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Abstract
In this work, a Zr702 sheet was subjected to β air cooling and then rolled to 15% reduction at room temperature, with their 
detailed microstructural characteristics characterized by electron channeling contrast imaging and electron backscatter 
diffraction techniques. Results show that after the β air cooling, the prior equiaxed grains in the as-received material are 
completely transformed into Widmanstätten structures featured by coarse plates with typical phase transformation mis-
orientations between them. The subsequent 15% rolling allows both slip and twinning (especially the {10–12} type) to be 
activated readily, leading to significant grain refinement and the appearance of misorientation angle peaks around 3°–5° and 
85°. Analyses on kernel average misorientations reveal that there exist very low residual strains in the β-air-cooled specimen 
while they are markedly increased after the 15% rolling and preferably distributed near low-angle and twin boundaries. Hard-
ness measurements show that the specimen hardness is evidently decreased from ~ 199 to ~ 170 HV after the β air cooling, 
which can be attributed to grain coarsening and the scattered orientations associated with the slow β → α transformation. 
For the 15%-rolled specimen, however, effective grain refinement by twinning and denser low-angle boundaries jointly lead 
to ~ 35% hardness increment to ~ 228 HV.
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1  Introduction

Zr and its alloys have long been used as reactor fuel clad-
ding materials thanks to their excellent nuclear properties 
(low thermal neutron cross-section) and good comprehen-
sive mechanical properties [1–3]. At room temperature, 
most Zr alloys are mainly composed of hexagonal close-
packed (hcp) α phases (ɑ-Zr). Since a limited number of 

slip systems can be offered by the hcp structure, preferred 
orientations (textures) are often developed in processed Zr 
alloys and can significantly affect their final performance [4, 
5]. For Zr alloys with a starting microstructure of equiaxed 
grains, much knowledge has to-date been documented on 
their microstructural and textural evolutions during typical 
rolling processings [6–11]. Note that during actual fabri-
cations of Zr alloy products, β cooling treatments are fre-
quently employed before subsequent rolling and annealing 
to reach optimized microstructural characteristics (especially 
second phase particles) and properties [12–14]. After the β 
cooling, the prior grain morphologies and crystallographic 
orientations will be significantly altered simultaneously. As 
a result, their deformation behaviors could be largely dif-
ferent from those of the equiaxed grains [15]. Hence, dedi-
cated studies on microstructural characteristics of β-cooled 
Zr alloys during rolling should be able to provide important 
implications for optimized processings. However, in this 
regard, few results can be found in public literature and this 
motivates the present work.
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In this work, commercial Zr702 sheets were subjected to 
β air cooling and subsequent rolling (15% reduction) at room 
temperature. Electron channeling contrast (ECC) imaging 
and electron backscatter diffraction (EBSD) techniques were 
jointly employed to perform detailed microstructural charac-
terizations for them. Hardnesses of the different specimens 
were also examined and correlated with the revealed micro-
structural features.

2 � Experimental

The as-received materials were Zr702 sheets after 60% rolling 
at room temperature and recrystallization annealing at 600 °C 
for 1 h, with the initial thickness of 2 mm. Their chemical com-
position is listed in Table 1. The as-received sheets were heated 
at 1000 °C (complete β phase region) for 10 min in vacuum 
and then cooled to room temperature in air with an estimated 
cooling rate of ~ 5 °C/s. Subsequently, the β-air-cooled sheets 
were rolled at room temperature by 5% per pass to a thickness 
reduction of 15%, with the rolling plane and direction identical 
with those previously used for the as-received sheet. Rectangu-
lar specimens with dimensions of 12 and 10 mm along rolling 
and transverse directions (RD and TD) were cut from both the 
β-air-cooled and the 15%-rolled sheets.

A field emission gun scanning electron microscope (Zeiss 
Sigma HD) equipped with an back-scattered electron detector 
and an EBSD system was utilized to perform microstructural 
characterization for these specimens. The back-scattered elec-
tron detector allowed ECC images to be taken for direct micro-
structural observation [16, 17]. The EBSD system consisted of 
an Oxford Instruments NordlysMax2 detector, with Aztec 2.4 
software for orientation information acquisition and Channel 
5 software for data post-processing, respectively. During the 
EBSD data acquisition, a scanning area of 180 μm and 140 μm 
along RD and ND (normal direction) was examined for each 
specimen at step sizes of 0.4–1 μm. Hardness measurements 
were performed for all specimens using a Vickers indenta-
tion machine (Everone MH-5L) at a load of 490 mN. At least 
twelve measurements were made for each specimen to cal-
culate average values. Prior to microstructural examinations, 
RD-ND planes of all specimens were mechanically ground 
by SiC abrasive paper and then electro-polished in a mixed 
solution of 10% perchloric acid, 20% butyl cellosolve and 70% 
methanol at 20 V and − 30 °C for 0.5–1 min.

