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Abstract: The hot deformation characteristics of induction quenched Zr-Sn-Nb-Fe-Cr alloy forged rod in the temperature range of

600-900 °C and strain rate range of 0.001-1 s~ were studied by Gleeble3800 uniaxial hot compression experiment. The results show

that the flow stress decreases with the decrease in strain rate and the increase in deformation temperature in the true stress-true strain

curve of Zr-Sn-Nb-Fe-Cr alloy forged rod. Moreover, the hot deformation characteristics of the material can be described by the
hyperbolic sine constitutive equation. Under the experimental conditions, the average thermal activation energy (Q) of the alloy was
412.9105 kJ/mol. The microstructure analysis of the processing map and the sample after hot compression shows that the optimum
hot working parameters of the alloy are 795-900 °C, 0.001-0.0068 s', at the deformation temperature of 600—-900 °C, and the strain

rate of 0.001—1 s™".
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1 Introduction

In addition to neutron radiation, high fatigue strength, and
excellent thermal conductivity, zirconium and its alloys also
have excellent mechanical properties and corrosion resistance,
which are used as fuel cladding and structural component
. However, modern

nuclear reactors have been developed in the direction of

materials in nuclear power reactors!

higher thermal efficiency, so traditional zirconium alloys and
binary Zr-Nb alloys are no longer suitable for use under
enhanced burn-up conditions, which leads to the development
of new zirconium alloys with enhanced performance in recent
years®”. These include ZIRLO (Zr-1.0Nb-1.0Sn-0.1Fe) ",
M5 (Zr-1Nb-0.1250) P!, E635 (Zr-1.0Nb-1.0Sn-0.4Fe) "',
HANA-4 (Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr) ™, and NI18 (Zr-
1.0Nb-0.3Sn-0.3Fe) ™. However, the current research mainly
creep, and
irradiation growth!"*'” of these new zirconium alloys, and the

focused on the properties of corrosion!*"",

hot processing properties of these zirconium alloys were less
studied.

Nuclear grade zirconium alloys are often used as cladding
so their manufacturing
processes involve considerable machining, such as multi-fire

materials for nuclear reactors,
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forging hot working after the melting stage, heat treatment,
hot extrusion, and later cold working steps to achieve the
required strength, suitable microstructure, and dimensional
tolerance* ", Among these steps, hot working in the form of
forging and extrusion is very important, which is also
responsible for providing chemical uniformity in addition to
breaking the cast microstructure and shaping the ingot™. The
hot deformation behavior of metal material reflects the law of
microstructure evolution during the process of hot deforma-

*3 The stress, deformation temperature, and strain rate

tion'
are the main factors affecting the microstructure and proper-
ties of zirconium alloy™* %,

In this study, the hot deformation behavior of the induction
quenched Zr-Sn-Nb-Fe-Cr alloy forged rod at different
deformation temperatures and strain rates was studied. The
relationship between flow stress and strain, deformation
temperature and strain rate were summarized to reveal the hot
deformation behavior of the alloy. And the constitutive
equation describing the hot deformation of the alloy was
established. Based on the dynamic materials model (DMM),
the processing map of the alloy was established, which
provided the theoretical basis for the optimization of the
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hot deformation process parameter in the actual production
of the alloy.

2 Experiment

The Zr-Sn-Nb-Fe-Cr alloy ingot with uniform composition
was obtained by vacuum consumable melting (triple
melting), and the chemical composition is shown in Table 1.
The total tin (T. Sn), total niobium (T. Nb), total iron (T. Fe),
and total chromium (T. Cr) contents in the alloy ingot were
analyzed using an inductively coupled plasma (ICP), and
the gas elements were analyzed using a LECO oxygen &
nitrogen analyzer. After melting, the ingot was machined
into a cylinder with a diameter of 650 mm. The first-time
forging was conducted at 1070 ° C, and the ingot was
forged into a round rod with a diameter of 300 mm. The
second-time forging was conducted at 980 °C, and the alloy
round rod with a diameter of 300 mm was forged into the
extrusion billet with a diameter of 252 mm. The final
temperature of all the forging processes must be =600 °C. The
quenching process of the alloy was induction quenching
with the holding temperature of 1070 °C and the holding time
of 5 min.

