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Abstract

Pressure tubes (channels containing fuel in CANDU type nuclear reactors) of Indian pressurized
heavy water reactors are made from quadruple-melted Zr-2.5Nb alloy. Owing to the texture and
crystal structure, these tubes exhibit anisotropy in mechanical properties. During postulated severe
accident scenario such as loss of coolant accident, the temperature of the pressure tube may rise
rapidly due to disruption in the heat removal porcess from the fuel bundles. The deformation
behavior of the pressure tube under such high temperature shall effect the integrity of the coolant
channel. Hence, it is crucial to model the high temperature deformation behavior of pressure tube
under these conditions. For design and safety analysis of pressure tube, the high temperature
properties are required. In this work, tensile tests were carried out using the specimens cut from
quadruple melted Zr2.5%Nb pressure tube along longitudinal, transverse and radial directions at
temperatures, i.e., from 25°C to 800°C. Shear properties were also evaluated by using the specimen
machined from longitudinal-circumferential orientation of tube. It was observed that the specimen
oriented along the circumferential direction has highest strength, while the radial specimen has the
lowest strength as compared to other direction specimens at all temperature conditions. With the
increase in temperature above 600°C, the material undergoes superplastic deformation with strain
values reaches above 400% at 800°C. In addition, an algorithm has been developed to determine the
anisotropic parameters of Hill’s yield function as a function of temperature and equivalent plastic
strain using the experimental data. The equivalent stress-strain curves considering anisotropy have
also been evaluated as a function of temperature. These data shall be useful for design and safety
analysis of the pressure tube for different types of postulated loading and accidental conditions.

Keywords: Indian pressure tube material; Zr-2.5Nb alloy; anisotropy; stress-strain curve; Hill’s
plasticity model; orientation dependence; mechanical property; high temperature data

1. Introduction

Zr2.5Nb alloy pressure tubes (PT) are used as pressure boundary for the hot heavy water coolant
in Indian Pressurized Heavy Water Reactors (PHWRs) due to their low neutron absorption, good
resistance to corrosion and excellent material properties at reactor operating temperature of about
300°C. During severe accident scenario such as loss of coolant accident (LOCA), the coolant may gets
boiled off leading to degradation in heat transfer to the coolant. This causes significant increase in
temperature of the PT above its operating temperature leading to its ballooning deformation. This
radial deformation causes the contact between the PT and calandria tubes (CT). It is important to
study the deformation of the pressure tube at high temperature as it controls how the heat shall be
dissipated to the moderator which as a sink during an accident scenario.
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Pressure tubes are manufactured by two stage of hot extrusion of quadruple vacuum arc-melted
Zr2.5Nb ingots. This is followed by two stage of cold pilgering with an intermediate annealing
leading to final dimensions of the tube. During fabrication of the tubes, a two phase microstructre
with strongly textured and elongated a-grains along the axial direction gets developed. Majority of
the basal poles of a-grains gets aligned along the transverse direction that increases the strength of
tube along this direction. The HCP structure of a-grains combined with mechanical working causes
the anisotropy in mechanical properties of PT.

In recent research literature [1-10], the results of several studies on deformation, hydriding and
creep behavior of Zr2.5Nb pressure tube material have been presented. The in-reactor deformation
of cold-worked Zr2.5Nb pressure tubes were studied by Holt [1]. Apart from reactor applications,
these alloys are also used in medical implant applications due to their superior strength, corrosion
and waer resstance properties. In Ref. [2], the corrosion and wear resistance properties of medical
implant grade Zr-2.5Nb alloy were studied and the effect of thermal oxidation treatment on these
properties were considered. The corrosion behavior and wear resistance properties of these alloys as
obtained after thermal oxy-nitriding treatment were also studied in Ref. [3], where these alloys were
studied for their potential applications as coatings of industrial components. The impact of hydrides
on the fracture toughness and the effect of temperature on the delayed hydride cracking rate of Zr-
2.5Nb alloy were also studied in Refs. [4-6]. The performance of pre-oxidation films on Zr-2.5Nb
pressure tube for preventing further corrosion in the reactor during operation was studied in Ref. [7].
Some high temperature tests on Zr2.5Nb alloy were conducted in Ref. [8]. Fatigue crack initiation
models considering axial flaws in the pressure tube were presented in Ref. [9]. The anisotropy in
mechanical properties, plastic flow and hardening behavior of these alloys for a limited range of
temperatures (25-300°C) were presented in Refs. [10-14]. The effects of microstructural variations as
obtained from various manufacturing processes and its effect on mechanical properties were studied
in Refs. [15-18]. The effects of crystallographic texture on anisotropic behavior of thermal expansion
of this alloy were studied in Ref. [19]. The data on crack propagation in Zr2.5Nb alloy and the fracture
toughness behavior were presented in Refs. [20-22]. The creep deformation behavior of the alloy were
studied in Refs. [23,24]. From a comprehensive review of literature on different studies for this alloy,
it was observed that the very high temperature data concerning the tensile and shear deformation of
Z12.5Nb alloy is not available in literature and hence, the objective of the current work to address this
gap.

