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Abstract: Tensile properties of Zirconium-2.5 wt. % Niobium pressure tube material were 
evaluated by uniaxial tension tests at temperatures between 25 and 800 °C and under strain-
rates varying from 3.3 x 10-5 to 3.3 x 10-3  /s. Tests were carried out on specimens fabricated 
from the sections of finished (autoclaved) tubes as well as on those machined from the 
sections of cold worked (2nd pilgered) tubes. Moreover, specimens fabricated from finished 
tubes belonging to twenty different heats were tested at 300 °C to study the heat to heat 
variation in tensile properties of this alloy. In order to study the effect of the crystallographic 
texture on the tensile properties, specimens oriented in longitudinal as well as in transverse 
directions of the tubes were also tested. 

Results showed that both yield and ultimate tensile strengths of this alloy decreased 
monotonically with increasing test temperatures, with a rapid fall in strengths above a 
temperature of 350 °C (623 K). The tensile ductility did not change appreciably up to 400 °C 
(673K) but increased rapidly above this temperature. The observed results on the temperature 
dependence of the strength and ductility indicated the possible occurrence of dynamic strain-
ageing in this alloy in the temperature range of 200 – 300 °C (473 to 573 K). 

The transverse specimens showed higher strengths and lower ductility as compared to 
those of the longitudinal specimens up to a temperature of 350 °C (623 K). Above 350 °C, the 
difference in the strengths and the ductility of the two types of the specimens, became 
negligibly small indicating that the texture did not appreciably influence the tensile properties 
of this alloy at temperatures exceeding 350 °C.  

The alloy developed extensive superplasticity (ductility exceeding 100 %), when tested 
in the temperature range of 650 - 800 °C. Maximum ductility values of 650 % for longitudinal 
and 950 % for the transverse orientation with strain-rate sensitivity (m) exceeding 0.5 were 
observed. 
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Nomenclature:  
 
PT Pressure Tube 
CT Calendria Tube 
YS Yield Strength 
UTS Ultimate Tensile Strength 
PHWR Pressurised Heavy Water Reactor 
Zr Zirconium 
Nb Niobium 
O Oxygen 
α-Zr Alpha zirconium having HCP crystal structure 
HCP Hexagonal Close Packed 
β-Zr Beta zirconium having BCC crystal structure 
BCC Body Centered Cubic 
LOCA Loss Of Coolant Accident 
ASME American Society of Mechanical Engineers 
ASTM American Society for Testing of Materials 
L Longitudinal orientation 
T Transverse orientation 
ID Internal Diameter 
L1 Heat number 1 
L2 Heat number 2 
L3 and T3 Heat number 3 
CT specimens Curved Tensile specimens 
m Strain-rate sensitivity 
 
 
Introduction: Cold-worked Zr-2.5Nb tubes are now the standard pressure tubes for 
Pressurized Heavy Water Reactors (PHWR). The pressure tubes serve as miniature pressure 
vessels operating at about 300 °C, with a coolant pressure of  ~ 10 MPa. The design of the 
pressure tube is based on section III of the ASME pressure vessel code, which specifies the 
criteria of maximum design stress on the basis of ultimate tensile strength, yield strength, 
creep and stress-rupture strengths at the operating temperature. For pressure tube alloys (both 
Zircaloy-2 and Zr-2.5Nb alloy) one third of the ultimate tensile strength has been found to be 
the limiting property. 

Literature survey [1-4] shows that the majority of the studies on the tensile properties 
of Zr-2.5Nb alloy are limited to the ambient and reactor operating temperature and very little 
information on the high temperature (>300 °C) tensile properties of this material is available 
[3, 5]. 

     



The current fabrication route of Zr-2.5 wt. % Nb pressure tubes produces a two phase 
microstructure of strongly textured and elongated (in axial direction) α-grains surrounded by 
β-phase grain-boundary network. The α-grains, possess HCP structure, with majority of basal 
poles aligned in the circumferential (Transverse) direction of the tubes. Since the highly 
textured α-grains have limited number of slip systems, the mechanical properties of the 
pressure tubes are anisotropic at ambient and reactor operating temperatures. However, very 
limited studies have so far been carried on the effects of crystallographic texture on the tensile 
properties of this alloy at elevated temperatures [5-7]. 

