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Abstract
In this work, a commercially pure Zr sheet with a typical bimodal basal texture was annealed in an α + β region and then 
subjected to different coolings (in water and furnace). Microstructures and textures of both the as-received and the heat-treated 
specimens were investigated by electron channeling contrast imaging and electron backscatter diffraction techniques. Results 
show that a duplex microstructure consisting of untransformed bulk α grains and twinned martensitic plates is produced in 
the water-cooled specimen, which possesses a weakened texture compared to the initial one. For the specimen cooled in fur-
nace, however, a uniform microstructure fully comprised of coarser equiaxed grains with a strengthened texture is obtained. 
Analyses reveal that the rapid cooling in water could suppress variant selection behaviors during β → α transformation and 
allow α plates with scattered orientations to be nucleated inside β phases, contributing to the weakened texture. In contrast, 
during slow cooling in furnace, β boundaries would act as preferred nucleation sites of α embryos, resulting in a strong vari-
ant selection that accounts for the intensified texture.
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1  Introduction

Owing to attractive corrosion and irradiation resistance, 
Zirconium (Zr) and Zr alloys are nowadays widely used in 
chemical and nuclear industries [1–5]. At room temperature, 
these Zr materials essentially have a hexagonal close packed 
(hcp) structure (α phase), which will be allotropically trans-
formed into a body centered cubic (bcc) structure (β phase) 

at elevated temperatures. Typically, fabrication processes 
of the Zr base products (like tubes and sheets) are carried 
out below the α/β transformation temperature. Since a lim-
ited number of slip systems can be offered by the hcp α-Zr, 
strong crystallographic textures are usually developed after 
such fabrications [6–8]. As a result, undesirable anisotropy 
in elasticity modulus, irradiation growth, creep, plasticity 
and fracture toughness is often noted for Zr and Zr alloys 
[6, 9, 10].

In earlier work, some efforts were attempted to alter the 
easily developed textures by resorting to phase transfor-
mation heat treatments [11–14]. It is well-known that the 
hcp α-Zr and the bcc β-Zr can be related by the Burgers 
orientation relationship (OR) [15]: {0001}α//{110}β and 
<11-20>α//<111>β. According to this OR, one β orientation 
could give birth to twelve equivalent α-orientation variants 
during β → α cooling. The presence of all these variants will 
allow an initial texture to be considerably randomized. How-
ever, some researchers noted that strong variant selection 
(only a limited number of variants appear) often occurred 
so that the obtained transformation texture was similar to 
or even stronger than the initial one [11–13, 16, 17]. Such 
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texture memory phenomena were reported to be more nota-
ble when Zr alloys were heat-treated in α + β regions [11, 
12].

Nevertheless, researchers have tried to explore specific 
factors (like peak temperature [11] and applied stresses [17] 
during heating) that influence the variant selection. Note that 
the cooling rate is also an important processing parameter 
that can be feasibly adjusted in practice, for example using 
different cooling media. In spite of the long-recognized 
effect of cooling rates in producing various microstructural 
features of Zr alloys [18–21], their definite influence on the 
transformation texture has not been well explored. There-
fore, in the present work, a commercially pure Zr (cp-Zr) 
with a typical texture was heat-treated in an α + β region and 
then cooled in two different ways (in water and furnace). For 
these specimens cooled at different rates, their microstruc-
ture and orientation features were carefully characterized 
and compared to clarify the comprehensive effect of cooling 
rates on the transformation microstructure and texture.

2 � Experimental

A recrystallized Zr sheet in commercial purity (1.15 wt% 
Hf, 0.15 wt% O and < 0.08 wt% Fe + Cr) was selected as 
the starting (as-received) material. By differential scanning 
calorimetry, an α + β dual-phase region was determined for 
the Zr material to exist in the range of ~ 800–1000 °C. Speci-
mens with the dimension of 12 mm × 10 mm × 2 mm were 
cut from the as-received cp-Zr sheet along rolling, trans-
verse and normal directions (RD, TD and ND), respectively. 

The specimens were then capsulated in quartz tubes under 
vacuum and annealed at 900 °C for 30 min in a SX2-8-16 
box furnace. After the annealing, they were cooled down to 
room temperature in two ways, i.e. quenched into cold water 
or simply left in the power-off furnace. Estimated cooling 
rates for the water cooling (WC) and the furnace cooling 
(FC) were ~ 1000 and ~ 0.02 °C/s, respectively [21, 22].