During severe accident scenario such as LOCA, the temperature of the pressure tube may rise
rapidly due to disruption in heat removal from the fuel bundles. The deformation behavior of the
pressure tube under high temperature shall effect the integrity of coolant channel. Hence, it is crucial
to determine how the pressure tube will behave under these conditions that will control the
dissipation of core heat to the surrounding moderator. The material properties of pressure tube along
different orienations (i.e., longitudinal, trasnverse and radial) has not been studied previously in
great details and its temperature dependence is another area which needs to be investigated
systematically. Also, a procedure to estimate the anisotropic flow parameters of Hill’s yield function
are discussed in this paper.

In this work, tensile tests were carried out using the specimens cut from quadruple melted
Zx2.5Nb pressure tube along longitudinal, transverse and radial directions at temperatures upto
800°C. Shear properties were also evaluated by using the specimen machined from longitudinal-
transverse plane. An algorithm has been developed to determine the anisotropic parameters of Hill’s
yield function as a function of temperature and equivalent plastic strain using the experimental data.

The paper has been divided into six sections. In Section 2, the experimental procedure to
evaluate tensile and shear properties of Zr2.5Nb alloy at different temperatures were presented. The
results from the extensive experimental program were presented in Section 3. In Section 4, the
engineering stress-strain curves of Zr2.5Nb alloy for different orientations and different temperatures
were compared. The procedure for evaluation of anisotropic factors of the generalized Hill’s yield
model were presented in Section 5, followed by presentation of the results as obtained from the
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calibration procedure. Some of the important conclusions from this work were presented in Section
6.

2. Experiments to Evaluate Tensile and Shear Properties of Zr2.5Nb Alloy at
Different Temperatures

Specimens were cut from as received Zr2.5Nb pressure tubes of 550 MWe Indian PHWR. The
inner diameter and thickness of PT taken for the study is around 103.4 mm and 4.5 mm respectively.
Small specimens were designed and cut from the cylindrical tube such that no flattening of the tube
shall be carried out. This was done to prevent any additional stresses due to flattening of the tube.
Also, the design and fabrication of radial specimen is innovatively carried out. The details of the
specimen design and other related discussions can be found in detail in Ref. [11]. The radial specimen
was obtained from small thickness of PT of around 4.5 mm that has been a challenge. Shear specimen
were also manufactured along longitudinal-transverse plane of the pressure tube. The shear
specimen were designed such that pure shear loading should occur at the gauge region of the
specimen. Shear specimens were cut from the tube along its circumference and same process is
repeated for obtaining large number of shear specimens. These specimens were tested under tensile
and shear loading to evaluate the effect of anisotropy on the material properties of the pressure tube.

The values of the anisotropic parameters (F, G, H and L) in the generalized Hill’s anisotropic
yield function have been evaluated from the tensile and shear experimental data. Tests have been
carried out at temperature range of 25 to 800°C as listed in Table 1. Tests were carried out in quasi-
static loading conditions using displacement control loading mode with strain rate of around 5.5x10-
4/s. In order to ensure that the state of pure shear is attained at the gauge region of the shear specimen,
a 3D elastic-plastic finite element (FE) analysis has been carried out and the results are presented in
Figure 1. The details of FE analysis can be found in Ref. [11]. The results of engineering stress-strain
curve of the specimen as obtained from FE analysis is shown in Figure 1, which corresponds to the
shear stress-strain curve. The engineering stress-strain curve corresponding to tensile property of
longitudinal specimen at room temperature is also shown in Figure 1 which is used as input in the
FE analysis. It can be observed that the shear yield stress is 380 MPa, which is approximately 0.577
times the tensile yield stress value of the material, i.e., 650 MPa. Hence, this specimen is able to able
to produce a state of stress corresponding to pure shear and it has been used for further tests to
evaluate shear properties of pressure tube material in the longitudinal-transverse plane.
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Figure 1. Comparison of stress-strain curve as obtained from FE analysis for tensile and shear modes.