Samples with the size of @10 mmx15 mm were processed
from the induction quenched Zr-Sn-Nb-Fe-Cr alloy forged
rod, and the hot compression test was conducted on the
Gleeble3800 thermal simulation machine. The deformation
temperatures were set at 600, 675, 750, 825, and 900 °C. The
strain rates were set at 0.001, 0.01, 0.1, and 1 s'. The
maximum deformation of test samples was 60%. Three
parallel experiments were conducted at each temperature and
each strain rate, and the most stable experimental data were
selected. The machine automatically collected data during the
experiment, and then Origin and Matlab software were used to
analyze the data. Before the hot compression deformation, all
samples were rapidly heated to the pre-set deformation
temperature at a heating rate of 10 °C/s, and kept for 2 min to
ensure the uniform distribution of sample temperature. After
the deformation, the samples were quickly taken out for water
cooling and the high-temperature microstructures after the
high temperature deformation were obtained. After the
Gleeble test, the samples after hot compression and water-
cooled quenching were polished and etched with a corrosive
agent of 10 mL HF+45 mL HNO,+45 mL H,O, and the
microstructure was characterized by scanning electron
microscope (SEM). As shown in Fig. 1, the microstructure of
Zr-Sn-Nb-Fe-Cr alloy forged rod after induction quenching
was mainly composed of basketweave-like Widmanstitten
structures, which was formed from the grain boundary of the
original f grain.

Table 1 Chemical composition of Zr-Sn-Nb-Fe-Cr alloy ingot
(wt%)

Sn Nb Fe Cr H O N
0.98 0.30 0.36 0.64 0.0003 0.1028 0.0028

30.0kV 28.7mm x150 SE

Fig.1 Microstructures of Zr-Sn-Nb-Fe-Cr forged rod after induction

quenching

3 Results and Discussion

3.1 True stress-true strain curve

Fig.2 shows the true stress-true strain curves of induction
quenched Zr-Sn-Nb-Fe-Cr alloy forged rod under different
deformation conditions. The flow stress of the alloy increases
rapidly at the initial stage of deformation, which should be
attributed to the increase in dislocation density. These
accumulated dislocations can significantly hinder further
deformation, resulting in higher strength of the alloy®. Both
temperature and strain rate have obvious effects on the flow
stress of the alloy. Under the condition of constant strain rate,
the flow stress of Zr-Sn-Nb-Fe-Cr alloy increases with the
decrease in deformation temperature. This is due to the fact
that higher temperatures make slip and dynamic recrystal-
28 At the same time, the
resistance of the secondary phase particles to deformation
decreases™, which also helps to reduce the flow stress. At
a fixed temperature, the flow stress of the alloy increases

lization more likely to occur

with the increase in strain rate. This phenomenon is because
the alloy produced more dislocations per unit time at higher
strain rates.

It is worth noting that when the temperature is 900 °C, the
peak flow stress of the alloy is maintained at a certain level
under all the strain rates. The hardening effect caused by
dislocation generation and accumulation is offset by the
softening effect caused by dynamic recrystallization in the
alloy, and the dynamic balance is reached. When the strain
rate is 1 s™', the true stress-true strain curve presents a small
wave shape, which is caused by the dominant role of dynamic
recrystallization and work hardening. The increase in temper-
ature supports the formation of dynamic recrystallization of
Zr-Sn-Nb-Fe-Cr alloy, which is also promoted by the increase
in dislocation density.

3.2 Hot deformation constitutive equation

From the point of view of mechanics and materials science,
the accurate constitutive equation is very important to the
metal hot working process. Strain rates, strain value, and
deformation temperature are important parameters in the
metal hot working process, and the constitutive equations



Li Yuli et al. / Rare Metal Materials and Engineering, 2025, 54(7):1671-1677 1673
i Strain rate: 0.001 s™! ——600°C ggg Strain rate: 0.01 s b
140+ —675°C [
——1750°C 180}
£120 —825°C 160 |
2100 140}
2 120 ——é00°c
= 80 \ 100 —675°C 825 °C
% 60 80 ——750°C 900 °C
= 40 (\\ 60
of——1
W0 ] 20
O 1 1 1 1 1 0 1 1 1 1 1
00 01 02 03 04 05 O 00 01 02 03 04 05 06
300 300

Strain rate: 0.1 s™! c

True Stress/MPa

— 600 °C
—675°C
——750°C

825°C
900 °C

200}

150

Strain rate: 1 s™!