Microstructural and textural characterization of the 
specimens was mainly performed by an electron backscat-
ter diffraction (EBSD) analysis system in a Zeiss Sigma HD 
field emission gun scanning electron microscope (FEG-
SEM). The EBSD system consisted of an Oxford Instru-
ments NordlysMax2 detector, with AZtec 2.4 and Channel 5 
software packages for data acquisition and post-processing, 
respectively. The rapid data acquisition promised by the 
modern EBSD enables both textures and local orientation 
features to be reliably measured [23, 24]. An electron chan-
neling contrast (ECC) imaging technique based on the FEG-
SEM was also utilized for direct microstructural observa-
tion. Mechanical grinding and electro-polishing were carried 
out for specimen RD-ND surfaces before ECC and EBSD 
examinations, with detailed preparation procedures available 
elsewhere [25].

3 � Results and Discussion

3.1 � The As‑Received Material

Microstructure and texture of the as-received specimen are 
presented in Fig. 1. Figure 1a is an ECC image revealing 

Fig. 1   a ECC image, b EBSD 
IPF map and c pole figures of 
the as-received material. In b, 
grain orientations are colored 
according to the inset while 
black and gray lines represent 
HABs and LABs, respectively; 
c corresponding to b. (Color 
figure online)
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a rather homogeneous structure, which is comprised of 
well-equiaxed grains and a few randomly distributed black 
dots. Composition analyses by energy dispersive spectros-
copy suggest these black dots to be second phase particles 
(SPPs) containing Fe and Cr. Such a microstructure has been 
frequently observed for Zr alloys after sufficient recrystal-
lization annealing [26–29]. Figure 1b is an EBSD inverse 
pole figure (IPF) map with high angle boundaries (HABs, 
θ > 15°) and low angle boundaries (LABs, 2° < θ ≤ 15°) 
indicated by black and gray lines, respectively. Most of the 
boundaries are found to be HABs which should be generated 
during the prior recrystallization annealing. By the linear 
intercept method, an average size of grains enclosed by the 
HABs is measured to be 8.3 ± 5.7 μm. According to the color 
code (the inset) in Fig. 1b, one can also see that many grains 
have c-axes aligned towards the ND of the sheet, suggest-
ing preferred grain orientations (crystallographic texture). 
Pole figures calculated from the EBSD dataset are shown 
in Fig. 1c to reveal more definite textural features. From the 
{0001} pole figure, a bimodal basal texture with density 
maxima (8.1 times random) inclined ± ~ 20–40° from the 
ND towards the TD is noticeable. In addition, prismatic pole 
figures show that either <10-–0> or <11–20> direction of 
most grains is close to the RD. It is to be noted that such a 
textural feature is very representative in rolled and recrystal-
lized Zr and Zr alloy sheets (e.g. [7, 8]).

3.2 � After Annealing in the α + β Region

Microstructural observations (ECC images) of the heat-
treated specimens are presented in Fig.  2. After water 

cooling, the prior homogeneous equiaxed grains seem to be 
replaced by a duplex microstructure, i.e. coexistence of bulk 
grains and plate structures (Fig. 2a). As the annealing tem-
perature (900 °C) corresponds to the dual-phase region, the 
plates and the bulk grains should result from β → α transfor-
mation and untransformed equiaxed grains, respectively. A 
closer observation in Fig. 2b for the plate structures reveals 
that most of them have submicron widths with many internal 
fine twins (nanoscale in lamellar thickness). This suggests 
that the plate structures should be twinned martensites pro-
duced during the β → α transformation by rapid water cool-
ing [20, 30, 31]. Different from the WC case, duplex micro-
structures are not seen after furnace cooling. Instead, fully 
equiaxed grains are found to be the main microstructural 
characteristic of the FC specimen (Fig. 2c), similar to that 
observed for the as-received specimen (Fig. 1a). Neverthe-
less, evident grain growth along with coarsened SPPs can be 
noticed from Fig. 2d. For these coarse equiaxed grains, some 
of them grow from prior α grains in the starting material, 
while others should be transformed from β phases appearing 
during the annealing in the α + β region. In fact, the shape 
of α-Zr products generated by β parents would change from 
plate-like to equiaxed morphology with decreasing cooling 
rates, as noted for Zircaloy-4 [20]. Anyhow, due to struc-
tural homogeneity, it is hard to distinguish the grown and 
the transformed α grains in the FC specimen.

