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Abstract: The effects of cold-rolling reduction, annealing temperature, and time on recrystallization behavior and kinetics of 
cold-rolled Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy were investigated using the Vickers hardness test, scanning electronic microscopy 
(SEM), transmission electron microscopy (TEM) and electron backscatter diffractometry (EBSD). The results show that the rate of 
the recrystallization increased with increasing annealing temperature and rolling reduction. Recrystallized grains nucleated 
preferentially at sites with high density dislocation and deformation stored energy and then grew into integral grains. 
Recrystallization texture changed from 1010  //RD to 1120  //RD. The grain orientation changed from random orientation to the 
orientation with the maximum misorientation around 30°. Recrystallization kinetics and maps were constructed based on the 
Johnson–Mehl– Avrami–Kolmogorov (JMAK) equation to derive parameters sensitive to the microstructure. The activation energies 
for recrystallization of 30%, 50% and 70% cold-rolling reductions were determined to be 240, 249 and 180 kJ/mol, respectively. 
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1 Introduction 
 

Zirconium alloys have been used in nuclear reactors 
as fuel cladding for several decades owing to their low 
absorption cross-section for thermal neutrons, acceptable 
mechanical properties, and excellent corrosion resistance. 
However, in order to reduce the cost of nuclear power, it 
is necessary to extend the refueling cycle. To meet the 
requirements of increased burn-up and extended fuel 
cycle, new zirconium alloys have been developed and 
tested under out-of-pile and in-pile conditions. These 
alloys are synthesized by adding alloying elements such 
as Fe, Cr, Ni and Cu in Zr−Sn−Nb alloys, resulting in 
ZIRLO (Zr−1.0Sn−1.0Nb−0.1Fe) [1], M5(Zr−1.0Nb) [2], 
E635 (Zr−1.3Sn−1.0Nb−0.35Fe) [3] or Zr−1Sn−0.3Nb− 
0.3Fe−0.1Cr alloy [4]. In particular, the Zr−1Sn−0.3Nb− 
0.3Fe−0.1Cr alloy is a kind of Zr−Sn−Nb alloy with low 
Nb content. Compared to the zirconium alloys with high 
Nb content, the Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy can 

undergo relatively high thermal mechanical processes. 
However, when preparing the alloy it is beneficial to 
obtaining a fine and uniform distribution of recrystallized 
microstructure and second phase particles that have a 
great influence on the corrosion resistance [4−6]. 
Therefore, the alloy processing must be further looked 
into to guarantee a uniform microstructure. 

Service conditions of nuclear reactors require that 
the zirconium alloy has a uniform microstructure after 
processing, which involves smelting, hot working, 
intermediate annealing, cold working, and 
recrystallization annealing. The final annealing step is 
necessary for releasing the residual stresses and/or 
improving the mechanical properties and corrosion 
resistance [4,7−9]. This is an important step, since it has 
been clearly established that the recrystallized Zr−1Sn− 
0.3Nb−0.3Fe−0.1Cr alloy is more suitable for nuclear 
applications than the as-deformed ones due to the  
higher irradiation creep resistance and lower   
irradiation growth [4,10]. In addition, the recrystallized 
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microstructure can restore the ductility of Zr−Sn− 
0.3Nb−0.3Fe−0.1Cr alloy, which facilitates the following 
manufacturing operations of cladding materials. 
Therefore, it is important and necessary to investigate the 
influence of annealing on recrystallization mechanisms 
and microstructural characteristics of Zr−1Sn−0.3Nb− 
0.3Fe−0.1Cr alloys. 

