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ABSTRACT

Pressurized Heavy Water Reactors (PHWRs) use large number of zirconium alloy pressure tubes (Zircaloy-
2 in early generation reactors and Zr-2.5 wt % Nb tubes in present reactors) that house the fuel bundles
and carry pressurized hot water coolant flow to extract the heat generated from nuclear fission in the fuel
assembly. The fracture toughness of these pressure tubes have to be periodically assessed during the service
life to demonstrate that any unstable rupture of the pressure tube is unlikely and failure, if any, shall be of
Leak Before Break (LBB) type. This paper discusses the fracture toughness evaluation of pressure tubes
using full sized slit burst test on the pressure tube sections, using a custom built test setup and also using
small curved compact tension (CCT) and disk compact tension specimens (DCT) taken from the tube. These
tests have been conducted on the Zircaloy-2 (Zr-2) and Zr-2.5Nb pressure tubes at ambient temperature and
at 265 ◦C. The custom built slit burst test setup uses unloading CMOD compliance for estimation of the
crack length during the precracking and burst test using computer controlled periodic depressurization to
small extent. The comparison of J-R curves obtained from the component level slit burst test and CCT &
DCT specimens for Zircaloy-2 and Zr-2.5Nb alloy pressure tubes have been made. The agreement between
the J-R curves has been found to be either limited to a very short crack extension or nearly absent. The burst
test J-R curves differ significantly, showing higher toughness, than those from CCT and DCT specimens.
For both the pressure tube materials it has been found that the J-R curves from the small specimen level tests
are lower than the burst tests. This is attributed to the differences in the nature of loading in both these tests
(bending vs tension) and the differences in the triaxiality and the constraint levels in CCT / DCT specimens
and the burst test. The internal pressure predicted by the J initiation value obtained from the specimen level
J-R tests agree well with the burst test data.

INTRODUCTION

Pressurized Heavy Water Reactors use large number of pressure tubes that house the fuel bundles and contain
pressurized hot water coolant flow to extract heat generated from the fuel. These tubes are typically of 85 to
100 mm inner diameter and 3.5 to 4.5 mm wall thickness. One of the prominent life limiting factor for the
pressure tube is the degradation of its fracture toughness which is mainly due to (a) irradiation hardening and
embrittlement and (b) hydrogen/deuterium pickup in the material from the corrosion reaction with water.
The consequence of such change is that the pressure tubes become more susceptible to brittle fracture. The
fracture toughness of these tubes have to be periodically assessed during its service life to demonstrate
that any unstable rupture of the pressure tube is unlikely and failure, if any, shall be of Leak Before Break
(LBB) type [1]. The assessment of fracture toughness is required to quantitatively establish the crack growth
behaviour of any part-through-wall crack, as well as to estimate the critical size of a through-wall crack.

It is well known that the resistance offered by the pressure tube to the initiation and propagation of cracks
depends on its fracture toughness. This is evaluated by developing the J-R curves from the pressure tests
(slit burst tests) carried out on the tube sections having through wall crack. The slit burst tests require larger
amount of material with uniform properties. This cannot be often arranged for, when adequate numbers of
specimens are required to be prepared from an irradiated pressure tube. Hence, curved compact tension and
disk compact tension specimens are also often used for the evaluation and mapping of fracture toughness
of pressure tubes. In several earlier studies the evaluation of fracture toughness of irradiated as well as
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unirradiated pressure tubes have been carried using a slit-burst method and by use of small (17 to 25 mm
wide ) CCT specimens [2,3]. These tests used electric potential drop method for monitoring crack growth.

This paper discusses the fracture toughness evaluation of the pressure tubes using full size slit burst
tests, using a custom built test setup, on pressure tube sections provided with an axial through wall crack
and also using small curved compact tension and disk compact specimens taken out from the same tube.
These fracture toughness evaluation tests have been conducted on the Zircaloy-2 and Zr-2.5Nb pressure
tubes at ambient temperature and at 265 ◦C. The J-R curve behaviour for these two test configuration is
reported and discussed.

EXPERIMENTAL

Material

The Zircaloy-2 and Zr-2.5Nb pressure tubes used in this study were cold worked and stress relieved standard
pressure tubes as per the standard fabrication route followed by Nuclear Fuel Complex, Hyderabad, India.
The alloy composition of the standard Zircaloy-2 pressure tube is approximately (in wt.%) 1.2-1.7 Sn, 0.07-
0.2 Fe, 0.03-0.08 Ni, 0.05-0.15 Cr, hydrogen < 20 wppm and oxygen 0.10-0.12 wt.% and balance Zr. The
Zr-2.5Nb pressure tubes had the composition 2.58 wt % Nb, 1244 1240 (wt.) ppm oxygen, H 8 ppm, N
54 ppm, Fe 600 ppm and balance Zr. The pressure tubes had nominal inner diameter of 82.5 mm and
the nominal wall thickness of tubes were 4.3 and 3.65 mm for Zr-2 and Zr-2.5 Nb tube respectively. The
fabrication flow sheet of pressure tube has two steps of hot extrusion followed by two stage of cold pilgering
with intermediate stress relieving.