During a postulated loss-of-coolant accident (LOCA), in which the primary coolant 
fails to remove heat from the core, the temperature of the pressure tube could rise very quickly 
to a temperature above 800 °C. Under such situation, the ability of the pressure tube material 
to undergo extensive plastic deformation at high temperatures would control the core heat 
dissipation to the surrounding moderator, which is a large heat sink [6]. Based on these 
background it is now well-recognized that tensile tests of Zr-2.5 wt. % Nb pressure tube alloy 
carried out as a function of test temperature, strain-rate and crystallographic texture would 
yield data required to develop models for predicting the performance of the pressure tubes 
under an accidental LOCA condition. Hence a detailed study of the tensile properties of the 
Zr-2.5 wt. % Nb was undertaken and the results of the investigation are incorporated in this 
report. 

Experimental Procedure: The Zr-2.5 wt. % Nb pressure tube alloy was obtained 
from Nuclear Fuel Complex (NFC), Hyderabad as sections of commercial pressure tubes 
(spool pieces of 103 mm ID, 4.3mm wall-thickness and 130 - 300 mm length). These spool 
pieces were taken both from finished tubes (cold worked & autoclaved) as well as from 
second pilgered (cold worked only) tubes. Chemical analysis of these tubes indicated niobium 
and oxygen contents to be 2.54 wt % and 0.1175 wt.% respectively.  

Flat tensile specimens (gage dimensions 25 x 6.25 x 3.5 mm) with their axes parallel to 
the longitudinal direction of the pressure tubes (L-type) were machined from spool pieces 
obtained from two different heats (designated as L1 and L2 ). The machined specimens were 
subjected to a stress-relieving heat-treatment at 400 °C (24 hours) in an inert gas (argon) 
atmosphere and subsequently tested in the temperature range of 25 – 800 °C (at 50 °C 
temperature intervals) under a nominal strain-rate of 3.3 x 10-4 /s. In addition, these specimens 
were used for strain-rate change test in the temperature range of 650 – 800 °C. 

 To study the effect of crystallographic texture on the tensile properties, both 
longitudinal tensile specimens (L-type) as well as transverse specimens (T-type – axes parallel 
to the circumferrential direction of the pressure tubes) were machined from the spool pieces of 
the finished tubes. For fabrication of these specimens ( 25 x 6.25 x 3.5 mm) the slit-sections of 
the spool pieces were flattened in a vacuum hot press at 350 °C. The as-fabricated specimens 
were subjected to a stress-relieving heat-treatment at 400 °C (24 hours). Subsequently, these 
specimens (designated as L3 and T3) were tested at temperatures, 25 – 450 °C and 650 to 800 
°C (50 °C interval) under a nominal strain-rate of 3.3 x 10-4 /s. 

 In order to evaluate the effects of heat to heat variation on the longitudinal tensile 
properties, L-type specimens (28 mm gage length) were obtained from spool pieces of 20 
different finished tubes. The original curvature and thickness were retained in these specimens 

     



and the specimens were not given any stress-relieving heat-treatment. These specimens were 
tested in tension at 300 °C under strain-rate of 1.2 x 10-4 /s. 

In addition a large number of tension tests were carried out on longitudinal specimens 
(28 mm gage length) from spool pieces of second pilgered tubes. After machining, the 
specimens were stress-relieved at 400 °C (24 hours) under argon atmosphere. Tests were 
conducted at temperatures of 160 to 360 °C (at 20 °C interval) under a nominal strain-rate 
range of 2.97 x 10-5 to 5.9 x 10-4 /s. 

All tension tests were conducted using an Instron machine, fitted with a resistance 
heated furnace with temperature control of ±1°C. For elevated temperature tests the specimens 
were soaked for one hour (≤ 550 °C) or for half an hour  (> 550 °C) at the test temperature 
prior to the load application. During soaking and testing argon gas was purged through the 
furnace to minimize the oxidation of the specimens. Moreover, for tests above 550 °C a borax 
powder coating was applied to prevent excessive oxidation. The tests were carried out 
following the guidelines of ASTM Standard. 