Table 1. Test matrix for tensile and shear testing of Zr-2.5Nb specimens of different orientations.

Type of Test Test No. Specimen orientation Temperature of Test ("C)
1 25 (RT)
2 100
3 200
4 300
Tensile 5 Longitudi'nal, tra‘nsverse and 200
6 radial specimens 500
7 600
8 700
9 800
10 Shear 25 (RT)
11 Shear 100
12 Shear 200
13 Shear 300
Shear 14 Shear 400
15 Shear 500
16 Shear 600
17 Shear 700
18 Shear 800

3. Results from Experiments
3.1. Results of Tensile Tests for Specimens Oriented Along Transverse Direction

Specimens were machined from the transverse direction of the pressure tube as discussed
earlier. Large number of tests have been carried out with the specimens oriented along the transverse
direction in the temperature range of 25 to 800°C. The picture of the experimental setup is presented
in Figure 2. A number of tests have been carried out at the same temperature to check the repeatability
of the tensile data. It can be observed from Figure 3 that there is a good repeatability of the
engineering stress-strain curve of the specimens as obtained from tests carried out at different test
temperatures, ranging from 25°C to 800°C.
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Figure 2. Specimen loaded in a furnace in the universal testing machine.

Figure 3(a) shows the engineering stress-strain curve for the specimen oriented along the
transverse direction and tested at room temperature. The values of stress at which material yields
along the transverse direction at room temperature (25°C) were found to be 786 and 794 MPa
respectively for test nos. 1 and 2 respectively. The values of ultimate tensile strengths of the specimens
oriented along the transverse direction were found to be 842 and 858 MPa for test nos. 1 and 2
respectively. The value of ductility at failure of the specimens is measured to be around 14% for the
transverse orientation.
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Figure 3. Engineering stress-strain curve of Zr2.5%Nb pressure tube material at two different temperatures
and for transverse orientation. Repeatability of data for tests conducted as (a) 25°C; (b) 300°C; and (c) 800°C.

Figure 3(b) shows the engineering stress-strain curve for the transverse specimen tested at
300°C. Yield strength of the material for the transverse orientation is 547 and 553 MPa for test nos. 1
and 2 respectively at 300°C. The ultimate tensile strength for the transverse orientation is evaluated
to be 594 and 606 MPa for test nos. 1 and 2 respectively at 300°C. The ductility values of the specimens
are 15% approximately.

Figure 3(c) shows the engineering stress-strain curve for the transverse specimen tested at 800°C.
Yield strength of the material for the transverse orientation is 11.1 and 11.9 MPa for test nos. 1 and 2
respectively at 800°C. The ultimate tensile strength for the transverse orientation is evaluated to be
12.2 and 12.8 MPa for test nos. 1 and 2 respectively at 800°C. The ductility values of the specimens
are 470% approximately.

The average values of yield strength, ultimate tensile strength and ductility values for the
transverse orientation of the pressure tube at different temperatures are listed in Table 2. A
comparison of the photographs of the specimens tested at different temperature can be seen from
Figure 4. It can be seen that there is large increase in the specimen length after testing at 800°C due
to the superplastic nature of high temperature deformation behavior of Zr2.5Nb above 650°C.
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Table 2. Summary of mechanical properties of Zr2.5Nb alloy for transverse orientation.
Temperature Avg. Yield strength Avg. Ultimate tensile Avg. Ductility

O (MPa) strength (MPa) (%)
RT (25) 790 850 14.5

100 660 770 15.5

200 590 650 16

300 550 600 15

400 490 550 21

500 325 350 45

600 106 125 84

700 32 36 350

800 11.5 12.5 470

Original

specimen

gk

Figure 4. Comparison of transverse specimen tested at different temperature.
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Figure 5. Variation of average stress-strain curve along the transverse orientation of the Zr2.5%Nb pressure
tube with temperature (a) upto 500°C (b) 500-800°C.