Slit Burst Test

The slit burst tests were carried out using a custom built test setup, Fig.1, that has (a) two horizontal mandrels
with two sets of o-rings for tube sealing and holding (b) a hydraulic power pack and actuator which drives
a water based pressure intensifier (c) servo control of actuator to control the applied pressure cycling in
a desired fashion (d) burst test software for periodic depressurization and to measure compliance and (e)
computer controlled close loop control of tests, high speed data acquisition.

The steps involved in the slit-burst test can be summarized as (a) fabrication of tubular specimen with
narrow axial slit 50 to 60 mm long and 1 mm wide and spot welding of two short stubs across the slit
face for attaching a LVDT based crack opening displacement gage (b) internal patching of the tube with
help of a rubber gasket and small steel shims to prevent any water leakage from the slit during testing (c)
holding the specimen horizontally in the test setup using two mandrels with o-rings for sealing (d) water
priming the pressure intensifier and the tube to fill them completely with water without any air gap (e)
fatigue precracking of specimen by pressure cycling using hydraulic actuator driven pressure intensifier to
grow the crack to a length of around 60 to 70 mm (f) on-line crack length monitoring using compliance
based estimate of crack length, (g) conducting J-R test using computer controlled test profile (h) post-test
data analysis of pressure vs crack length to obtain J-R curve for the slit burst test.

The fatigue precracking of specimen is carried out under decreasing stress intensity factor as the crack
advances. The maximum and minimum pressure is reduced with increasing crack growth, Fig. 2(a). Typical
curves of internal pressure vs crack opening displacement during the slit burst J-R test is shown in Fig.
2(b). The curve shows initial elastic opening of the crack face followed by nonlinear region of plastic
deformation ahead of the crack tip. As can be observed from the plot, hysteresis is present between the
loading/pressurization and unloading/depressurization paths, showing bi-linear slope. The reason for this is
not apparent, but is likely to be due to the friction between steel shims and the crack face at the tube inner
face. Compliance from the lower portion of the bi-linear unloading curve was found to give a consistent
estimate of the axial crack length in the tube.

After the burst test the portion around the crack is cut and broke open to physically measure the initial
and final crack lengths. At each unload point, using the instantaneous crack length estimated from the
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(a) DCT, CCT and burst test specimen (b) Burst test setup

Figure 1: Specimens used and burst test setup showing horizontal pressure tube specimen and COD gage
attachment.
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Figure 2: Precracking of burst test specimen and J-R test.

unloading compliance, the value of J-integral was calculated as per the strip yield relation for an axial
through wall defect in tube [1,2]:
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where σf is the flow stress, σh hoop stress corresponding to instantaneous pressure, a is the half crack
length, M is Folias factor for bulge correction, E is Young’s modulus, R is radius and t is the pressure tube
thickness.

Small Specimen Test

Curved compact tension and disk CT specimen having 25 mm width / 30 mm diameter, were fabricated
from the burst tested pipe ends, Fig.1(a). Specimens were fabricated with a notch orientation to get fracture
on the radial-axial plane and crack growth in the axial or longitudinal direction of the tube (CL orienta-
tion). Few of the specimens were fabricated to have transverse crack growth orientation, LC-orientation,
where crack propagates in tangential direction of the tube. Fatigue precracking was carried out up to crack
length of around 15 mm with applied K being less than 15 MPa

√
m during the final stage of precracking.

The precracked specimens were then pulled to a predefined displacements and unloaded. The specimens
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Figure 3: Effect of crack orientation on the fracture toughness at ambient temperature and at 250 ◦C for
Zircaloy-2 Pressure tubes.
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Figure 4: Comparison of J-R curves for Zr-2 PT at ambient temperature obtained from (a) slit burst test and
CCT specimens and (b) obtained from CCT and Disk CT specimens .

were then heat tinted and pulled open for crack length measurements. The J-R curves were obtained using
multi-specimen test technique. Single specimen J-R curve evaluation was also used with unloading compli-
ance technique. The tests were done using computerized test control and data acquisition system in broad
accordance with ASTM test standards.

Results

Zircaloy-2 Pressure Tubes

Comparison of the fracture toughness of the Zr-2 pressure tubes, in the CL and LC orientations, at ambient
temperature and at 250 ◦C is shown in Fig.3. At ambient temperature the difference in the J-R curves being
not so large with CL orientation of tube showing marginally higher toughness level. At elevated temperature,
the toughness increase in the CL orientation of the tube was found to be much larger than the LC orientation
and the J-R curves differed much more. This shows the crack growth resistance in the axial/longitudinal
direction of the Zr-2 pressure tube is much higher than the circumferential direction at elevated temperature.
This could be an effect of strong tangential basal pole texture present in the pressure tube.
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Figure 5: Comparison of the J-R curves for Zr-2.5Nb pressure tubes for slit burst test and CCT specimens
at ambient temperature.