 

Mechanical properties specification for Zr-2.5Nb pressure tube 
material: Since design is based on ultimate tensile strength (UTS) at 300 °C, the lower 
limit of UTS at 300 °C has been specified. From roll-bonding consideration the upper limit of 
room temperature yield strength has been specified. There is no specification on the minimum 
values of Yield or Ultimate strengths at room temperature. The specification on mechanical 
properties of Zr-2.5Nb pressure tube material is given in table 1 [8].  

 

Table 1 : Mechanical properties Specification of Zr-2.5Nb pressure tube alloy [8] 

Strain-rate = (8.33 ± 3.33) x 10-5 /s, Gauge Length = 25 mm (nominal) 

Temperature 0.2 % YS(MPa) UTS (MPa) Total elongation 

In °C Min. Max. Min. Max Minimum 

Room Temperature - 555 - - 12 

300 °C - - 470 - 15 

 

Results and Discussion: The stress-strain curves for longitudinal specimens 
machined from cold worked and autoclaved material, at temperatures 25- 550 °C and strain-
rates of 3.3 x 10-4 /s are shown in figures 1(a) and (b). The shape of the stress-strain curves 
indicated that the plastic deformation of this alloy was dominated by work-hardening  up to a 
temperature of 350 °C, while at test temperatures exceeding 350 °C, the deformation was 
dominated by work-softening (decrease of flow stress with increasing plastic strain) beyond a 
critical value of strain. This critical strain decreased with increasing test temperature (Figure 
1(b)). Both L1 and L2 specimens displayed similar stress-strain behavior.  

The temperature dependence of the tensile properties of L1 and L2 specimens shown in 
figure 2, revealed that both yield and ultimate tensile strengths decreased monotonically with 

     



increasing temperature and there was rapid fall in strengths above 350 °C (623 K). The 
ductility values did not change appreciably up to 400 °C (673 K) but increased rapidly above 
this temperature, attaining values of 100 per cent or more at 500 °C (773 K). In the 
temperature range of 250 to 350 °C (523 to 623 K), small plateau regions in strength and 
minima in ductility were observed. 

Figure 3 shows the tensile properties of the longitudinal CT specimens machined from 
twenty different finished tubes and tested at 300 °C and under a nominal strain-rate of 3.3 x 
10-4 /s. Heat to heat variation in tensile properties were apparent.  

The stress-strain curves of the longitudinal specimens (machined from second pilgered 
tubes and stress-relieved at 400 °C for 24 hours) tested at temperatures 160 to 360 °C, under a 
strain-rate of 2.97 x 10-4 /s are shown in figure 4 (a). The temperature dependence (160 to 360 
°C) of the tensile properties of this alloy at strain-rate of 2.97 x 10-4 /s has been shown in 
figure 4 (b). It was noted that at a comparable temperature the stress-strain behavior of these 
specimens were very similar to those observed in longitudinal specimens (L1 and L2) 
machined from the finished tubes (Figure 1(a)). Moreover, the variation of the tensile 
properties with temperature (Figure 4(b)), revealed a plateau region in the yield and ultimate 
tensile strengths and a ductility trough at temperature range of 200 to 300 °C. The observed 
results on the temperature dependence of strength and ductility (Figure 2 and 4(b)) indicated 
possible ocuurrence of dynamic strain-aging in this alloy in the temperature range of 200 to 
300 °C. 

 Figure 5 (a) shows the stress-strain curves of the transverse specimens (T3 ) carried out 
at temperatures, 30 to 450 °C under a nominal strain-rate of 3.3 x 10-4 /s. When compared with 
the tensile test results of the longitudinal specimens (L3), obtained from the same heat and 
under identical specimen fabrication & test condition (same temperature and strain-rate), it 
was observed that in general the stress-strain curves of the two types of the specimens were 
similar. However, T3 specimens showed higher strength and work-hardenability, as compared 
to those of L3 specimens, at all test temperatures between 30 to 350 °C. Above 350 °C, there 
was practically no difference in the strength and the work-hardenability of the two types of the 
specimens indicating that the influence of crystallographic texture on the tensile properties of 
this alloy became negligibly small at temperatures exceeding 350 °C. Above 350 °C, the 
slopes of the stress-strain curves of both L3 and T3 specimens became negative after the 
maximum stress was reached indicating the pronounced effects of the dynamic recovery on 
the deformation process as was observed in the stress-strain curves of the longitudinal L1 
specimens (Figure 1(b)). The influence of the crystallographic texture on the tensile properties 
of this alloy is revealed more clearly in figure 5(b) as the temperature dependence of the 
tensile properties of the L3 and T3 specimens. 

