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Abstract: The effects of annealing treatments (ATs) on the microstructure of Zr−Sn−Nb alloy strips were studied. 
Based on the characteristics of strips for nuclear fuel assemblies, punching experiments were carried out and the 
formability of zirconium alloy strips was quantitatively evaluated. The results indicate that the proportions of 
small-angle grain boundaries of the zirconium alloy under conditions of annealing treatment at 580 °C (AT I) and 
annealing treatment at 620 °C (AT II) are 14.3% and 23.2%, respectively, while that of the as-received material is  
12.4%. And the forming limit margin fields of the zirconium alloy under AT I can reach 0.43%, while the values of the 
as-received material and the AT II are −0.35% and −2.8%, respectively. The annealing process affects the evolution 
process of the strip recrystallization texture and the grain size. Moreover, the total texture and pole density are closely 
related to the degree of anisotropy of the strip. Besides, the small-angle grain boundary affects the strain path and crack 
expansion of the necking unit during the strip punching process, while the grain size affects the hardening exponent of 
the material.  
Key words: forming performance; zirconium alloys; annealing process; strain path; forming limit; texture 
                                                                                                             
 
 
1 Introduction 
 

Zirconium alloy has been widely used as the 
fuel cladding and strips of spacer grid’s structure 
material due to its outstanding low absorption  
cross section for thermal neutrons, strong corrosion 
resistance and acceptable toughness in the 
irradiation environment [1−6]. At present, the high- 
speed punching is mainly used as a production 
method of strips in the nuclear fuel assembly. 
However, due to the poor formability and obvious 
anisotropy of zirconium alloys, the forming process 
of strips often fails because of cracks in actual 
production. The improvement of the forming 

performance of zirconium alloys is closely related 
to the cost of strip manufacturing as well as     
the safety and operation stability of nuclear fuel 
assemblies. 

Annealing treatment (AT) can be considered as 
an effective method to modify properties of metals 
by altering the microstructure [7,8] such as 
recrystallization [9,10], grain growth [11,12] and 
phase transformation [13,14]. It has been 
demonstrated that the tensile strength and yield 
strength of E125 zirconium alloy can be 
significantly enhanced by high-pressure torsion 
(HPT) and subsequent annealing treatments due to 
the grain growth and phase transformation [15]. HE 
et al [16] studied the effects of the loading direction 
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on the deformation and subsequent annealing 
treatments at different temperatures on the texture- 
dependent recrystallization behavior of Zr-4 alloy. 
TIAN et al [17] have presented the relationship 
between the recrystallization behavior of cold- 
rolled Zr−1Nb alloy and the corresponding 
deformation reductions as well as annealing 
temperatures. The results show that the 
recrystallization process of Zr−1Nb alloy can be 
accelerated by large deformation amount and high 
annealing temperature. 

ZHANG et al [18] have studied the mechanical 
properties, electrical conductivity as well as the 
evolution of microstructure of Cu−0.15Zr alloy 
during elevated-temperature annealing. They claim 
that the specific alloy displays outstanding 
comprehensive mechanical property after high 
temperature annealing. TIAN et al [19] have 
explained the effects of annealing on the 
mechanical properties of the Mg−Nd−Zn−Zr 
magnesium alloy through the methods of 
microscopic observations and tensile tests. They 
found that more precipitates of secondary phases 
could be acquired under a lower annealing 
temperature and longer annealing time. KAMALI et 
al [20] have discussed the impact of various 
annealing treatment temperatures and holding time 
on the microstructure and the corresponding 
mechanical properties of the cold-rolled Fe−Co− 
10V alloy. From this study, it can be known that the 
hardness and the yield strength as well as the 
elongation of material have close relationship with 
the annealing temperature. As for studying the 
effects of the annealing treatments on the 
microstructure and properties of hot compressed 
Au80Sn20 alloy, HUANG et al [21] found that the 
microstructure of the specific alloy developed from 
lamellar to equiaxed grains and the grains could 
grow significantly with a higher annealing 
temperature while the grain orientation is more 
uniform. 

