recently 

developed Zr-Cr-Fe alloy systems

[19]

 has not been fully 

understood. Therefore, the principal focuses of the present 

paper are as follows:  

(i) To characterize the morphologies of distinct orientation 

α variants arranged in Zr-Cr-Fe alloy and clarify the 

crystallographic relationship between adjacent different α 

variants and between α variants and β parent grain. 

(ii) To explore the preferred formation mechanism of such 

three-variant cluster in the studied Zr-Cr-Fe alloy on the basis 

of the self-accommodation theory.  

1  Experiment 

The ternary Zr alloy with nominal composition of Zr-1.0Cr- 

0.4Fe (wt%) was prepared from nuclear grade sponge Zr and 

high-purity Cr and Fe (99.99%) by a non-consumable 

arc-melting method. This alloy was remelted six times in order 

to obtain good homogeneity. Samples with dimensions of 10 

mm×10 mm×2 mm were cut from the center part of the ingot 

and then heat treated at 1050 °C for 30 min followed by 

quenching in liquid nitrogen. The samples were sealed in 

evacuated quartz capsules under vacuum prior to any heat 

treatment to avoid oxidation. 

The microstructures of the samples were characterized by 

ECC and EBSD technique. They were equipped within a FEI 

Nova 400 field emission gun scanning electron microscope. 

Prior to these examinations, the samples were mechanically 

ground and electrolytically polished in a solution of 

CH

3

OH:C

6

H

14

O

2

:HClO

4

=7:2:1 at 20 V and −30 °C. The 

experimental samples characterized by transmission electron 

microscopy (TEM) were disks about 3 mm in diameter and 

about 0.05 mm in thickness. These disks were twin-jet polished 

in a solution of 10 vol% HClO

4

 and 90 vol% C

2

H

5

OH with a 

DC voltage of 30 V and a current of 20 mA at −40 °C. TEM 

observations were carried out using FEI Tecnai G

2

 F20 

operating at 200 kV. 
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2  Results and Discussion 

2.1  Self-accommodation morphology of martensitic variants 

Fig.1 presents the ECC images of β-quenched micro- 

structure of Zr-Cr-Fe alloy. From the ECC map in Fig.1a, it 

appears that the prior β grains are identifiable due to the 

reservation of prior β grains boundaries (marked by white 

arrow) at room temperature, and the prior β grain sizes vary 

from a few hundred micrometers to more than one millimeter. 

A typical region A in Fig.1a is further magnified in Fig.1b, 

from which we can see that the transformed microstructure is 

dominated by martensitic variants in interlaced form. These 

martensitic variants exhibit different contrasts in the ECC 

images due to distinct crystallographic orientations. Comparing 

the martensitic microstructure in the studied Zr-Cr-Fe alloy 

with that in other Zr alloy systems

[20,21]

, one noticeable feature 

is that the entire martensitic structure is divided into many 

sub-regions (as indicated by black arrow in Fig.1b) showing 

different contrasts due to distinct crystallographic orientations. 

The finer morphology and substructure of such a represen- 

tative sub-region B in Fig.1b are revealed by closer obser- 

vation in Fig.1c. It can be seen that various α martensitic 

variants tend to distribute in a typical triangular morphology 

(as indicated by the dashed triangle in Fig.1c) within the 

sub-region. This triangular morphology can be further 

supported by bright-field TEM micrographs of β-quenched 

microstructure in Zr-Cr-Fe alloy, as shown in Fig.2. From 

Fig.2a, it is readily seen that various triangular morphologies 

have been obtained from the Zr-Cr-Fe alloy. A representative 

triangular morphology is further magnified in Fig.2b. It can be 

seen that this triangular morphology consists of three martensitic 

variants, marked as V1, V2 and V3. The crystallography and 

formation mechanisms of such three-variant cluster will be 

discussed extensively in the following sections. 

2.2  Crystallography of the martensitic variants 

 In order to further clarify crystallographic characteristics of 

martensitic transformation in Zr-Cr-Fe alloy, an EBSD exami- 

nation has been performed for the β-quenched microstructure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  ECC images of the β-quenched microstructure in Zr-Cr-Fe alloy: (a) macroscopic microstructure, (b) magnified 

image of region A, and (c) magnified image region B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  TEM bright-field micrographs of the microstructure of β-quenched Zr-Cr-Fe alloy (a) and the magnified image 

   of the boxed region in Fig.2a showing triangular morphology of an aggregation of three variants (b) 
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Fig.3a shows an orientation imaging microscopy (OIM) of a 