During the past few decades, several works have 
been devoted to study the recrystallization mechanisms 
of zircaloy [8,10−14] and the newly developed 
Zr−Sn−Nb alloys [4,15] after cold rolling or dynamic 
recrystallization. LUAN et al [11] studied the growth 
behavior of second phase particles in Zr−Nb−Sn−Fe− 
Cr−Cu alloys during aging. They found that linear 
distribution features of the second phase particles 
weaken with longer aging time or higher temperatures. 
Despite the importance of second phase particles, the 
recrystallization after cold working is responsible for the 
formation of final microstructure of Zr−1Sn−0.3Nb− 
0.3Fe−0.1Cr alloy. JUNG et al [10] investigated the 
recrystallization behavior of HANA-4 and compared 
with the HANA-6 and constructed the recrystallization 
maps. LIU et al [13] investigated the microstructural 
evolution of Zr−Nb−Sn−Fe−Cr alloy at 590 °C for 1 and 
2 h, which is insufficient to characterize the details of the 
recrystallization process. However, as an important 
cladding material, the recrystallization behavior of 
Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy is still not fully 
understood. 

In this work, the aim is to investigate the 
recrystallization behavior, microstructure, texture 
evolution, recrystallization mechanism and kinetics of 
the Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy. In order to do so, 
the alloy was subjected to different deformation degrees 
before annealing, which also provides a reference to the 
hot and cold processing of this new developed Zr-alloy. 
 
2 Experimental 
 

The materials used were received from the Nuclear 
Power Institute of China, which were hot rolled plates 
with 5 mm in thickness. Three different reductions of 
30%, 50% and 70% were applied in the cold rolling to 
achieve the thickness values of 3.5, 2.5 and 1.5 mm, 
respectively. The material was able to accommodate 
large strain without any evidence of cracking or 

delamination. The annealing processes subsequent to 
every cold-rolling were conducted at temperatures of 530, 
560 and 580 °C for various time. 

The samples were annealed under vacuum 
atmosphere for the isochronal and isothermal annealing 
and the annealing parameters are shown in Table 1. The 
oxidation during annealing was prevented by using 
quartz tubing for the vacuum. The samples for annealing 
were cut into 10 mm × 8 mm pieces along the rolling 
direction. 

The hardness of the specimens was measured by a 
Vickers hardness tester (HV−10B, China) with a load of 
3 kg for 15 s. Prior to the hardness tests, the examined 
surfaces were metallographically prepared using SiC 
papers (4000 grit in the final step), and then etched with 
a 10%HF−45%HNO3−45%H2O (volume fraction) 
solution. The hardness was measured on the rolling 
direction (RD)–transverse direction (TD) plane to 
evaluate the extent of recrystallization. For the 
determination of the hardness, 15 measurements were 
carried out to obtain an average value for each sample. A 
scanning electron microscope (SEM, FEI-Sirion 200) 
was employed to characterize the microstructure in 
RD–ND plane of the specimens. Prior to SEM 
observations, electro-polishing was conducted at −20 °C 
under 17 V in a 95%C2H5OH−5%HClO4 (volume 
fraction) solution. 

The microstructure and texture were characterized 
at various stages of annealing and several locations 
through the thickness of the sample. A combination of 
two techniques was used in order to have a complete 
picture of the microstructures present. EBSD was used to 
measure the grain size, the distribution of grain boundary 
misorientations and the texture on the surface. A large 
EBSD data set was acquired on this recrystallized 
material using an HKL-Technology system (Channel 5 
software) (Oxford Instruments HKL, Hobro, Denmark) 
coupled to a JELL−6300 SEM (scanning electron 
microscopy). Sample preparation for EBSD 
measurement included grinding with increasingly finer 
SiC papers of 240, 600, 800, 1000, 2000, 3000, and 5000 
grit size, followed by polishing with 3.5 μm diamond 
paste. Special care was taken to avoid the formation of 
twins during grinding and polishing. The samples were 
further etched with a solution of nitric acid (45%), 
distilled water (45%) and hydrofluoric acid (10%) for  

 

Table 1 Annealing parameters of cold-rolled Zr−1Sn−0.3Nb− 0.3Fe−0.1Cr alloy sheets 

Temperature/°C 
Time 

1 min 3 min 5 min 10 min 20 min 30 min 1 h 2 h 3 h 5 h 10 h 

530 × × √ √ √ √ √ √ √ √ √ 

560 √ √ √ √ × √ √ √ √ √ √ 

580 √ √ √ √ × √ √ √ √ √ √ 
Experiments that have been done are marked with “√”, and those have not been done are marked with “×” 
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EBSD examination. The etched surface was rinsed with 
running water for 20 min in order to eliminate all the 
residues from the etching solution. TEM was performed 
on a TecnaiG220ST (USA) with a 200 kV 2010 JEOL 
microscope to examine the microstructure along the 
plane parallel to the RD, located at the mid-thickness  
of the sample. Sample preparation for TEM involved a 
final thinning step to electron transparency using a 
Struers Tenupol double-jet electropolisher using 35 V 
and an electrolyte mix of 90%C2H5OH−10%HClO4 at 
−25 °C. 
 