Many studies have discussed the effects of 
annealing or heat treatment on the microstructures 
and mechanical properties such as tensile strength, 
yield strength or microhardness of zirconium alloys 
or other alloys. But there are limited data reported 
about the formability improvement of the zirconium 
alloy. Since the forming performance of zirconium 
alloys is considered as one of the most crucial 
indexes during the manufacturing process of the 

grid spacer strip of the nuclear fuel assembly, it is 
necessary to discuss the effects and the 
corresponding mechanisms of the annealing 
treatments on the forming performances of the 
zirconium alloys under a quantifiable system. In 
this study, a new Zr−Sn−Nb zirconium alloy was 
annealed at temperatures of 580 and 620 °C, 
respectively. The forming performances of the 
zirconium alloy specimens under different ATs were 
evaluated by the strip stamping experiments. The 
mechanisms of how the annealing treatments affect 
the forming performances of the zirconium alloys 
were discussed from both the macro perspective 
and the micro perspective. The forming limit curves 
of the zirconium alloys under different annealing 
treatments were analyzed based on the MK-Barlart 
method through theoretical calculations. Moreover, 
the strain paths and the forming limit margin fields 
of the necking element of the clamping rigidity 
convexity structure used in the strips of nuclear fuel 
assembly were studied by finite element method. At 
last, the microstructures and textures of the 
materials were observed and analyzed through a 
scanning electron microscope (SEM) equipped  
with the electron back scatter diffraction (EBSD) 
detector. 
 
2 Experimental 
 
2.1 Annealing treatments 

The material used in this investigation was a 
Zr−Sn−Nb zirconium alloy with the thickness of 
0.457 mm and the nominal composition [22] of 
Zr−0.5Sn−0.5Nb−0.3Fe−0.015Si. The as-received 
material was a commercial zirconium alloy 
industrially fabricated by rolling and annealing, 
while the as-rolled state of the as-received material 
was annealed in different conditions. To prevent the 
samples from being oxidized due to the heat 
treatments in air, the following annealing tests were 
conducted in a vacuum furnace. Considering the 
size of the vacuum furnace and the subsequent 
stamping tests, the annealing samples were sliced as 
52 mm (RD) × 72 mm (TD) from the as-rolled 
sheet of the alloy. The annealing temperatures of 
580 and 620 °C were selected respectively with a 
fixed heating rate of 5 °C/ min while the holding 
time for each of the heat treatment was set to be 2 h. 
To distinguish the specimens under different 
annealing treatments, the one with the annealing 
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temperature of 580 °C was noted as AT I, while the 
other with a higher annealing temperature (620 °C) 
was noted as AT II. 
 
2.2 Stamping experiments 

As mentioned above, zirconium alloys are 
mainly applied as the structure material of the 
spacer gird strip in the PWR nuclear power plants. 
Therefore, to evaluate the effects of different 
annealing treatments on the stamping formability  
of the Zr−Sn−Nb zirconium alloys intuitively, a 
specific structure of the strip named clamping 
rigidity convexity shown in Fig. 1 was selected and 
the stamping experiments were conducted by a 
self-designed mold. To ensure the objectivity and 
fairness of the stamping experiments, the zirconium 
alloys under different AT conditions (AT I and AT II) 
were compared under the exactly same boundary 
conditions in the stamping tests, during which the 
punch speed was set to be 76 mm/s and the blank 
holder force to be 50 kN. In addition, considering 
the comprehensiveness of the stramping tests, for 
each set of zirconium alloy, nine stamping tests 
were conducted and the results were illustrated 
from Fig. 2 to Fig. 4. 