typical lath martensite, where the entire area is divided into 

four distinct types of sub-regions (as indicated by white boxes 

1~4). Crystallographic characteristics during martensitic 

transformation are described in term of {0001} and 1120< >  

pole figures, as shown in Fig.3b and 3c, respectively. It can be 

seen from these pole figures that all theoretical 12 α variants 

inherited from one single β parent phase have been acquired in 

the present work, which are marked by consecutive numbers 

in Fig.3b and 3c. According to the{0001}

 

pole figure, all of 

the 12 α variants are separated into six pairs. Each pair of 

variants, such as variants 1 and 2, makes their basal planes 

parallel with each other and share the common {110}plane of 

β parent phase. In the case of 1120< >  pole figure, however, 

these 12 α variants can be classified into four types of 

three-variant cluster (marked by circle in Fig.3c), in which 

each cluster is corresponding to one of four 

111< >

 

directions of β parent phase. The above results are completely 

consistent with the prediction according to the Burgers 

orientation relationship as shown in Table 1.  

The misorientation angle distribution of martensite is 

further computed and presented in Fig.4, where three distinct 

peaks appear in angular ranges of 10°, 60° and 90°. It should 

be noted that the peak around 60° is actually formed by the 

superposition of three peaks close to angular ranges of 60°, 

60.8° and 63.3°. They cannot be distinguished under the 

limited angular resolution of the EBSD technique due to these 

three peaks getting too close. Rotation axes of those measured 

misorientation angles are also analyzed and presented in Fig.4. 

The peak close to the angle range of 10° is associated with the 

rotation axes

[0001]

, as marked by I. The greatest peak around 

angle range of 60° reveals three distinct axes close to the 

rotation axes [1120]  (marked by II), [1231]  (marked by III) 

and [4483]  (marked by IV). The peaks at the angle range of 

90° correspond with the rotation axes of [1230]  (marked by 

V). These angle-axis pairs are quite similar to the theoretical 

predictions in Table 2. Therefore, the all above facts strongly 

suggest that the resulting α lath martensite in the Zr-Cr-Fe 

alloy obeys the typical Burgers orientation relationship with 

respect to β parent phase. 

2.3  Crystallographic analysis of the three-variant clusters 

As mentioned in section 2.2, there are four types of sub- 

regions in total that dominate the entire detected region, as 

highlighted by boxes 1~4 in Fig.3a. To examine the crystallo- 

graphic relationship between different variants within individual 

sub-region for more depth, all of the four sub-regions of interest 

are selected to enlarge in Fig.5. It is seen that the variants 1, 4 

and 11 in Fig.5a and variants 2, 6 and 8 in Fig. 5c constitute 

sub-region 1 and sub-region 2, respectively. It is the same case 

for the sub-regions 3 in Fig.5e and sub-regions 4 in Fig.5g. 

This suggests that each of the four sub-regions is correspon- 

ding to one type of three-variant cluster. In fact, the occur- 

rence of such three-variant cluster in specimens could be 

ascribed to the effect of self-accommodation that will be 

discussed in section 3 below. More orientation relationships 

between these different variants from individual three-variant 

cluster are revealed by{0001} and 1120< > pole figures in 

Fig.5b, 5d, 5f and 5h. Take the three-variant cluster in sub- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  EBSD orientation imaging microscopy of a typical lath martensitic region in Zr-Cr-Fe alloy: (a) boxed areas are examples of four 

sub-regions; (b) {0001} and (c) <1120> pole figures of corresponding to region in Fig.3a; consecutive numbers represent various 

crystallographic orientations of 12 α variants transformed from the same β grains 
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Fig.4  Misorientation angle histogram and rotation axis distribution 

corresponding to Fig.3a 

region 1 as an example, in-depth analysis of 1120< >  pole 

figure indicates that such three-variant cluster has a common 

axis 1120< > and is parallel to one of

111< >

pole of the β 

parent phase (marked by the open circle in 1120< > pole 

figure in Fig.5b). In addition, it is also clear that these three 

variants are about 60° between their c axes, as revealed 

by{0001} pole figures in Fig.5b. This holds the same rule for 

the other three types of sub-regions 2, 3 and 4. Accordingly, 

this orientation relationship between these three variants from 

each type of three-variant cluster can be expressed as 

angle/axis pair 60 / 1120

ο

< > . The above crystallography can 

be better visualized from the three-dimensional (3-D) crystal 

orientations associated with four sets of three-variant cluster 

as shown in Fig.5a, 5c, 5e and 5g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Enlarged images of the boxed regions 1~4 in Fig.3a (a, c, e, g) and the corresponding pole figures (b, d, f, h) 
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3  Discussions 