3 Results and discussion 
 
3.1 Recrystallization softening 

The process of recrystallization was studied by 
measuring the micro hardness as a function of annealing 
time, annealing temperature, and rolling reduction. 
Figure 1 shows the Vickers hardness of the cold-rolled 
samples annealed at different temperatures for various 
time. The initial hardness was taken from the cold-rolled 
specimens and the final hardness was taken from the 
specimens annealed for 12 h to represent the stage of full 
recrystallization. The curves consist of three stages, i.e., 
early stage of annealing which did not have a notable 
decrease of hardness, middle stage with a substantial 
decrease of the hardness induced by the proceeding of 
recrystallization, and the last steady stage indicating the 
completion of recrystallization. The incubation stage 
suggests that the degree of recovery of the cold-rolled 
Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy was limited by the 
hexagonal close-packed structure and low stacking fault 
energy, which is in line with the experimental 
observation in Zr-4 alloy [9] and other alloys [7,16]. 
From Fig. 1, it can be concluded that increasing 
annealing temperature accelerated the decrease of the 
hardness. This proves that increasing annealing 
temperature is an effective method to accelerate the 
recrystallization process. 

For any particular annealing temperature, the 
increasing rolling reduction was attributed to the increase 
of stored strain energy [17], which shortened the 
incubation period and accelerated the process of 
recrystallization of the Zr−1Sn−0.3Nb−0.3Fe−0.1Cr 
alloy. For instance, the time needed for the 
recrystallization to begin was shortened from 50 to 5 min 
when the reduction was raised from 30% to 70% for the 
specimen annealed at 530 °C. The reduction still has   
an effect on recrystallization at higher temperatures,   
but the effect becomes weaker. As shown in Fig. 1(c),  
the recrystallization remained nearly unchanged at 
580 °C, though the reduction was increased from 50% to 
70%. 

 

 
Fig. 1 Relationship between Vickers hardness and annealing 

time of cold rolled Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy at 

530 °C (a), 560 °C (b), and 580 °C (c) under rolling reductions 

of 30%, 50% and 70%  

 

3.2 Microstructure evolution 
The variation of the Vickers hardness is caused by 

the microstructure evolution during annealing. A typical 
microstructure evolution of the 30% cold-rolled sample 
during annealing at 580 °C is shown in Fig. 2. In 
cold-rolled samples, the grains were elongated along the 
rolling direction (RD). After annealing at 580 °C for   
10 min, the cold-rolled sample started to recrystallize 
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(Fig. 2(b)), and as the annealing progressed, the volume 
fraction of recrystallized grains increased. Equiaxed 
grains could be detected in the specimens after annealing 
at 580 °C for 180 min (Fig. 2(f)). These corresponded 
well with the results that the hardness of the specimens 
decreased to low values after 10 min. 

Figure 3 shows the microstructures of the specimens 

subjected to different rolling reductions and then 
annealed at 580 °C for 30 min. This suggested that large 
rolling reduction accelerated the recrystallization process 
of the Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy. Figure 4 
shows the effect of annealing temperature on the 
recrystallization of the Zr−1Sn−0.3Nb−0.3Fe−0.1Cr 
alloy. In the case of 30% rolling reduction, the cold- 

 

 

Fig. 2 Microstructural evolution of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy subjected to rolling reduction of 30% and then annealed at 

580 °C for various time: (a) Cold-rolled; (b) 5 min; (c) 10 min; (d) 30 min; (e) 60 min; (f) 180 min 

 

 
Fig. 3 Microstructures of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy subjected to different rolling reductions of 30% (a), 50% (b) and 70% (c) 

and then annealed at 580 °C for 30 min 

 

 

Fig. 4 Microstructures of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy subjected to rolling reduction of 50% and then annealed at different 

temperatures of 530 °C (a), 560 °C (b) and 580 °C (c) for 30 min 
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rolled microstructure can still be found after annealing 
for 30 min. The recrystallization microstructure 
dominated after the reduction was raised to 70%, when 
the specimen was annealed at 580 °C for 30 min. 
 