100 [
50 (\\—\
| —
1 1 1 1 O 1 1 1 1 1
00 01 02 03 04 05 0.6 00 01 02 03 04 05 06
True Strain True Strain

Fig.2 True stress-true strain curves of induction quenched Zr-Sn-Nb-Fe-Cr alloy forged rod under different strain rates: (a) 0.001 s™; (b) 0.01 s™';
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described the plastic flow characteristics of metals and alloys
are also affected by these parameters. The flow stress serves
not only as an important parameter for calculating the rolling
or forging pressure during metal plastic deformation, but also
as a diagnostic tool to reveal the microstructure change,
property variations, and the law of plastic deformation in the
process of hot deformation. The high temperature deformation
of metal is a heat-activated process. When the strain (¢) was a
certain value, the stress (o) of the material meets a certain
functional relationship with the deformation temperature (7)
and strain rate (¢). In this study, the hyperbolic sine model
proposed by Sellars and Tegart™ is used to describe the
constitutive equation of the induction quenched Zr-Sn-Nb-Fe-
Cr alloy forged rod, which can be expressed as Eq.(1):

é= A{[sinh(aa)]"exp(—Q/RT)} 1)

At high temperature and low stress levels, the relationship
between stress and strain rate is as follows:

e=A4,0"exp(~O/RT) 2)
At low temperature and high stress levels, the relationship

between stress and strain rate is as follows:
&= A,exp(fo)exp(-Q/RT)

where ¢ is the strain rate, s™';

3)
o is stress, MPa; QO is the
activation energy of deformation heat, J/mol; R is the gas
constant, 8.314 J/(K-mol); T is the absolute temperature, K; A4,
a, n, B, A,, A,, n, are material constants, and a=4/n,.
At a constant deformation temperature, take the logarithm
on both sides of Eq. (3) and Eq. (2) and rearrange them to
obtain Eq. (4) and Eq. (5), respectively, as follows:

Iné = Ind, + fo - 2 = fo + Ind!

RT “4)

lnézlnA]+nllna*% %)

Fig.3 shows linear regression graphs for Iné-Ino and Ing-o

= n,Ing + Ind|

based on the obtained data after the peak flow stress value in
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Fig.3 Linear relationship between stress and strain rate at different temperatures: (a) Iné-Ing; (b) Iné-o
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Fig. 2 substituted into Eq. (5) and Eq. (4). According to
Eq.(4-5), the mean value of material constant £ and n, of the
alloy is 0.1385 and 6.2614 when deformed at low temperature
and high stress levels, respectively. Thus, it can be found that a
=£/n,=0.0221.

When the deformation temperature is fixed, the logarithm
on both sides of Eq. (1) can be obtained as follows:

Iné = In4 + nln[sinh (ac) ] - Q/RT (6)
The following Eq. (6) is arranged:

. .. 1[0 1. . ,
ln[smh((xa)]=;lng+;(ﬁ—lnA)=;lng+lnA (7

For a given strain rate, the partial derivative of In[sinh(oo)]
with respect to 1/7 is as follows:

B d{ln[sinh(aa)]}
Q=nkR d(U/T) ) ®)

The linear regression diagram of Iné-In[sinh(ac)] is shown
in Fig. 4a. The slope (n) of Iné-In[sinh(ao)] is obtained by
fitting the line according to Eq. (6), and its value is 3.1558.
The value of deformation activation energy Q is obtained
from the slope (Q/nR) of In[sinh(ao)]-1000/T fitted line, as
shown in Fig. 4b. The mean value of hot deformation
activation energy at different strain rates is 412.9105 kJ/mol
calculated from Eq. (8), and the value of 4 at different
temperatures and strain rates are calculated from Eq. (1). The
average value is 4.2905x10'%,

The expression for the Zener-Hollomon (Z) parameter is as
follows:

Z=g’exp(*% )

Taking the logarithm on both sides of the Eq.(9), get the
following Eq. (10):
InZ = In4 + nln [ sinh(ac) ]

) = A[sinh(ac) T"

(10)

The relationship curve of In[sinh(ao)]-InZ is drawn by least
square linear regression, as shown in Fig.5, with small relative
error and high precision. The results show that the model can
be used to describe the high temperature deformation behavior
of the induction quenched Zr-Sn-Nb-Fe-Cr alloy rod.

The values of all parameters are substituted into Eq. (1) and
Eq. (3), and the obtained true strain-true stress relationship
equation can be expressed by the following function:

(11)

In order to verify the accuracy of the obtained constitutive
equation, the values of peak stress under different deformation
conditions are calculated by substituting different temper-
atures and strain rates into Eq. (11), and the results are
compared with the test values, as shown in Fig.6. The average
error between the calculated value and the experimental value
is less than 5%, indicating that the hyperbolic sine constitutive
equation can be used to describe the deformation behavior of
the induction quenched Zr-Sn-Nb-Fe-Cr alloy rod, and can
provide guidance for the equation of the subsequent hot
forming process.