Figure 3 shows EBSD results revealing quantitative 
orientation (texture) characteristics of the WC and the FC 
specimens. According to their IPF maps (Fig. 3a, b), most 
grains are seen to be colored close to red, similar to the 
case of the as-received specimen. This suggests essential 

Fig. 2   ECC observations of 
a, b the WC and c, d the FC 
specimens; b, d correspond-
ing to boxed regions in a, c, 
respectively
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inheritance of the original orientation preference after the 
annealing. In regards to grain morphologies, almost all 
grains in the FC specimens are confirmed to be equiaxed 
(Fig. 3b), consistent with the ECC observation (Fig. 2c, 
d). For the WC specimen, however, although the equiaxed 
grains can account for the majority of its microstructure, 
a number of small crystallites (corresponding to plate 
structures) are also noticeable (Fig. 3a). Since relatively 
large areas (~ 0.5 mm2) are covered in Fig. 3a in order 
to acquire reliable texture information, the step size used 
here is unavoidably overlarge for examining details of the 
plate structures.

Pole figures of both the annealed specimens are displayed 
in Fig. 3c and d. The main features of the prior bimodal 
basal texture (Fig. 1c) seem to be unchanged after annealing 
at 900 °C. In fact, the maximum intensity (8.1 times ran-
dom) of the prior texture is found to be decreased to 7.2 and 
increased to 9.3 for the WC and the FC specimens, respec-
tively. In other words, the water cooling after annealing in 
the dual-phase region leads to a weakened texture while tex-
tural strengthening occurs upon the furnace cooling.

Since bulk (equiaxed) grains exist in all specimens, their 
size measurements are also performed by EBSD for the WC 
and the FC specimens, as shown in Fig. 4. Compared to that 
(8.3 μm on average) of the as-received specimen, the equi-
axed grains in both the heat-treated specimens are markedly 
larger. For the WC specimen, it is known that after annealing 
for 30 min α grains will cease to grow during rapid water 
cooling. Thus, its average size (20.8 μm) should be able to 
reflect the grain growth limit promised by the heating dura-
tion. In contrast, for the FC specimen, the larger average size 
(30.3 μm) of equiaxed grains indicates that further growth 
can readily proceed during the much slower cooling.

Since both bulk grains and plate structures of the duplex 
microstructures in the WC specimen are indexed by EBSD 
(Fig. 3a), their specific contributions to the global texture 
are allowed to be probed. As shown in Fig. 5a, b, IPF maps 
corresponding to the bulk grains and the plate structures 
are roughly separated, using a grain size of 10 μm as the 
criterion. Pole figures derived from Fig. 5a and b are pre-
sented in Fig. 5c and d, respectively. Figure 5c reveals that 
the bulk grains in the WC specimen actually own very close 

Fig. 3   a, b EBSD IPF maps 
(step size 2 μm) of the WC and 
the FC specimens, respectively; 
c, d pole figures correspond-
ing to a, b, respectively. Color 
codes for a, b are the same as 
that in Fig. 1b. (Color figure 
online)
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textural features to the bimodal basal texture of the starting 
material, with a slightly intensified density (8.6 times ran-
dom). However, the texture of the plate structures is found 
to be largely randomized with the maximum density of 
only 3.2 times random (Fig. 5d). This suggests that limited 
textural changes could occur through growth (coarsening) 
of the equiaxed grains during annealing at 900 °C. In con-
trast, martensitic plates induced by the water cooling have 

scattered orientations, which directly contribute to the glob-
ally weakened texture of the WC specimen (Fig. 3).

An elaborate EBSD scanning (at a fine step of 100 nm) 
for local duplex microstructures in the WC specimen is 
made and analyzed in Fig. 6. From the band contrast map 
presented in Fig. 6a, one can see a cluster of plates sur-
rounded by several bulk grains. The bulk grains correspond 
to grown prior equiaxed α grains while the plates should be 

Fig. 4   Grain size distribution 
histograms of a the WC and b 
the FC specimens; those with 
sizes below 10 μm are dis-
counted so that only bulk grains 
(rather than plate structures 
produced by phase transforma-
tion) are included

Fig. 5   a, b Separately present 
grains with sizes above and 
below 10 μm in Fig. 3a; c, d 
are pole figures corresponding 
to a and b, respectively. (Color 
figure online)
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transformed from one or more high-temperature β phases. 
Furthermore, their orientations are indicated by colors in 
Fig. 6b and pole figures in Fig. 6c. As labeled by consecu-
tive numbers (g#), five bulk grains with varied orientations 
are observed. Meanwhile, for the plate structures, twelve 
different orientations (colors) can be distinguished from 
Fig. 6b, as marked by v1–v12. This is coincident with the 
predicted maximum α-variant number from a single β orien-
tation according to the Burgers OR [15]. Also, the OR tells 
that only five possible misorientations exist between two α 
variants generated by the same β parent, i.e. 10.5°/<0001>, 
60°/<11–20>, 60.8°/~<12–31>, 63.3°/~<44–83>, and 
90°/~<12–30> [32]. According to the {0001} pole figure in 
Fig. 6c, orientations of these plates are found to be grouped 
into six pairs, with each pair (for instance v1 and v2) sharing 
the same c-axis. Moreover, the {11–20} pole figure reveals 
that a-axes of the same pair always deviate ~ 10° from each 
other. Thus, an orientation relationship of ~ 10°/<0001> is 
confirmed between them, corresponding to the first Burg-
ers misorientation. After performing similar analyses (not 
shown here), the other four Burgers misorientations can also 
be verified between these plates, suggesting that they are α 
variants transformed from the same β phase.