3.3 Texture evolution and recrystallization mechanism 

Figure 5 shows the EBSD orientation map and 
inverse pole figure (IPF) maps illustrating the orientation 

structure, grain boundary and IPF of the as-received 
hot-rolled Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy. The grain 
size was heterogeneous and abnormal size grain    
could be found with low-angle boundary. Dynamic 
recrystallization led to the indented grain boundaries and 
the presence of sub-grains with tangled dislocation. 

Figure 6 shows a series of IPF maps of the ND−RD 
plane  in  30%  cold  rolled  sample  after  annealing  at 

 

 
Fig. 5 EBSD orientation map and inverse pole figure (IPF) maps of as-received alloy: (a) Orientation map showing orientation 
structure; (b) Inverse pole figures corresponding to RD, TD and ND 
 

 

Fig. 6 Orientation maps of 30% reduction samples annealed at 530 °C for various time: (a) 15 min; (b) 1 h; (c) 12 h (The 
corresponding inverse pole figures of recrystallized grains are inserted in each map) 
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530 °C for 15 min, 1 h and 12 h. The grains of cold- 
rolled samples were elongated along the RD, and 
recrystallization occurred firstly in the elongated 
microstructure area. A considerable amount of low-angle 
boundary appeared in the samples annealed for 15 min 
and 1 h. As shown in Fig. 6(c), with increasing annealing 
time and, in particular, after annealed for 12 h, a large 
fraction of equiaxed grains with various orientations and 
2−5 μm in size formed. It can be considered as the 
finishing stage of recrystallization. 

The experimental results showed that nucleation 
occurred mainly in the early stage of recrystallization 
and scattered around lamellar structure. The main 
orientations of the nucleus were 1010 //RD   and 
1120 //RD  . The rate at which nucleus grew varied from 

one orientation to another. As shown in Fig. 6(b), the 
grain size of recrystallized grains with 1120   (green) 
was larger than that of the blue one ( 10 10  ). These 
results indicated that the grains in 1120   direction 
were more likely to grow up, which could bring about 
the change of recrystallization texture. As a result, the 
texture of the rolling sheets was mainly characterized as 
1010   direction parallel to rolling direction 

( 1010 //RD  ), while the texture of the annealing sheets 
was 1120   direction parallel to rolling direction 
( 1120 //RD  ). TENCKHOFF and RITTENHOUSE [18] 
and OKAZAKI and CONRAD [19] had come up with 
similar recrystallization behavior in Zr and Ti alloys. The 
results showed that the texture of cold rolled sheets was 

1010 //RD   and then changed to 1120 //RD   after 
annealing. The grain growth played an important role in 
the process of recrystallization texture evolution. 
Furthermore, texture evolution during grain growth was 
analyzed as defined for Ti and other hexagonal crystals 
by BOZZOLO et al [20−23]. They found that the grains 
in 1120   direction were more likely to grow up and 
they used “orientation pinning” to explain it. This change 
of texture during recrystallization also appeared in 
recrystallized Ti−23Nb−0.7Ta−2Zr−O alloy that showed 
different orientations compared with the deformed 
structure [24]. The recrystallization of Ti−23Nb−0.7Ta− 
2Zr−O alloy was achieved by the nucleation of new 
grains, and then these new grains grew at the expense of 
the deformed structure. The primary recrystallization 
nuclei possessed a different orientation from the 
deformed structure. But with increasing the annealing 
time, nuclei in different orientations began growing 
indistinguishably and diffused orientation of Ti−23Nb− 
0.7Ta−2Zr−O alloy was obtained which made distinct 
difference in contrast with that of Zr−1Sn−0.3Nb− 
0.3Fe−0.1Cr alloy. 