The variation of average stress-strain curve along the transverse orientation of the pressure tube
with temperature is shown in Figure 5. It can be observed that with the increase in temperature, there
is a reduction in the value of yield strength and ultimate tensile strength, whereas, the average value
of ductility increases with temperature. It was observed that there is not much change in ductility of
specimens tested below 300°C. Hardening of the transverse specimen is observed at test temperature
of 25 and 100°C. After 100°C, hardening gets reduces and the material starts to soften as it reaches the
ultimate tensile strength of the material. There is sharp reduction in strength of PT material above
600°C with simultaneous increase in ductility. After 600°C, it was observed the material undergoes
superplastic deformation and the ductility values increases above 400%.

3.2. Results of Tensile Tests for Specimens Oriented Along Longitudinal Orientation

Several tests have been carried out at different temperatures for evaluating the material stress-
strain behavior of pressure tube material in longitudinal direction. Average YS and UTS of the
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material in longitudinal direction tested at room temperature have been evaluated to be 650 and 750
MPa respectively. The same at 300°C comes out to be 480 and 570 MPa respectively. Similarly, for the
specimen tested at 600°C, YS and UTS are 88 and 105 MPa respectively while the YS and UTS get
reduced to 10.5 and 11.5 MPa respectively with the increase in temperature to 800°C. Comparison of
the stress-strain curve at different temperatures is shown in Figure 6. It can also be observed that the
ductility of the material gets increased with the increase in temperature from RT to 800°C. Ductility
of the longitudinal specimen is found out to be 15.5, 18, 95 and 480% respectively for the specimens
tested at RT, 300, 600 and 800°C respectively. Final details of the results (i.e., average values) obtained
from testing of specimens oriented along transverse direction of pressure tube are listed in Table 3.
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Figure 6. Comparison of stress-strain curve of Zr-2.5% Nb for transverse specimens at different temperatures
(a) upto 500°C (b) 500-800°C.
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Table 3. Summary of mechanical properties of Zr-2.5Nb alloy for longitudinal orientation.
Temperature Avg. Yield strength Avg. Ultimate tensile Avg. Ductility

Q) (MPa) strength (MPa) (%)

RT (25) 650 750 15.5

100 580 675 16.5
200 520 600 17
300 480 570 18
400 425 465 26
500 275 300 50
600 88 105 95
700 29 32 400
800 10.5 11.5 480

3.3. Results of Tensile Tests for Specimens Oriented Along Radial Orientation

Large number of tests have been carried out at different temperatures for evaluating the material
stress-strain behavior of pressure tube material in the range of RT to 800°C. Average values of YS and
UTS of the material from the radial specimens tested at room temperature have been evaluated as
550 and 630 MPa respectively. YS and UTS at 300°C are evaluated as 450 and 500 MPa respectively.
Similarly, for the specimen tested at 600°C, YS and UTS have been evaluated as 65 and 77 MPa
respectively while the YS and UTS get reduced to 10 and 10.5 MPa respectively with the increase in
temperature to 800°C. Comparison of the stress-strain curve at different temperatures is shown in
Figure 7. It can also be observed that, like longitudinal and transverse directions, the ductility of the
material, in radial direction, gets increased with the increase in temperature from RT to 800°C.
Ductility of the radial specimen is found to be 30, 65, 285 and 660% respectively for the specimen
tested at RT, 300, 600 and 800°C respectively. Final summary of the test result for the radial specimens

is listed in Table 4.
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Figure 7. Comparison of stress-strain curve of Zr-2.5% Nb for radial specimens at different temperatures (a)
upto 500°C (b) 500-800°C.

Table 4. Summary of mechanical properties of Zr-2.5Nb alloy for radial orientation.

Temperature Avg. Yield strength Avg. Ultimate tensile Avg. Ductility

O (MPa) strength (MPa) (%)

RT (25) 550 630 30
100 510 570 44
200 480 525 54
300 450 500 65
400 360 400 75
500 215 270 175
600 65 77 285
700 19 22 670
800 10 10.5 660

3.4. Results of Shear Tests for Specimens in Longitudinal-Transverse Plane

Several tests have been carried out at different temperatures for evaluating the shear stress-strain
curve of pressure tube material in the longitudinal-transverse plane in the range of 25 to 800°C. The
photographs of the shear specimen before and after the tests are presented in Figure 8.
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(a) (b)

Figure 8. Shear specimen loaded on the machine using the attachments and pins (a) specimen before application

of load (b) specimen just before fracture.