3.3 Processing map

Based on DDM model®' %, the power dissipation coeffi-

cient 7 can be expressed by Eq.(12):

n:%:m/(erl)

max

(12)

where J is the energy dissipated due to microstructural
evolution; J__
reaching its maximum value; m is the strain rate sensitivity
index, which can be expressed by Eq. (13):
d(lgo) . .12
= =bh+ +
m 5 (122) b + 2clge + 3d (1ge)

where b, ¢, and d are material parameters. The instability

denotes the ideal linear dissipative state with J

(13)

diagram is based on the irreversible thermodynamics, and {(¢)
is used to represent the continuous instability criterion, which
is expressed by Eq. (14):

C(¢)=Tnl0(m + 1)%‘1“@)+m (14)

Matlab was used to process the peak stress data of
induction quenched Zr-Sn-Nb-Fe-Cr alloy forged rod from hot
compression test, draw the efficiency map of power
dissipation and instability map of the material, and combine
the two to form the processing map of the material, the results
are shown in Fig. 7. Fig. 7a is the three-dimensional (3D)
efficiency map of the power dissipation of the alloy under
corresponding deformation conditions. The bottom is a two-

dimensional graph formed by projection, and the contours in
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Fig.4 Linear relationship of Iné-In[sinh(ao)] (a) and In[sinh(ao)]-1/T (b)
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Fig.5 Relationship curve between In[sinh(ao)] and InZ

Fig. 7a represent the energy dissipation efficiency (1, % ).
Fig.7b is 3D instability map of the material. The region where
{(é) 1s less than zero is marked in blue, and the processing
map of the material under study can be synthesized by
superposing Fig.7a and Fig.7b, as shown in Fig.7c.

As can be seen from Fig.7b—7c, the safe processing regions
of the alloy are relatively narrow, and the flow instability
regions are more likely to occur at a high strain rate (0.1 s™)
and temperature range of 600—680 °C. The alloy undergoes
rapid deformation with insufficient coordination of deforma-
tion degree at high strain rates, resulting in inadequate time
for the matrix to counteract the hardening effect caused by
dislocation diffusion. Therefore, the zirconium alloy used in
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Fig.6 Experimental and calculated values of peak stress at different

temperatures and strain rates

this study is suitable for processing at high temperatures and
low strain rates.

Fig. 8 shows the microstructure of the alloy after hot
compression at different deformation temperatures and strain
rate £=0.001 s™'. In the temperature range of 600900 °C, the
original grain size has a significant difference, indicating that
the dynamic recrystallization tendency is different.

During the hot compression deformation in the temperature
range of 600—750 °C, the original grain is elongated along the
deformation direction. And due to the rapid water-cooling
after deformation, a large number of basketweave-like Wid-
manstitten structures are generated inside the original grain,

800

Fig.7 3D efficiency map of power dissipation (a), 3D instability map (b), and processing map (c) of induction quenched Zr-Sn-Nb-Fe-Cr alloy

forged rod
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Fig.8 Microstructures of Zr-Sn-Nb-Fe-Cr alloy at different temperatures with strain rate of 0.001 s™': (a) 600 °C; (b) 750 °C; (c) 825 °C; (d) 900 °C

so it can be judged that the material has no recrystallization
structure in the temperature range of 600—750 °C.

When deformed at 825 °C, the microstructure is in a mix-
crystal state, the coarse crystals are the part without dynamic
recrystallization, and the fine crystals occupy the majority,
indicating that the dynamic recrystallization process is still not
completed. With the increase in deformation temperature, the
solid solubility of alloying elements increases, the secondary
phase near the grain boundary decreases, and the effect of
hindering dynamic
resulting in dynamic recrystallization of deformed grains. At
900 °C, complete dynamic recrystallization occurs and the
dynamic recrystallization grains grow, indicating that the
higher the deformation temperature at the same strain rates,

recrystallization gradually weakens,

the easier it is for grains formed by the dynamic
recrystallization to grow, which is very consistent with the
prediction of the processing map in Fig.7c.

4 Conclusions

1) The analysis of the true stress-true strain curve of the
induction quenched Zr-Sn-Nb-Fe-Cr alloy forged rod shows
that the flow stress of the alloy decreases with the decrease in
strain rates and the increase in deformation temperatures.

2) The hyperbolic sine constitutive equation can be used to
describe the deformation behavior of the induction quenched
Zr-Sn-Nb-Fe-Cr alloy forged rod, and the average thermal
activation energy is obtained of 0=412.9105 kJ/mol.

3) The processing map of the induction quenched Zr-Sn-Nb-
Fe-Cr alloy forged rod and the microstructure analysis after
hot compression showed that DMM theory is reliable and can
be used as a useful tool to optimize the hot working
parameters of the material. The optimum parameters of hot

working for the alloy in the range of 600—900 °C are 795—
900 °C and 0.001-0.0068 s™".
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