In regards to the OR between the plates and neighboring 
bulk grains, Fig. 6c reveals that most of the plates are ori-
ented differently from the bulk grains. The only exception 
is for v10 and g5, both of which share an exactly identical 
orientation. A possible explanation is that during heating g5 
gives birth to one β orientation, which then acts as the par-
ent of these transformed plates during cooling. As a result, 
the initial α orientation (g5) is fully inherited by one of the 
plates (v10) in the location. Nevertheless, the presence of 
multiple α variants unavoidably leads to greatly scattered 
orientations, contributing to weakened texture of the WC 
specimen.

3.3 � Variant Selection During β → α Cooling

From the above illustration, a clear effect of cooling rates 
on the transformation texture is demonstrated for cp-Zr after 
annealing in the α + β region. Such difference may be under-
stood after considering variant selection behaviors during 
β → α cooling [11–13]. In earlier studies, α-Zr embryos were 
found to prefer to nucleate near the parent β boundaries upon 
slow cooling (allowing sufficient diffusion) [18, 33]. In the 
case of dual-phase annealing, the embryos tend to maintain 

Fig. 6   Local analyses for duplex 
structures in the WC specimen 
(step size 0.1 μm): a band con-
trast map, b IPF map and c pole 
figures; bulk grains and plate 
variants are marked by “g#” and 
“v#” in b, c, respectively. (Color 
figure online)
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the orientations of pre-existing (untransformed) α phases 
beside such β boundaries to lower the transformation energy 
[12]. This means that only a limited number of α variants 
will be preferably generated by the parent β phase. As a 
result, due to such strong variant selection, the prior α-Zr 
texture could be well inherited or even intensified after the 
phase transformation, like in our FC specimen (Fig. 3d).

As for fast cooling (like water quenching), a large under-
cooling can be induced, which allows α embryos to nucle-
ate at many sites inside β phases [18, 34]. These α phases 
often present intersected plate morphologies after growth 
(for example Fig. 2b). It is clear that orientations of such 
α embryos formed in β-phase interiors will no longer be 
affected by any pre-existing α phases. Instead, at most twelve 
different α orientations are allowed to be generated by a 
single β orientation according to the Burgers OR [15]. The 
more α variants are produced, the more scattered orienta-
tions can be expected. Interestingly, all the twelve α variants 
are definitely found to be present in the WC specimen, as 
exemplified in Fig. 6. This suggests that the rapid cooling 
in water could facilitate suppression of the α-variant selec-
tion. Similar results have also been reported for other rapidly 
β-quenched Zr alloys in recent work [32, 35]. As a result, a 
greatly randomized texture will be produced when a large 
number of such plates are generated by many different β 
orientations, as verified in Fig. 5b and d. Combined with 
the slightly changed texture of the bulk grains (Fig. 5a, c), 
a globally weakened texture is then obtained for the WC 
specimen (Fig. 3a, c).

4 � Conclusions

Specimens cut from a rolled and recrystallized cp-Zr sheet 
were annealed at 900 °C (corresponding to α + β region) 
and then subjected to water and furnace cooling. FEG-SEM 
based ECC imaging and EBSD techniques were utilized to 
investigate microstructural and textural characteristics of the 
specimens cooled at different rates, with main conclusions 
drawn as follows:

1.	 The WC specimen owns a duplex microstructure consist-
ing of untransformed bulk α grains and twinned marten-
sitic plates; the FC specimen has a uniform microstruc-
ture comprised of fully equiaxed grains.

2.	 After annealing in the α + β region, the prior bimodal 
basal texture is weakened after rapid cooling in water 
but strengthened in the case of slow furnace cooling.

3.	 Water cooling allows various α plates (variants) with 
scattered orientations to be nucleated inside β phases, 
contributing to the weakened texture. However, strong 
variant selection occurs due to preferable nucleation of 

α phases at β boundaries during furnace cooling, leading 
to the intensified texture.
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