It can be observed that the state of stress at the central gage region of the specimen corresponds
to that of pure shear as the specimen is loaded along the longitudinal direction. Shear yield strength
and maximum shear strength of the shear specimen tested at room temperature have been evaluated
as 300 and 396 MPa respectively. Shear yield strength and maximum shear strength at 300°C were
found to be 198 and 270 MPa respectively. Similarly, for the specimen tested at 600°C, shear yield
strength and maximum shear strength have been evaluated as 42 and 62.4 MPa respectively while
the corresponding values are 5.4 and 6.9 MPa respectively with the increase in temperature to 800°C.
Comparison of the shear stress-strain curves at different temperatures is shown in Figure 9. It can
also be observed that the shear ductility of the material in the longitudinal-transverse plane gets
increased with the increase in temperature from 25 to 800°C. Shear ductility values of the specimens
are found out to be 40, 115, 400 and 760% respectively for the specimens tested at 25, 300, 600 and
800°C. The summary of the test results for the shear type of specimens is presented in Table 5.
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Figure 9. Comparison of shear stress-strain curve of Zr-2.5% Nb for shear loading at different temperatures
(a) upto 500°C (b) 500-800°C.

Table 5. Summary of mechanical properties of Zr-2.5Nb alloy for shear loading,.

Temperature Avg. Yield strength Avg. Ultimate tensile Avg. Ductility
O (MPa) strength (MPa) (%)
RT (25) 300 396 40
100 264 324 60
200 216 288 84
300 198 270 115
400 174 216 150
500 114 150 190
600 42 62.4 400
700 12 18 750
800 54 6.84 760

4. Comparison of Engineering Stress-Strain Curves of Zr2.5Nb Alloy for
Different Orientations at Different Temperatures

During fabrication of pressure tube, extrusion and pilgering takes place that develops a strong
texture leading to anisotropic mechanical properties. This texturing is beneficial as it helps in
mitigating the formation of radial hydrides during the operational life of the pressure tubes. Hence,
it has been seen that the material properties of pressure tube are functions of orientation distribution
of the grains along the three perpendicular directions of the tube i.e., transverse, longitudinal and
radial directions.

The effect of orientation of the specimen on engineering stress-strain curve is shown in Figure
10 for different test temperatures. It can be observed from Figure 10 that the stress-strain curve of the
pressure tube material is highly anisotropic in nature. It can be seen that the yield strength and
ultimate tensile strength is highest in transverse direction followed by longitudinal and radial
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directions. This is due to the alignment of basal poles along the transverse direction during fabrication

of pressure tubes.
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Figure 10. Comparison of engineering stress-strain curves of Zr-2.5% Nb material for different specimen
orientations and at various temperature conditions. Data for (a) 25°C; (b) 300°C; (c) 600°C, (d) 800°C.

The ductility in radial direction is highest followed by the longitudinal and transverse directions.
Ductility of the radial specimen gets increased up to 700% with the increase in temperature to 800°C.
It can also be observed that the hardening (quantified as the ratio of UTS to YS) is highest in case of
longitudinal specimen as compared to the other specimen orientations. It is observed that there is
rapid reduction in strength of transverse specimen after UTS is reached. It is seen that the anisotropy
gets reduced with the increase in temperature from 25 to 800°C. The strength of transverse and
longitudinal specimen becomes identical as the temperature is increased to 800°C.

5. Evaluation of Anisotropic Factors of Generalized Hill’s Yield Function

Hill’s quadratic yield criteria has been used to determine the PT deformation with anisotropy.
The quadratic yield criterion has the following form.
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2 2 2 2 2 2 2
F(o,,—-0y,) +G(0,,—0y) +H(0y,—0,,) +2Lo}, +2M o3, +2No3, = o, 1)
where F, G, H, L, M, N are anisotropic factors that have to be determined experimentally, oijare the

stress components as shown in Figure 22 and ~ ®? is the equivalent stress for yielding of material in

tension. The factors can be evaluated from the stress components and the equivalent stress using Egs.
(2-5) respectively.