The characteristic distribution of the boundaries 
between the selectively grown grains and the matrix was 
found to be strongly influenced by the cold-rolling and 
the following recrystallization, as it became obvious 
from a comparison of grain boundary characteristics in 
cold-rolled and annealed specimens. Figure 7 shows the 
evolution of misorientation angle distribution histograms 

 

 
Fig. 7 Misorientation angle distribution histograms of 30% reduction samples annealed for various time: (a) Initial state; (b) 15 min; 
(c) 1 h; (d) 12 h 
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during the grain growth process. Misorientation angles 
lower than 2° were cut off in order to avoid artifacts in 
local misorientation data, which may be due to the 
experimental fluctuations between adjacent pixels within 
single grains. Apart from obtaining the huge difference 
on morphologies, the orientation information obtained by 
EBSD indicated that the density of low misorientation 
(<15°) was higher in original sample than that annealed 
for 12 h, which was random for the misorientation angle. 
Low misorientation was observed inside subgrains at the 
beginning of the process and it is corresponding to high 
dislocation density in Fig. 8(a). These subgrains would 
subsequently coalescence or be consumed by the 

growing neighboring grains (Fig. 8(d)). With increasing 
annealing time, the fraction of low misorientation 
decreased, and thus, the recrystallized grain 
predominated (Fig. 8(f)). Meanwhile, the misorientation 
distribution with the maximum at around 30° (the inset 
in Fig. 7(d)) can be obtained. The contribution became 
more visible when grain growth was progressed. It could 
be explained by the 30°/0001 arose from the interaction 
of nucleus in 1120   direction parallel to rolling 
direction ( 1120 //RD  ) formed in recrystallization and 
1010 //RD   basal texture. BOZZOLO et al [25] have 

come up with very similar result that the maximum 
misorientation distribution values are 60°−70° due to the 

 

 
Fig. 8 TEM micrographs of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy samples annealed at 580 °C for various time: (a, b) Cold-rolled;    

(c) 10 min; (d, e) 20 min; (f, g) 60 min; (h, i) 180 min 
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orthorhombic sample symmetry. It is worth noticing that 
the contribution cannot disappear even if the 
corresponding boundaries have high energy and mobility. 
During grain growth, some of these boundaries disappear 
but others will be formed because they are required to 
maintain the orthorhombic sample symmetry. 

Figure 8 shows the TEM micrographs of the 
samples with sub-grain structures after annealing for 
various time along the RD−TD plane. Figure 8(a) 
displays a typical cold-rolled microstructure, where the 
high density of dislocations and the formation of 
dislocation tangles were caused by heavy deformation. 
The resultant grains tended to be elongated along the 
rolling direction deformation (Fig. 8(b)) and initial 
hardness reached a maximum as shown in Fig. 1. After 
annealing for 10 min, the dislocation tangles started to 
un-tie and dislocation clearing was first observed  
where the strain free and recrystallized grains   
appeared (Figs. 8(c) and (d)). Figure 8(e) displays the 
recrystallized grain with a size <1 μm, which was 
observed in the untied dislocation tangles, indicating the 
end of the incubation period and the beginning of 
recrystallization. From this point, the deformed structure 
vanished and the recrystallization progressed (Figs. 8(g) 
and (h)), which was consistent with the EBSD results. In 
this process, the coalescence growth of sub-grains took 
place at the substructure near the dislocation tangles (Fig. 
8(f)) corresponding to the sharp decrease of hardness in 
Fig. 1. As shown in Fig. 8(i), the full-recrystallized grain 
boundary became flat and precipitates appeared when the 
hardness of samples met lowest value (Fig. 1). Fine 
precipitates with a size <100 nm were distributed 
uniformly along the recrystallized grain boundary and 
within the grains. This recrystallization process further 
explained the effect of microstructure evolution on the 
decrease of Vickers hardness and served as base      
for the change of texture at the early stage of 
recrystallization [26]. 