In the current work, all possible 12 α variants inherited 

from one single β parent phase have been acquired. These 12 

α variants arrange themselves as typical triangular self- 

accommodation morphology. This triangular morphology is 

composed of three α variants cluster (V1, V2 and V3), as 

shown in Fig.2b. According to previous investigations, it 

seems that the distinct self-accommodation morphologies of 

martensitic variants formed in various alloys are closely 

related to the number of variants that aggregate into one 

cluster. It has been accepted in general that the three-variant 

cluster tends to arrange themselves as triangular 

self-accommodation morphology, while the two-variant and 

four-variant cluster would display themselves as V-shaped 

morphology and diamond-shaped morphology, respectively. 

For example, it has been reported by Chai et al

[13]

 that the 

occurrence of three-α" variant cluster in the Ti-Nb alloys 

during β-α" martensitic transformation shows an typical 

triangular morphology, which clustered around the 

111< >

 

poles of parent phase. In addition to three-variant cluster, a 

two-α" variants cluster showing V-shaped morphology was 

found to be another type of self-accommodation morphology 

in that study. Similarly, Inamura et al

[14]

 have also found that 

three-variant cluster showing triangular self-accommodation 

morphology and two-variant cluster displaying V-shaped 

morphology coexist within a β-titanium shape memory alloy. 

As the case of cluster consisting of four variants, an extensive 

investigation has  been performed by Saburi et al.

[22]

. It is 

found that this four-variant cluster sharing one of 011< >  

poles of the parent phase would develop into diamond-shaped 

self-accommodation morphology in Cu-Al-Zn shape memory 

alloy. Based on above rule, it seems reasonable to conclude 

that it  is such aggregation of three α variants that results in 

the formation of typical triangular self-accommodation 

morphology in the studied Zr-Cr-Fe alloy. 

Furthermore, we have established that all of these 12 α 

variants inherited from one prior β parent grain tend to be 

divided into four types of three-variant cluster in this case. 

These three variants aggregate around one of 111< >  poles 

of parent phase and are related to each other by an angle/axis 

pair 60 / 1120

ο

< > . Each type of three-variant cluster is 

actually corresponding to one type of sub-regions, as shown in 

Fig.3a. Theoretically, the preferred formation of these 

three-variant clusters in Zr-Cr-Fe alloy during martensitic 

transformation is ascribed to the elastic interaction between 

variants to achieve the largest degree of self-accommodation. 

With respect to Zr alloys, the degrees of self-accommodation 

for distinct variant clusters have been computed based on 

classical phenomenological theory of martensite crystallo- 

graphy

[23]

. It is clearly shown that, among all cases considered, 

the degree of self-accommodation would reach maximum 

(91.28%) when 3 variants cluster into one group around 

111< >

poles of parent phase. Therefore, it seems very 

reasonable for the three-variant cluster preferring in Zr-Cr-Fe 

alloys during martensitic transformation from the point of 

self-accommodation effect. The effect of self-accommodation 

on microstructure of other various alloys during martensitic 

transformation has also been investigated. For example, a 

similar triangular morphology consisting of three variants is 

also found to be formed in Ti-Ni alloys during martensitic 

transformation in which these three variants are related to each 

other around one of {100}

 

poles

[24]

. The calculated shape 

strain matrix for the overall triangular morphology shows that 

the shear components of the shape strain, although non-zero, 

are numerically quite small. This means that the mechanical 

driving force tends to prefer the formation of three-variant 

cluster in this system. This self accommodation effect has also 

been reported in bainitic microstructure of ultra-high-strength 

steel, where the shape strain is minimized by the formation of 

four distinct sheaf colonies of bainite variants arrangements. 

Each sheaf colony, in turn, is made of one crystallographic 

group composed of three variants of bainite, and one from 

each of the three Bain correspondences

[25]

. 

4  Conclusions 

1) All of theoretical 12 α variants have been detected in one 

prior β grain that reveals strict Burgers orientation relationship 

with respect to β parent phase. 

2) Four types of three-variant cluster have separated the 

entire martensitic microstructure into four sub-regions. These 

three variants from each cluster share one of 111 β< >  pole of 

parent phase and are related to each other by an angle/axis pair 

60 / 1120

ο

< > . 

3) Each type of three-variant cluster shows the self- 

accommodation triangular morphologies. The preferred 

formation of such three-variant cluster is ascribed to the 

elastic interaction between variants to achieve the largest 

degree of self-accommodation. 
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