From Fig. 2, it can be clearly observed that  
for the as-received zirconium alloy, two rigidity 
convexities, the coordinates of which are (1,1) and 
(3,3) respectively, have been cracked among the 
nine stamping experiments. Besides, the other three 
rigidity convexities, noted as (1,3), (3,1) and (3,2) 
in Fig. 2, are in the critical region of cracking   
and uncracking, meaning that these three rigidity  

 

 
Fig. 1 Geometry structure (a) and nominal dimensions  
(b, c) of clamping rigidity convexity (unit: mm) 
 
convexities have relatively high risk of cracking 
during the forming process. 

Figure 3 displays the stamping results of the 
Zr−Sn−Nb zirconium alloy under AT I. Compared 
with the as-received material, no obvious cracks are 
found among the nine stamping tests of the samples 
under AT I, but there are still three rigidity 
convexities in the critical region of cracking and 
uncracking, noted as (2,2), (3,1) and (3,3) 
respectively in Fig. 3. Among them, the one named 

 

 
Fig. 2 Stamping results of as-received zirconium alloy 
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Fig. 3 Stamping results of zirconium alloy under AT I 
 

 
Fig. 4 Stamping results of zirconium alloy under AT II 
 
(3,3) has higher risk of cracking. As for the 
zirconium alloy under AT II with the formability 
displayed in Fig. 4, it can be seen that all the nine 
rigidity convexities are cracked. Compared with the 
previous stamping experiments, the cracks of the 
zirconium alloy under the AT II are much more 
obvious and degree of the cracking is intenser. 

The stamping results of the as-received 
zirconium alloy and those under AT I and AT II  
are summarized in Table 1. It can be derived from 
 
Table 1 Stamping tests of three sets of zirconium alloys 

Material Crack Critical region Safety region

As-received 2 3 4 

AT I 0 3 6 

AT II 9 0 0 

Table 1 that compared with the as-received material 
and the one under AT II, the Zr−Sn−Nb zirconium 
alloy under AT I has displayed a better formability 
during the rigidity convexity stamping tests. The 
mechanisms of how the annealing treatment affects 
the formability of the Zr−Sn−Nb zirconium alloy 
were discussed as follows from both macro 
perspective and micro perspective. 
 
2.3 Microstructure observations  

To further discuss the effect of annealing 
process on the formability of the material, the 
microstructures and textures of the materials were 
observed by a Zeiss EVO MA10 SEM equipped 
with the EBSD detector. Samples used in this study 
were polished mechanically and electrochemically 
and the data of the observations by the EBSD 
equipment were collected with a step of 0.6 μm. 
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3 Numerical approach and analysis 
 

To reveal the effect of the annealing treatments 
on the forming performances of the zirconium 
alloys, the forming limit curves (FLCs) of the  
three zirconium alloys under different annealing 
conditions are calculated based on MK-Barlat 
method, the strain paths of the materials are 
discussed through finite element analysis. 
 
3.1 Forming limit curve 

The concept of FLC was firstly proposed   
by GENSAMER [23] and BANABIC et al [24], 
then developed by KEELER [25,26] and 
GOODWIN [27]. In recent years, the FLC has  
been widely adopted in the field of sheet     
metal forming as a crucial index to evaluate the 
forming performance of materials and the crack 
predictions [28,29]. Figure 5 illustrates what the 
FLC looks like defined in Ref. [30]. Based on the 
definition of the FLC, the region above the FLC 
(red line in Fig. 5) is considered as the crack area 
during the forming process; the region below the 
FLC indicates that there is no crack risk during the 
plastic deformation. The strain points just located 
on the red line are in the critical area of the crack 
and non-crack. 
 

 
Fig. 5 FLC of material defined in Ref. [30] 
 

FLC can be determined by both experiments 
and theoretical calculations. However, given the 
time and cost (especially the price of zirconium 
alloys) needed by the experiment method and its 
strict requirement on the geometric dimensions of 
the test samples, several models have been 
developed to obtain the FLCs of the material     
by theoretical method. In this study, in order     
to evaluate the forming performances of the 

Zr−Sn−Nb zirconium alloys with different 
treatments, FLC was employed and determined by 
theoretical calculations. The theoretical calculations 
were proved with enough accuracy by many 
literatures and the calculation method used in this 
study was also verified by Nakajima tests 
introduced in detail in author’s previous work [31]. 