3 � Results and Discussion

3.1 � Microstructural Analyses

Figure 1 presents ECC images of the as-received, β-air-cooled 
and 15%-rolled specimens. As revealed in Fig. 1a, microstruc-
tures of the as-received material are comprised of well-equi-
axed grains with relatively uniform sizes, suggesting sufficient 
recrystallization [18]. By use of the linear intercept method, 
their average grain size is measured to be ~ 8.5 μm. There are 
also a number of randomly distributed black dots in Fig. 1a 
and they should be second phase particles (SPPs). Figure 1b 
reveals that after the β-air-cooling treatment, all the prior equi-
axed grains seem to be replaced by coarse plate structures, 
with their sizes (especially lengths) generally larger than those 
of the as-received material. Also, some fine SPPs are found to 
be distributed along plate boundaries, suggesting the occur-
rence of diffusional phase transformation. Such microstruc-
tural features in Zr alloys correspond to Widmanstätten struc-
tures [19]. From Fig. 1c, one can see that after the 15% rolling, 
contrasts of the plate structures become heterogeneous with 
the appearance of many twin-like lamellae. This suggests that 
plastic deformation readily occurs in the interior of the Zr702 
sheet. As further revealed in Fig. 1d, such twin-like lamellae 
have distinct contrasts (orientations) from the matrix. Note 
that although the transformation microstructures after β → α 
cooling in Zr alloys may vary a lot at differnent cooling rates, 
the plate (or lammellar) structure (with varied plate widths) 
is usually found to be one common feature [20]. Thus, the 
present study on rolling microstructures of the β-air-cooled 
specimens should be able to provide definite implications for 
Zr alloys with other β-cooling treatments.

EBSD band contrast (BC) and inverse pole figure (IPF) 
maps of various specimens are displayed in Fig. 2. Figure 2a 
shows that the starting microstructure of the as-received mate-
rial is composed of equiaxed grains, consistent with the ECC 
observation (Fig. 1a). Figure 2b further reveals that most of 
the equiaxed grains are colored near red and separated by high 
angle boundaries (HABs, θ > 15°). According to the color code 
in Fig. 2b, these red grains have their c-axes aligned close to 
the ND, suggesting remarkable orientation preference (crystal-
lographic texture). From Fig. 2c, one can clearly see that the 
microstructure of the β-air-cooled specimen is comprised of 
plate structures. For adjacent parallel plates, Fig. 2d reveals 
that they tend to have the same orientation (color), leading 
to formation of some greatly coarsened grains. Grain sizes 
in Fig. 2d are measured by the linear intercept method to be 

Table 1   Chemical composition 
of the Zr702 sheet (in wt%)

Hf O Fe Cr N H Zr

1.15 0.15 0.07  < 0.01  < 0.01  < 0.01 Bal
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14.5 μm on average. In contrast with the orientation preference 
in the as-received specimen, grain orientations in the β-air-
cooled specimen is found to be largely scattered (Fig. 2d). This 
can be confirmed by the global texture measured by X-ray 
diffraction (already documented elsewhere [21]). Also from 
Fig. 2d, the plate colors are noted to be generally uniform and 
there exist few low angle boundaries (LABs, 2° < θ < 15°), 
indicating suppressed dislocation activities during the β air 
cooling. As for the 15%-rolled specimen, Fig. 2e shows that 
length directions of most plates are tilted towards the RD with 
many twin-like lamellae appearing, consistent with the case 
revealed in Fig. 1c and d. From Fig. 2f, orientations of the 
twin-like lamellae are confirmed to be largely different from 
the plate matrix. Meanwhile, inside most plates, highly hetero-
geneous colors with dense LABs can be observed, suggesting 
the occurrence of active dislocation slip during the rolling. 
Also from Fig. 2f, grain sizes of the 15%-rolled specimen are 
measured to be 5.7 μm on average, with an average aspect 
ratio of 5.0.