F = ~+ - )

1
- 3)
[ 0'33 0-1 1 )2 (O'zyz )2

é ®)
2 (o3 )

In Eq. (5), “dis are the equivalent stresses for shear yielding of material. The relation between

Oy

T =

“ and “isgivenby RERE . Four equations i.e., Eq. (2) to Eq. (5) are solved simultaneously
to evaluate the four unknown anisotropic factor F, G, H and L. Here 011, 022and o33 are the normal
stresses in transverse, longitudinal and radial directions of the pressure tube respectively as shown
in Figure 11.

Figure 11. Representation of stress components in pressure tube (1 being transverse, 2 being longitudinal and
3 being radial orientations).
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Figure 12. Comparison of Hill’s anisotropic yield surface with different combinations of F, G and H

parameters.

With the change in anisotropic parameters i.e., F, G and H, there will be simultaneous change in
shape and orientation of the yield surface of material as shown in Figure 12. It can be observed from
Figure 12 that, when the value of ‘G’ is large compared to ‘F’ and “‘H’, yield curve elongates towards
the x-axis (transverse direction of pressure tube). Similarly, if the value of parameter ‘H’ is large as
compared to other factors, yield surface will elongate towards y-axis. Combination of the above two
cases is observed when the value of ‘F’ is large compared to ‘G” and ‘H’. There will be shrinking of
the yield stress curve near to 45° axis and a corresponding decrease in the yield stress is observed in
both 1 (transverse) and 2 (longitudinal) orientations. The change in yield surface with change in
temperature is also shown in Figure 12. It can be seen that with the increase in temperature to 800 °C,
the yield surface shift towards isotropic case.

An algorithm has been utilized to determine the values of anisotropic factor by solving the
simultaneous equations, i.e., Egs. (2-5). True stress-strain data obtained from the experiment has been
used for determination of anisotropic parameters. The value of anisotropic factors changes with the
temperature and equivalent plastic strain values. The variation of the anisotropic parameter ‘G’ with
the increase in equivalent plastic strain is shown in Figure 13(a). An exponential decrease in the value
of parameter ‘G’ with the increase in equivalent plastic strain is observed from Figure 13(a). After
certain value of plastic strain, the values of anisotropic factors gets converged to a constant value that
indicated the saturation in strain hardening of the material. Similar exponential decrement nature of
variation is observed for all the anisotropic factors (i.e., F, G, H, L) with respect to plastic strain.
Accordingly, an exponential equation has been used to express the variation of the anisotropic factors
with respect to the equivalent plastic strain for different temperatures. Eq. (6) shows the form of the
equation, where “y’ represents the anisotropic factor, ‘x” represents the equivalent plastic strain, yo, Az
and t1 are the constants of the exponential form. Figure 13(a) shows the functional form of the
parameter G at room temperature w.r.t. equivalent plastic strain and its comparison with actual data
from experiment. The constants for all the anisotropic factors (i.e., F, G, H, L) as functions of
temperature are shown in Table 6.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0659.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2026 d0i:10.20944/preprints202604.0659.v1

18 of 27

=y +Ade ™"
10 T T T T T T T T
1
0.8 "R =2 3 2 8 8 =5 ® i
(90.6— .
041 —m— G (Evaluated from the experiment) |
— Exponential curve fit 1
0.2 4
00 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Equivalent plastic strain
(a
1-0 T T T T T T T T
0.8 I\F " e
&
i)
O
L 0.6 i
% p— A A —- A —
o 25deg.C
"05) 0.4 o—F .
5 ——G
0.2- —h—H i
‘/‘_ —O— -0 —— —4
0.0 T T T T
0.0 1.0

0.2 . 04 0,6 . 0.8
Equivalent plastic strain
(b)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0659.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2026 d0i:10.20944/preprints202604.0659.v1

19 of 27

10 T T T T
o 08 4p——m - —— - |
S
&)
©0.6 1 4
& 300deg.C
8047 —e—F I
= —a—G
< 02— o  ——H _
- —Cr —O0———(
0.0 T v T T T T T T
0.0 0.2 04 0.6 - 0.8 1.0
Equivalent plastic strain
(©
10 T T T T T
0.8 -
[0}
A - = = = 1
8
qc_) 0.6 N b
'g_ 600deg.C y
S04 —O—F -
o
L2 ——G
C 1 J
—h
< 0.2-,’—05———& *——@ —4
0.0 - T - . - T : . .
0.0 02_ 04 06 08 1.0
Equivalent plastic strain
(d

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0659.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2026 d0i:10.20944/preprints202604.0659.v1

20 of 27

1.0 T T T T

0.8- i

&

% —= —i— — ——

$0.6- A —A A

] /—k 800deg.C

O —o—F

*8'0.4— G .