Since the zirconium alloys are anisotropic, to 
get an accurate calculation result of the FLC, the 
modified Marcinia−Kuczyński (M−K) model with 
an initial inclination and Barlat 89 anisotropic 
criterion were employed to predict the forming 
performances of the materials. M−K model     
was firstly introduced by MARCINIAK and 
KUCZYŃSKI [32] in 1967 with the assumption 
that the instable conditions occurred due to the 
initial imperfection in the material, and then 
developed by HUTCHINSON et al [33,34] who 
presumed an inclination of the imperfection on the 
original M−K model shown in Fig. 6. In Fig. 6, 0

At  
and 0

Bt  are the initial thicknesses of Regions A and 
B, respectively, while f0 is defined as the ratio of the 
initial uniform thickness of the two areas. The three 
basic hypotheses of M−K model are shown as 
follows. 
 

 
Fig. 6 Geometry schematic diagram of M−K model 
 

(1) Force balanced equation:  
A A B B
nn nnt tσ σ=                            (1a) 

 
A A B B
nl nlt tσ σ=                            (1b)  

where A
nnσ   and B

nnσ  are shear stresses of 
Regions A and B along nn direction, respectively; tA 
and tB are the instantaneous thicknesses of Regions 
A and B during the deformation, respectively; A

nlσ  
and B

nlσ  are shear stresses of along nl direction, 
respectively. 

(2) Volume invariant during the deformation:  
dεxx+dεyy+dεzz=0                          (2)  
where dεxx, dεyy and dεzz are strains in xx, yy and zz 
directions, respectively. 
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(3) Deformation continuity of the groove:  
A B
ll llε εΔ = Δ                              (3) 

 
where A

llε  and B
llε  are strains of Regions A and B 

along ll direction, respectively. 
To describe the anisotropic yield behavior of 

zirconium alloys during the predictions of the 
forming limit curve, Balart 89 criterion [35] which 
considered the planar anisotropy and introduced 
shear stress was employed and shown as follows:  

1 2 1 2 2 e2 2M M M Mf a k k a k k c k σ= + + − + =   (4) 
 
where a and c are material constants, M         
is the crystallographic-structure exponent of the  
material [36,37], eσ  is the effective stress, and 

parameters k1 and k2 can be calculated by Eqs. (5) 
and (6):

  

1 2
xx yyh

k
σ σ+

=                           (5) 
1/22

2
2 2

xx yy
xy

h
k p

σ σ
σ

 − 
 = + 
   

             (6) 

 
where h and p are the material parameters, σxx, σyy 
and σxy are stresses in xx, yy and xy directions, 
respectively. 

Combining with the M−K model and Barlat 89 
criterion, the FLC of material can be calculated by a 
self-programmed code based on Matlab 2016b, with 
the calculation procedure illustrated in Fig. 7. To 

 

 
Fig. 7 Iteration procedure of FLC 
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improve the calculation accuracy of the FLCs    
of the zirconium alloys (close-packed-hexagonal 
structure), the crystallographic-structure exponent 
M in this study was set to be 8, while the extended 
detailed derivation was discussed in the author’s 
previous study [31]. The parameters such as β, φ 
and Φ are the intermediate variables which can be 
obtained by the basic mechanical properties through 
tensile tests. To calculate the crucial parameters 
used in Barlat 89 criterion, tensile tests of       
the zirconium alloys under different annealing 
treatments were conducted by a Zwick/Roell Z010 
tensile machine with a digital image correlation 
(DIC) system to capture the strains during the tests. 
The geometry dimensions of the tensile samples are 
illustrated in Fig. 8. For each of the zirconium alloy, 
the tensile tests were conducted along three 
directions (TD, RD and 45°) and three tests were 
repeated for each direction. The true stress−strain 
curves of the zirconium alloys are displayed in 
Fig. 9. The mechanical properties such as yield 
strength (YS), ultimate tensile strength (UTS), the 
coefficient of the hardening rule (K), the Lankford 
value (r) as well as the hardening exponent (n1) of 
the three sets of zirconium alloys are summarized in 
Table 2. The weighted average of r is noted as .r  
 