Figure 3 presents a dedicated analysis for some twin-
like lamellae, corresponding to the boxed region in Fig. 2f. 
A comparison between Fig. 3a and b reveals that all the 
twin-like lamellae have a misorientation relationship of 
85° ± 2°/<11–20> with the matrix, suggesting them to be 
{10–12} <10–11> tensile twins [5]. Previous studies [9, 
22] demonstrated that rolling at room temperature would 
essentially not induce active twinning in typically textured 
Zr alloy sheets with equiaxed grains. Deformation twinning 
may play an important role in accommodating plastic strains 
when grain orientations are unfavorable for initiating slip. 
More specifically, {10–12} twinning occurs in an α-Zr grain 

only if its c-axis is subjected to a tensile stress, or a compres-
sive stress is applied along its a-axis during deformation. 
One can see from Fig. 3c that there are only small angles 
(10°–15°) between the c-axis of the parent grain and the RD, 
suggesting the direction of tensile stress during rolling to be 
close to the c-axis. This will facilitate the initiation of tensile 
twinning (like {10–12} type), consistent with our observa-
tion. As further revealed in Fig. 3d, the c-axis of the parent 
grain is rotated by ~ 85° from near the RD to between the ND 
and the TD, as indicated by arrows in Fig. 3d.

Misorientation angle and rotation axis distribution his-
tograms of all the three specimens are presented in Fig. 4. 
From Fig. 4a, the misorientation angle distribution (MAD) 
of the as-received specimen is found to be relatively uniform 
and random. Also, it indicates most boundaries belong to 
HABs while fractions of LABs are low, consistent with those 
revealed in Fig. 2b. In fact, compared to LABs, HABs are 
usually known to have higher mobility and their rapid migra-
tion is able to annex LABs during recrystallization [23]. In 
this work, the MAD features of the as-received specimen 
agree well with those of most recrystallized Zr alloy sheets 
[24]. After the β-air cooling, the MAD features are found to 
be markedly changed (Fig. 4b). There exist two peaks around 
60° and 90° with their intensities significantly higher than 
others. It is known that the β → α transformation of Zr alloys 
usually follows the Burgers orientation relationship (OR), 
namely {0001}ɑ//{110}β and <11–20 >ɑ//<111>β [25]. 
According to the Burgers OR, twelve α orientations (vari-
ants) can be produced from one β orientation and there are 
five possible misorientations (10.5°/<0001>, 60°/<11–20>, 
60.8°/<1 1.38–2.38 0.36>, 63.3°/<5 5–10 3> and 90°/<1 

Fig. 1   ECC images of a the 
as-received, b the β-air-cooled 
and c the 15%-rolled specimens; 
d magnified observation of the 
15%-rolled specimen with the 
white arrow indicating twin-like 
lamellae
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1.38–2.38 0>) between those α variants [26]. After refer-
ring to rotation axis distributions in Fig. 4b, one can know 
that the peak angles around 60° and 90° correspond to the 
second, third, fourth, and fifth Burgers misorientations [27]. 
With respect to the 15%-rolled specimen, Fig. 4c reveals that 
its MAD is distinctly different from that of the β-air cooled 
specimen. After the 15%-rolling, the prior peak near 60° 
is largely decayed while the prior peak near 90° is shifted 
towards lower angles to form a new peak around 85° with 
rotation axes focused on <11–20>. Such a new peak should 
be resulted from the formation of many {10–12} twins 
(Figs. 2 and 3). Besides, another misorientation angle peak 
near 3°–5° can be seen in Fig. 4c and its peak intensity is 
even higher than others. The presence of such a low-angle 
peak suggests that dense LABs are formed due to active dis-
location slip. Note that specific slip modes activated in the 
15%-rolled specimen can be probed by analyzing rotation 
axes corresponding to these low angles (more detailed illus-
tration in Ref [28].). As shown in Fig. 4c, their rotation axes 

are concentrated on <0001>, suggesting prismatic <a> slip 
({10–10} <11–20>) as the main slip mode [28]. In fact, the 
prismatic slip is also known to be the easiest slip system in 
α-Zr deformed at room temperature [29]. The above analysis 
demonstrates that both the prismatic slip and the {10–12} 
tensile twinning are readily initiated to accommodate the 
plastic strain during the 15% rolling.

Figure 5 presents EBSD kernel average misorientation 
(KAM) maps and distribution histograms. KAM values 
are known to be closely related to residual strains inside 
materials [30]. Figure 5a reveals that the KAM in the as-
received specimen is relatively low and distributed uni-
formly. Its average KAM is calculated to be only 0.28° 
(Fig. 5b), indicating hardly any residual strains. For the 
β-air-cooled specimen, Fig. 5c shows that its KAM distri-
bution is still relatively uniform while the average KAM 
is slightly increased to be 0.38° (Fig. 5d), compared to 
that of the as-received specimen. The increased KAM may 
be related to the phase-transformation stresses caused by 