L N '
0.2 o—o—0——4
0.0 e —
0.0 0.2 0.8 1.0

04 06
Equivalent plastic strain
(e)

Figure 13. (a) Variation of anisotropic factor ‘G’ with equivalent plastic strain at room temperature and its
functional representation. Variation of anisotropic factors (F, G and H) with equivalent plastic strain at
different temperatures, i.e., Data at (b) 25°C (room temperature); (c) 300°C; (d) 600°C; (e) 800°C.

Table 6. Values constants for evaluation of anisotropic factors of Hill’s model.

Temperature Constants of
F G H L
Q) functional form
yo 0.163 0.814 0.523 2.445
RT (25) As -0.063 0.065 -0.003 -0.205
t 0.336 0.333 0.268 0.303
yo 0.0864 0.829 0.585 2.317
100 A 0.0273 -0.009 -0.019 -0.106
t1 0.0917 0.0203 0.178 0.359
yo 0.0726 0.791 0.635 2.22
200 As 0.0677 0.0145 -0.0758 -0.053
t 0.179 0.621 0.243 0.59
300 yo 0.166 0.795 0.538 2.12
As 0.0366 -0.0179 -0.0189 0.002
t 0.241 0.2114 0.269 0.001
yo 0.174 0.742 0.581 1.98
400 A -0.0016 0.0197 -0.015 0.057
t1 0.22 0.416 0.165 0.0943
yo 0.24 0.712 0.542 1.87
°00 As -0.0126 0.099 -0.014 0.0078
t 0.275 0.312 0.229 0.083
600 yo 0.22 0.724 0.556 1.616
A -0.0313 0.007 0.0248 0.149
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t 0.457 0.75 0.374 0.227
yo 0.294 0.717 0.54 1.405
700 Al -0.111 -0.0219 -0.004 0.249
t1 0.649 0.021 0.0578 0.43
yo 212 0.682 0.606 1.362
800 Al 0.079 -0.017 -0.0606 0.196
ti 0.0346 0.0169 0.049 0.0357

Figure 13 shows the variation of anisotropic factors (F, G and H) with the increase in equivalent
plastic strain at room temperature. It is observed that the anisotropic factors converge to a constant
value after some value of equivalent plastic strain. Value of parameter ‘G’ is the highest as compared
to other factors indicating the maximum yield strength along the transverse orientation of the
pressure tube. Values of parameters F, G and H at the initial yield at room temperature are 0.093,
0.887 and 0.519 respectively.

Similar observation has been made related to the variation in anisotropic factors for the tests
carried out at different temperature upto 800°C as shown in Figure 13. The values of parameters F, G
and H at the initial yield are 0.211, 0.772 and 0.516 respectively at 300°C and 0.189, 0.731 and 0.583
respectively at 600°C. The corresponding values are 0.290, 0.665 and 0.545 respectively when the
temperature is increased to 800°C. The values of the anisotropic factors evaluated at the yield strain
are listed in Table 7.

It can be observed from Figure 14 that with the increase in temperature, the values of parameter
‘G’ at the yield surface reduces. It reduces from 0.88 at room temperature to 0.66 at 800°C. Also, this
value gets constant after the specimen has undergone some equivalent plastic strain. The value of ‘F’
parameter lies in the range of 0.1 to 0.3. No specific trend is observed in the value of F due to increase
in temperature from room temperature to 800°C. Value of H lies in a small range of 0.51 to 0.58.
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Figure 14. Variation of anisotropic factor (G) with strain for different temperatures (a) upto 500°C (b) 500-
800°C. Variation of anisotropic factor (L) with strain for different temperatures (c) upto 500°C (d) 500-800°C.

Table 7. Summary of the anisotropic factors at initial yield for different temperatures.