 
Fig. 8 Geometric dimensions of tensile samples (unit: 
mm) 
 
3.2 Construction of finite element model 

It is known that for a specific structure, the 
formability of the sheet metal is related to not  
only the FLC of the material, but also the strain 
path during the forming process. To further 
quantitatively analyze the formability of the 
zirconium alloys, the concept of the forming margin 
field [38,39], which is noted as 𝑑 and represents 
the minimum distance from the necking element to 
the FLC of material, is introduced in this study. To  

 

 
Fig. 9 True stress−true strain curves of as-received (a), 
AT I (b) and AT II (c) zirconium alloys 
 
calculate the strain path of the necking element and 
explain the relationships between the forming 
margin field and the forming limit curve, the finite 
element method is employed. The finite element 
model of the clamping rigidity convexity is 
constructed by a commercial software Dynaform. 
During the calculation process, the punch and die 
structures are set as rigid bodies to ensure the 
calculation accuracy, and the minimum size of the 
mesh applied in this model is 0.1 mm. 
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Table 2 Mechanical properties of zirconium alloys 

Material Direction 
YS/ 
MPa 

UTS/ 
MPa

K/ 
MPa 

r r n1

As- 
received 

RD 452.8 548.0 856.0 3.827  0.150

45 449.9 492.8 718.8 5.580 5.078 0.119

TD 491.3 521.4 723.6 5.325  0.098

AT I 

RD 451.9 545.9 932.6 3.019  0.164

45 462.8 510.3 773.1 4.343 3.880 0.118

TD 495.4 530.2 743.0 3.813  0.094

AT II 

RD 481.2 549.5 851.3 3.011  0.127

45 470.6 517.3 690.3 4.311 3.801 0.079

TD 496.5 547.0 757.4 3.569  0.091
 
4 Results and discussion 
 
4.1 FLCs of zirconium alloy sheets 

The calculation results of FLCs by MK-Barlat 
method of the three kinds of zirconium alloys are 
shown in Fig. 10. It indicates that the FLCs of the 
as-received and the zirconium alloy under AT I are 
very close to each other while the one under AT I is 
slightly higher, which means that the formability of 
the zirconium alloy after AT I is slightly modified 
based on the as-received material. Besides, it can 
also be learnt from Fig. 10 that after the AT II, the 
FLC of the material declines sharply, which means 
that the formability of the zirconium alloy 
deteriorates through the AT II. Generally speaking, 
the higher the position the FLC is located in the 
strain coordinate, the larger the safety region the 
sheet metal possesses during the forming process. It 
is known that the FLC is an intrinsic property of 
materials to reflect the forming performance of 
materials. Therefore, from the results shown in 
Fig. 10, it can be indicated that the forming 
performance of the zirconium alloys can be 
modified through proper annealing treatments. 

However, only the results of FLCs shown in 
Fig. 10 are not sufficient enough to explain the 
phenomenon of the stamping tests displayed in 
Figs. 2−4. It is known that for a specific structure, 
such as the clamping rigidity convexity used in this 
study, the crack is not only related to the FLC of the 
material but also to the strain path of the critical 
area with the highest cracking possibility. By using 
the same material, which means that the FLC is 
fixed, different strain paths may bring completely 
opposite forming results. Also, this is related to 

another concept, the forming limit margin field for 
a specific structure, which will be discussed later. 
 