As discussed above, the softening of cold-rolled 
alloy in Fig. 1 resulted from the combination operation 
of the change in microstructure and texture. The strain 
free and recrystallized grains were principal reasons for 
continuous decrease of hardness. After further grain 
growth, different textures developed, which led to the 
further decrease of hardness. The difference between the 
texture of the large and small grains is pronounced after 
annealing for 15 min. The final texture of the 30% 
cold-rolled sheets changed into a dominant texture with 
1120   direction parallel to rolling direction. 

 

3.4 Recrystallization kinetics 
The volume fraction of recrystallized grains (ƒ) can 

be explained by the variation of the hardness (HV) with 
the annealing time (t) as 

 

0

0 REX

V V

V V

H H
f

H H





                           (1) 

 
where 

0VH  is the hardness of the cold-rolled sheets, 
and 

REXVH is the hardness of a fully-recrystallized 
sample. The values of 

0VH  and 
REXVH  are listed in 

Table 2. The relationship between the volume fraction of 
recrystallized grains ( f ) and the annealing time (t) can be 
described by the Johnson−Mehl−Avrami−Kolmogorov 
(JMAK) equation [27]: 
 
f=1−exp(−ktn)                                (2) 
 
where k is a temperature dependent constant and n is an 
Avrami exponent depending on both grain geometry and 
annealing temperature. The hardness is inversely 
correlated with the volume fraction of the recrystallized 
grains as 
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0 REX

V V

V V
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H H
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H H


 


                         (3) 

 
The data of f can be presented in the form of 

ln[−ln(1−f )] vs ln t. The values of k and n were 
determined by fitting the experimental data, as shown in 
Table 2. 
 
Table 2 Values of k and n in JMAK equation of Zr−1Sn− 

0.3Nb−0.3Fe−0.1Cr alloy specimens 
Reduction/

% 
Temperature/

°C 
HV0

 HVREX
 k n 

30 

530 303.35 258.98 1.80 0.863

560 303.35 230.61 3.40 0.962

580 303.35 229.35 6.61 0.940

50 

530 310.87 250.12 0.75 1.042

560 310.87 215.87 11.36 0.766

580 310.87 215.59 15.95 0.724

70 

530 332.32 247.21 0.97 1.074

560 332.32 209.94 4.21 1.440

580 332.32 209.65 15.61 0.842

 
According to a classical treatment [28], the n value 

should be an integer, e.g., n=3 for a site-saturated process 
and n=4 for a constant rate of a nucleation process. 
However, the n values obtained from this study are less 
than 1, which are much lower than the theoretical values. 
Similar phenomenon could be found in HANA-4, 
HANA-6 [29,30], which explained the lower Avrami 
exponents by a definition of irregular distribution of 
stored energy. This implied that random nucleation did 
not occur during recrystallization. The non-uniform 
distribution of stored energy could be expressed by the 
inhomogeneity of the microstructure, which led to 
non-random distribution of the nucleation sites and a 
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reduced grain growth rate [29]. As shown in Fig. 8(d), 
the recrystallization occurred first around the dislocation 
tangles，while during the incubation period nucleation 
occurred in the un-tied dislocation tangles and it is the 
place derived the fine grains. 

Since recrystallization is a thermal activation 
process, the time to 50% recrystallization (t0.5) has the 
form of 
 

0.5 0 exp
Q

t
RT

   
 

                           (4) 

 
where τ0 is the temperature dependent constant, Q is the 
apparent activation energy, R is the mole gas constant 
and T is the annealing temperature [11]. By taking 
logarithms of both sides in Eq. (4), the ln t0.5 and 1/T can 
be related by a straight line, as shown in Fig. 9. The 
apparent activation energies for the recrystallization of 
the 30%, 50% and 70% cold-rolled sheets are 240, 249 
and 180 kJ/mol, respectively. The 70% reduction sheet 
had the lowest apparent activation energy. But the rule 
did not apply to the other sheets. The 50% reduction 
sheet had higher apparent activation energy compared 
the sheet with 30% reduction. Although 50% reduction 
sheet had higher activation energy, it recrystallized faster 
than 30% reduction sheet. This trend is demonstrated in 
the study of Zr−1Nb alloy [12] and Zr 702 alloy [7] as 
well. 
 