Temperature
F G H L
Q)

RT (25) 0.093 0.887 0.519 221
100 0.119 0.819 0.561 2.19
200 0.157 0.806 0.544 2.18
300 0.211 0.772 0.516 2.125
400 0.175 0.762 0.563 2.005
500 0.224 0.752 0.524 1.966
600 0.189 0.731 0.583 1.798
700 0.189 0.695 0.534 1.657
800 0.290 0.665 0.545 1.564

With the increase in temperature, value of H tends to increase while there is simultaneous
reduction in value of G parameter. This indicates that there is reduction between the values of G and
H parameter with the increase in temperature. Hence, it can be inferred that there shall be
convergence between the values of strength in longitudinal and transverse specimen with the
increase in temperature as shown in Figure 14(a, b). It can be concluded that there is reduction in
anisotropy observed in the pressure tube material with the increase in temperature above 600°C.
Similar trend has been observed from the experimental results discussed in previous sections.

Variation of shear anisotropic factor ‘L” with temperature is shown in Figure 14(c, d). The
parameter ‘L’ increases with the increase in equivalent plastic strain and reaches a constant value
after some equivalent plastic strain. The value of shear anisotropic factor L at initial yield has been
evaluated as 2.21, 2.125, 1.798, and 1.564 for tests carried out at RT, 300°C, 600°C and 800°C
respectively. It can be observed that the value of parameter ‘L’ decreases with the increase in
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temperature. Also, value of ‘L’ reaches near to 1.5 value at temperature of 800°C indicating that the
material is near to isotropic in nature. Hence, the anisotropy in pressure tube material decreases as
the temperature reaches 800°C.
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Figure 15. Variation of effective stress-strain curve of the material at different temperatures (a) upto 500°C (b)
500-800°C.

Figure 15 shows the comparison of effective stress-strain curves as a function of temperature. It
can be observed that the equivalent YS and UTS get reduced with the increase in temperature. The
effective yield strength of the pressure tube material has been evaluated as 642, 480, 85 and 10.6 MPa
respectively at RT, 300°C, 600°C and 800°C respectively. These data can be used for elastic-plastic
stress analysis of pressure tube components of nuclear reactors for design and safety analysis.
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6. Conclusions

Tensile tests have been carried out using the specimens cut from quadruple melted Zr2.5Nb
pressure tube of 550 MW PHWR along longitudinal, transverse and radial directions in the
temperature range of 25 to 800°C. Shear properties have also been evaluated at the above
temperatures by using the specimen machined from longitudinal-transverse plane. An algorithm has
been developed to determine the anisotropic parametersi.e., F, G, H and L of Hill’s yield function as
a function of temperature and equivalent plastic strain using the experimental data.

Following conclusions can be drawn from the experiments:

e  Transverse direction specimen has highest strength (YS and UTS) while radial specimen has the
lowest strength as compared to other direction specimens at all temperature values.

e Ductility of the specimen is the highest for the radial specimen followed by longitudinal and
transverse orientation. With the increase in temperature above 600°C, material undergoes
superplastic deformation with strain values reaches above 400% at 800°C.

e  Values of the anisotropic factors (i.e., F, G, H and L) at the yield strain have been evaluated as
00.093, 0.887, 0.519 and 2.21 respectively at room temperature. Similar values at 300°C are 0.211,
0.772, 0.516 and 2.125. These values are 0.189, 0.731, 0.583 and 1.798 respectively at 600°C and
0.290, 0.665, 0.545 and 1.564 respectively at 800°C.

e Higher strength in the transverse direction occurs due to largest value of anisotropic parameter
‘G’ as compared to other factor (i.e., F and H). This indicated the shifting of the yield surface
towards transverse direction.

e  Value of anisotropic factor G reduces from 0.88 to 0.66 with the increase in temperature from 25
to 800°C. Also, value of parameter ‘L’ converges near to the isotropic value (1.5) as the
temperature is increased to 800°C. This indicates that with the increase in temperature,
anisotropy in pressure tube material decreases.

. Anisotropic parameters changes with material flow and hence, these are functions of equivalent
plastic strain. It has been observed that the anisotropic factors (i.e., F, G, H and L) follow
exponential variation with respect to equivalent plastic strain. These parameters reach a constant
value after some value of plastic strain accumulation. The constants of the functional forms of
all the parameters have been determined for temperatures upto 800°C.
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