Fig. 2   EBSD BC maps of a the 
as-received, c the β-air-cooled 
and e the 15%-rolled specimens; 
b, d and f IPF maps correspond-
ing accordingly to a, c and e, 
with HABs and LABs indicated 
by black and gray lines, respec-
tively. The color code for grain 
orientations in all these IPF 
maps is the same, as indicated 
in the inset in Fig. 2b. (Color 
figure online)
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structural discrepancies between β and α phases. Neverthe-
less, as the β-cooling rate in air is relatively low, residual 
strains are not allowed to be accumulated too much [31, 
32]. Figure 5e and f show that after the 15% rolling, the 
KAM distribution becomes highly heterogeneous and the 
average value is markedly increased to be 0.76°. A com-
parison between Figs. 2f and 5e suggests that the KAM 
is higher near LABs and twin boundaries. This indicates 
that dislocation pile-ups are easier to occur in these places. 
From Fig. 5f, one can also seen that the KAM distribu-
tion of the 15%-rolled specimen is spread towards higher 
angles, suggesting the existence of strain gradients.

3.2 � Hardness Analyses

Hardnesses of various specimens are measured and shown 
in Fig. 6. The average hardness of the as-received speci-
men is ~ 199 HV while it is decreased to ~ 170 HV after the 
β air cooling. For the 15%-rolled specimen, its hardness 
(~ 228 HV on average) is found to be higher than both 
the as-received and the β-air-cooled specimens. Reasons 
accounting for the hardness variation after the β air cool-
ing and the subsequent rolling can be analyzed in light of 
the above microstructural characteristics. After the β air 
cooling, the average grain size is increased from 8.5 μm to 

Fig. 3   Dedicated analyses on 
the boxed region in Fig. 2f: 
a IPF map, b grain boundary 
map, c angles between c-axis 
of the parent grain and the RD 
and d basal pole figure. The red 
lines in b represent boundaries 
with the misorientation of 
85° ± 2°/<11–20>; “P” and “V” 
in d indicate the parent grain 
and twinning variants, respec-
tively. (Color figure online)

Fig. 4   Misorientation angle and rotation axis distributions of a the as-received, b the β-air-cooled and c the 15%-rolled specimens
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14.5 μm. According to the Hall–Petch relation, the resist-
ance of grain boundaries to dislocation movements would 
be weakened with increasing grain sizes [33]. This means 
that grain coarsening caused by the β air cooling should 
be an important factor for the hardness drop. Meanwhile, 
grain orientations of the β-air-cooled specimen are more 
scattered than those of the as-received specimen (Fig. 2b 
and d), allowing multiple deformation modes (both slip 
and twinning) to be initiated simultaneously [5]. This 
should have also led to the hardness decrease. Figure 1 
shows that SPPs are presented in both the as-received and 
the β-air-cooled specimens and they may also have some 
contribution to hardness. Nevertheless, limited amounts of 
SPPs (< 0.5% in volume fraction) can be formed due to the 
low contents of alloying elements in Zr702, which could 
only bring minimal hardening effects [34].

Fig. 5   KAM maps (only the 
three nearest neighbors con-
sidered) of a the as-received, 
c the β-air-cooled and e the 
15%-rolled specimens; b, d and 
f KAM distribution histograms 
corresponding accordingly to a, 
c and e, respectively

Fig. 6   Hardnesses of the as-received, the β-air-cooled and the 
15%-rolled specimens
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After the 15% rolling, the appearance of many twins 
reduces the average grain size to 5.7 μm (Fig. 2f) and the 
grain refinement must be responsible for the increased hard-
ness. In addition, there are a large number of LABs in the 
15%-rolled specimen (Figs. 2f and 4c), which are also able 
to effectively impede dislocation movements and contrib-
ute to hardening [35]. Such rolling-induced microstruc-
tural features are believed to lead to higher hardness for the 
15%-rolled specimen, compared to both the as-received and 
β-air-cooled specimens.

4 � Conclusions

1.	 After the β air cooling, the prior equiaxed grains in the 
as-received material are completely transformed into 
Widmanstätten structures featured by coarse plates, 
with average grain sizes increased from 8.5 to 14.5 μm. 
The subsequent 15% rolling readily activate both slip 
and twinning (especially the {10–12} type), leading to 
significant grain refinement (the average size 5.7 μm).

2.	 Typical phase transformation misorientations (two peaks 
around 60° and 90°) are produced in the β-air-cooled 
specimen, accompanied by scattered grain orientations. 
The active slip and twinning during the 15% rolling 
result in the appearance of new misorientation angle 
peaks around 3°–5° and 85°.

3.	 Hardness is decreased from ~ 199 HV to ~ 170 HV after 
the β air cooling, which can be ascribed to grain coars-
ening and the scattered orientations induced by the slow 
β → α transformation. Effective grain refinement by 
{10–12} twinning and denser LABs in the 15%-rolled 
specimen allow the hardness to be markedly increased 
to ~ 228 HV.
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