The alloy exhibited extensive superplasticity when deformed in tension at 650 – 800 
°C. Typical stress-strain curves for transverse specimens are displayed in figure 6. Figure 6 (a) 
shows the stress-strain curves at 650 °C with strain-rates varying from 3.3 x 10-4 to 3.3 x 10-3 
/s, while figure 6 (b) shows the stress-strain curves at 650 to 800 °C, under a strain-rate of 3.3 
x 10-4 /s. In the superplastic region the material developed high strain-rate sensitivity, m, (> 
0.5) and exhibited tensile ductility values of 650 % for longitudinal specimens and 900 % for 
transverse specimens. Metallographic examinations revealed that very fine equiaxed α-Zr 
grains (of size <10 µm) were present in both the undeformed and deformed section of the 

     



specimens. The superplastic deformation of this alloy has been studied in details by the 
present authors and the results reported in several publications [9-15]. 

All tension test data are shown in table 2. 

 

 

Conclusions:  
• For specimens, obtained from a given heat, transverse specimens of Zr-2.5Nb alloy 

possessed higher strengths and lower ductility as compared to those of longitudinal 
specimens up to a temperature of 350 °C. Above this temperature, the tensile properties of 
both the types of specimens became almost comparable, indicating a strong influence of 
texture on tensile properties up to about 350 °C. 

• Heat to heat variations affect the mechanical properties appreciably and care should be 
exercised in comparing the anisotropic effect for specimens obtained from different heats.  

• At temperature range of 200 – 300 °C, the observed plateau in strength and decrease in 
ductility indicated the possible occurrence of dynamic strain ageing in this alloy. 

• The alloy developed extensive superplasticity in the temperature range of 650 – 800 °C 
and strain-rate range of 3.3 x 10-5 to 3.3 x 10-3 /s. 
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Table 2: Tensile properties of Zr-2.5wt%Nb Pressure Tube Alloy at Elevated 
temperature (298 to 1073 K at a strain-rate of 3.3 x 10-4 s-1) for three different heats (L - 

Longitudinal and T - Transverse orientation). 
Temperature Yield Strength 

in MPa 
Ultimate Tensile 
Strength in MPa 

Pct. Elongation 

in K L1 to L3  T3  L1 to L3  T3  L1 to L3  T3  
298 631.9 

556.5 
445 

 
 

560.0 

755.0 
724.3 
746 

 
 

790 

26.0 
21.4 
16.5 

 
 

12 
373 512 

562 
405 

 
 

520.0 

722 
739 
677 

 
 

723 

24.6 
19.3 
16.0 

 
 

12 
473 484 

486 
376 

 
 

480 

614 
644 
600 

 
 

640 

24.6 
21.5 
17 

 
 

14 
523 424 

412 
340 

 
 

470 

552 
554 
565 

 
 

605 

21.1 
16.8 
19 

 
 

15 
573 448 

445 
300 

 
 

460 

548 
545 
520 

 
 

580 

21.0 
22.0 
19.5 

 
 

16 
623 406 

410 
280 

 
 

375 

487 
485 
485 

 
 

520 

20.3 
22.5 
25.0 

 
 

20 
673 357 

348 
275 

 
 

315 

428 
419 
430 

 
 

450 

28.8 
34.3 
30.0 

 
 

24 
723 278 

292 
270 

 
 

290 

338 
330 
360 

 
 

375 

46.4 
50.0 
41.5 

 
 

33 
773 158.0 

170.5 
 241.0 

210.5 
 90.0 

71.8 
 

823 85 
119 

 166 
156 

 108.0 
96.4 

 

873 83.0 
71.0 

 106.0 
93.1 

 108.0 
130.6 

 

923 19.0 
- 

 
 
- 

40.0 
- 

 
 

24 

430.0* 
650.0* 

 
 

460 
973  -  11.482  950* 
1023  -  6.792  885* 
1073  -  4.9  502 

* specimen did not fail 
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