 

Fig. 10 FLCs of zirconium alloys calculated by 
MK-Barlat method 
 
4.2 Strain path and forming limit margin field 

The strain path of the necking element of the 
finite element model during the deformation of the 
clamping rigidity convexity, noted as element 
15173, is shown in Fig. 11. From Fig. 11, it can be 
clearly seen that the strain paths of the three 
materials (as-received, AT I and AT II) are very 
close to each other and the annealing treatments 
have not significantly altered the strain paths of the 
zirconium alloys. However, combined with the 
results of strain paths and FLCs calculated before, 
the values of the forming limit margin field of the 
three materials can be derived and the results are 
quite different. 

From Fig. 11(b), it can be captured that the 
strain path of the necking element is over the 
forming limit curve and the value of the forming 
limit margin field d0=−0.35%, which indicates    
a crack risk for the necking area of the    
clamping rigidity convexity. While, it can be learnt 
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Fig. 11 Strain paths of necking element of as-received (a, b), AT I (c, d) and AT II (e, f) materials 
 
from Fig. 11(d) that compared to the as-received 
material, the strain path of the necking element of 
the material after AT I remains in the safety area 
from the beginning to the end during the whole 
forming process. The margin field of the one   
after AT I is d1=0.43%, which indicates that the 
formability of the material after this annealing 
treatment has been improved nearly twice. 
Particularly, it is worth noting that through the   
AT I, the forming performance improvement of the 

material has been a breakthrough from quantitative 
change to qualitative change, greatly impacting the 
overall forming yield of nuclear fuel assemblies. On 
the other hand, as for the zirconium under AT II, it 
can be seen from Fig. 11(f), the end of the strain 
path of the necking element far exceeds the forming 
limit curve and the corresponding value of the 
forming limit margin field d2 is −2.8%, which 
means that there is a huge crack risk for the forming 
structure. The results of the strain paths and 
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forming limit margin fields of the materials have 
supported the physical phenomenon of the stamping 
experiments mentioned in Section 2. 

From above, it can be deduced that the value 
of the forming limit margin field is related to both 
of the forming limit curve of material and the strain 
path of the necking element of the specific structure. 
The strain path can be changed by the geometric 
structure of the forming part, forming processing 
parameters (such as punch speed and blanker holder 
force) and the material properties, while the 
forming limit curve is all about material. However, 
in this study, the boundary conditions of the 
geometric structure of the forming part and the 
punching processing parameters remain exactly the 
same during the stamping experiments shown in 
Fig. 2 to Fig. 4. Therefore, the differences of the 
forming limit margin fields of the three materials 
should be intrinsically attributed to the changes of 
the material characters by annealing treatments. 
 
4.3 Microstructures and textures of zirconium 

alloys 
The grain maps of the Zr−Sn−Nb zirconium 

alloys with different annealing treatments are 
illustrated in Fig. 12. The grain sizes of the as- 
received material, AT I and AT II are 2.04, 1.84 and 
2.28 μm, respectively. From Fig. 12 it can be learnt 
that after the AT I, the grain size of the Zr−Sn−Nb 
zirconium alloy is the smallest among the three 
specimens. This phenomenon could be attributed to 
the fact that the annealing temperature of the AT I is 
lower than that of the as-received material and a 
lower annealing temperature is beneficial to the 
grain refinement [40]. While, as the annealing 
temperature increases to 620 °C, which is the case 
of the AT II, the fine grains continue to grow after 
the annealing treatment, resulting in an increase in 
the average grain size. It is known that the refined 
grain enhances the forming performance of the 
sheet metal. For the cases in this study, after the  
AT I, the grain size of the material is refined and the 
average value of hardening exponent n is improved 
to 0.125, thus resulting in the rise of the FLC shown 
in Fig. 10. Accordingly, as the grain size continues 
to grow by an increasing annealing temperature 
employed by AT II, the average value of the 
hardening exponent n declines to 0.099, resulting in 
the fall of the FLC and the reduction of the forming 
margin field shown in Fig. 11(f). 