 

Fig. 9 ln t0.5 versus inverse temperature plots used for 

derivation of apparent activation energies for recrystallization 

of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy 

 
Since the activation energies are correlated with the 

investigated temperature ranges, the kinetics for 
recrystallization can be represented using a 
recrystallization map. Based on the kinetics parameters 
presented in Table 2, recrystallization maps can be 
plotted to predict the recrystallization process in the 
temperature range investigated. Figure 10 shows the 
variation of the volume fraction of the recrystallized 
grains in Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy sheets with  

 

 
Fig. 10 Recrystallization maps of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr 

alloy sheets with different cold-rolling reductions of 30% (a), 

50% (b) and 70% (c) 
 
different rolling reductions as a function of annealing 
temperature and time. As annealing temperature 
increased, the recrystallization process of the sheets  
was gradually quickened, while the recrystallized  
volume fraction maintained a steady curvature. The 
recrystallization of Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy 
with 70% reduction was faster than that of the alloy with 
30% reduction. The recrystallization maps obtained for 
Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy would be useful for 
the selection of processing parameters such as rolling 
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reduction, annealing temperature, and annealing time of 
this alloy and other Zr−Sn−Nb alloys. 
 
4 Conclusions 
 

1) The recrystallization behavior and its mechanism 
in Zr−1Sn−0.3Nb−0.3Fe−0.1Cr alloy annealed at 530, 
560 and 580 °C for different time were investigated. 

2) Increasing the deformation degree and annealing 
temperature could accelerate the recrystallization process, 
which was evidenced by the hardness tests in 
combination with microstructural observations. The time 
required to complete recrystallization of the specimens 
with different rolling reductions and annealing 
temperatures was obtained. 

3) Recrystallization is important for both 
microstructure and texture evolution. Homogeneous 
microstructure, with an average grain size of 2−5 μm, 
and a large fraction of high-angle boundaries, was 
obtained after annealing for 12 h. This is attributed to 
large strain imposed and to the occurrence of plastic 
deformation. During the recrystallization process,  
grains with 1120 //RD   grow preferentially, leading  
to strengthening the 1120 //RD   texture, which  
dominates the final texture. The texture of the alloy 
changes from 1010 //RD   to 1120 //RD   during the 
recrystallization process. 

4) The apparent activation energies of 
recrystallization are 240, 249 and 180 kJ/mol for 
specimens with 30%, 50% and 70% reductions, 
respectively. The values of n derived from the JMAK 
equation are all below 1.5. The recrystallization maps for 
alloys with different reductions were constructed to 
predict the recrystallization process of Zr−Sn−Nb alloy. 
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冷轧 Zr−1Sn−0.3Nb−0.3Fe−0.1Cr 合金 
在退火过程中的组织演变及再结晶行为 

 

蒋亦岚 1,2，刘会群 1,2，易丹青 1,2，林高用 1,2，戴 训 3，张瑞谦 3，孙永铎 3，刘少强 3 

 

1. 中南大学 材料科学与工程学院，长沙 410083； 

2. 中南大学 有色金属教育部重点实验室，长沙 410083； 

3. 中国核动力研究设计院 反应堆燃料及材料重点实验室，成都 610213 

 

摘  要：通过硬度测试、SEM、TEM 及 EBSD 研究变形量、退火温度及时间对冷轧 Zr−1Sn−0.3Nb−0.3Fe−0.1Cr 合

金再结晶行为及动力学的影响。结果表明，该合金的再结晶速率随着退火温度的升高及冷轧变形量的增加而加快。

退火过程中再结晶晶粒在位错缠结的高储能处优先形核长大。板材织构由 1010  //RD 的基面织构转变为

1120  //RD 的基面织构。再结晶晶粒形成较多的 30°取向差。同时，通过 JMAK 方程拟合出合金再结晶动力学参

数及 30%、50%和 70%变形量条件下的再结晶图，获得其再结晶激活能分别为 240、249 和 180 kJ/mol。 

关键词：锆合金；再结晶；显微组织；织构演变；动力学 

 (Edited by Wei-ping CHEN) 