 

 
Fig. 12 Grain maps of as-received (a), AT I (b) and AT II 
(c) zirconium alloys 
 

Moreover, from the pole figures displayed in 
Fig. 13, the maximum values of the base textures of 
the as-received, AT I and AT II materials are 6.49, 
6.20 and 6.46, respectively. Therefore, it can be 
deduced from Fig. 13 that the evolution processes 
of recrystallization texture of the zirconium alloys 
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are changed by the annealing treatments. Compared 
with the as-received material, the total amount of 
the texture and the polar density of the zirconium 
alloys decrease for each of the annealing treatment. 
With the drop of the texture and the polar density, 
the anisotropy of the material, which reflects the 
weighted average of the Lankford value (r) in 
Table 2, is also reduced simultaneously for both of 
the annealing treatments. Furthermore, since a 
weakened base texture is beneficial to metal 
forming [41], the annealing treatment will help  

the Zr−Sn−Nb alloy to improve the forming 
performance. 

Besides, the forming performance of the 
material is also related to the tendency of the crack 
extension during the plastic deformation process. 
From the study of JIN et al [42], the low-angle 
boundary and part of the high-angle boundary (the 
one with the misorientation less than 15°) have a 
better resistance to the cracking. Therefore, the 
misorientation distribution of the three zirconium 
alloys is obtained and shown in Fig. 14, and the 

 

 
Fig. 13 Pole figures of as-received (a), AT I (b) and AT II (c) zirconium alloys 
 

 
Fig. 14 Distribution of misorientation angles of as-received (a), AT I (b) and AT II (c) zirconium alloys 
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proportions of the low-angle boundary with the 
misorientation less than 15° results are illustrated in 
Fig. 15. From Fig. 15, it can be learnt that 
compared with the as-received material, both of the 
AT I and II samples occupy higher proportions in 
the area of boundary with misorientation angle less 
than 15°, which can explain why the forming limit 
curves of the as-received material and the material 
under AT I are very close to each other, but in the 
actual stamping experiments, the former one 
produces obvious cracks while the initial cracks 
have not extended continuously in the case of the 
latter. As for the material under AT II, even the 
low-angle boundary could help to resist the cracks, 
the grain size and the texture have limited the 
forming performance of the material, which could 
be seen from the FLCs shown in Fig. 10. 
 

 
Fig. 15 Proportions of boundary with misorientation 
angle less than 15° 
 
5 Conclusions 
 

(1) The forming performances of the 
zirconium alloys are directly related to the 
annealing treatments. The number of the crack 
failure during the rigid convex stamping 
experiments of the alloys under ATI and AT II are 0 
and 9, respectively, while that of the as-received 
material is 2. It should be attributed to the changes 
of the FLCs arising from the variations of the 
hardening exponents and the differences of the 
strain paths influenced by the misorientation 
distribution. 

(2) Combined with the calculation results of 
the strain paths of the rigidity convexities and the 
position of the FLCs in the strain coordinate  
system, the forming limit margin fields of the 

necking element of the zirconium alloy under AT I 
and AT II are 0.43% and −2.8%, respectively, while 
that of the as-received alloy is −0.35%. This means 
that the forming performances of the zirconium 
alloys can be modified obviously by proper 
annealing treatments. 
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摘  要：研究退火工艺(ATs)对 Zr−Sn−Nb 合金带材显微组织的影响。基于核燃料组件用条带特征，进行冲制实   

验，并定量表征锆合金带材的成形性能。结果表明，580 ℃退火(AT I)样品、620 ℃退火样品(AT II)和原材的小角

度晶界占比分别为 14.3%、23.2%和 12.4%。AT I 带材的成形极限裕度为 0.43%，而原材和 AT II 带材的成形裕度

分别仅为−0.35%和−2.8%。退火工艺影响带材再结晶织构的演化过程和改变晶粒尺寸。由于织构总量和极密度变

化与带材各向异性程度密切相关，小角度晶界影响带材冲制过程中颈缩单元的应变路径与裂纹扩展，而晶粒尺寸

影响带材硬化指数。 

关键词：成形性能；锆合金；退火工艺；应变路径；成形极限；织构 
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