The comparison of J-R curves from the slit burst test with those obtained from CCT specimens is shown
in Fig.4(a). The crack extension in the slit burst specimen was limited due to the development of an early
leak from the slit patch, however it clearly showed a sharp uptrend in the J-R curve immediately after start
of the crack growth. The J-R curve from the burst test showed a clear higher trend as compared to the CCT
specimens.

The comparison of J-R curves from the Disk CT and CCT specimen is shown in the Fig.4(b). The Disk
CT specimen showed only marginally lower J-R curve but an identical pattern to the CCT specimens. It
clearly shows that the Disk CT specimens can easily be used for estimating the conservative J-R curve for
the material. This would be of use in irradiated pressure tube studies, as punching out a 30 mm disk from
an irradiated pressure tube is much easier than machining of a rectangular CCT specimen. The work on
evaluation of the J-R behaviour for the irradiated Zr-2 and Zr-2.5Nb pressure tubes is in progress using the
Disk CT specimens at authors laboratory.

Zr-2.5Nb Pressure Tubes

The J-R curves obtained using the CCT specimens are compared with those obtained from the burst tests for
the Zr-2.5Nb pressure tubes in Fig.5. The figure also compares the J-R curves for the longitudinal (CL) and
transverse orientation (LC) for two pressure tubes using the CCT specimens. At ambient temperature both
the orientations showed nearly similar fracture toughness levels. The burst test data showed a small increase
in the fracture toughness level of the Zr-2.5Nb tube at 265 ◦C as compared to the ambient temperature.
However, the J-R curves obtained from the CCT specimens lie much below than that obtained from the
burst tests.

Discussion

Pressure tube alloys clearly showed specimen geometry and loading mode dependence of the J-R behaviour.
The microscopic nature of the fracture was found to differ between the burst and CCT specimens. The
fracture appearance in the Zr-2 pressure tube from the CCT specimens showed larger and shallower voids
with more intermediate flat facets and secondary cracking, Fig.6(a, b) than the burst tested specimen which
showed more fibrous appearance, Fig.6(c). These fractographic features also indicate toward lower fracture
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(a) (b) (c)

Figure 6: Fracture appearance in Zircaloy-2 pressure tubes at ambient temperature for (a) LC orientation
CCT specimen (b) CL orientation CCT specimen and (c) burst test specimen.

energy requirement for the crack growth and the high constraint levels in the compact tension specimen
geometry.

The initiation toughness for the Zr-2 pressure tube from the CCT specimen is about 80 kJ/m2. The
internal pressure corresponding to this value of applied J for the precracked burst test specimen is around
120 bar. This was the pressure where the Zr-2 burst test specimen was found to enter in the nonlinear portion
of pressure vs CMOD plot, where crack extension is expected to start. Thus the initiation of crack growth
during the burst test appear to be nearly at similar applied J value as found in the CCT specimens.

In an earlier study on the irradiated Zr-2.5Nb pressure tubes [3], the fracture surface of the burst test
specimen showed flat fracture in the mid-thickness with transition to a shear lip formation at an angle to
flat fracture plane during further crack growth. As the crack advanced during the burst test of irradiated
tubes, a change in fracture plane from radial-axial towards the plane of maximum shear at angle of about 45
degree to to the radial-axial and transverse-axial plane was observed. However, in this work on unirradiated
Zr-2.5Nb pressure tubes this kind of change in fracture plane was not observed and the crack front had flat
fracture zone ahead of the crack tip up to the crack extension of 3.5 to 4 mm. The CCT and DCT specimens
also showed flat fracture with tunneling of crack near the mid thickness.

The agreement between the J-R curves obtained from the component level slit burst tests and the CCT
& DCT specimens was found to be limited to very short crack extensions (less than 0.5 mm) for the Zr-2
pressure tubes or they differed from each other right from the start of the loading, as is the case for Zr-
2.5Nb pressure tubes. For longer crack extensions the burst test J-R curves differed substantially from those
obtained from CCT and DCT specimens. It may be noted that due to small size of CCT specimen the crack
growth may not remain J controlled for larger crack extension (' 1.5 mm). However, for both the pressure
tube materials it has been found that the J-R curves from the small specimen level tests are lower than the
burst tests. This is attributed to the high triaxiality and constraint in the bend type of loading of the deep
cracked CCT / DCT specimen as compared to the tension type of loading of axial crack in the burst test
configuration.

Conclusion

The J-R curves obtained from the small CCT / DCT specimen and the burst tests of tubes show a large
difference with little or no overlap, except at the early stage of crack growth. For both the pressure tube
materials it has been found that the J-R curves from the small specimen level tests are lower than the burst
tests. This is attributed to the differences in the nature of loading in both these tests (bending vs tension)
and the differences in the triaxiality and the constraint levels in the CCT / DCT specimens and the burst
tests. However, the internal pressure predicted by the J initiation value obtained from the CCT specimens
agree well with the burst test data. The fracture morphology was found to be different for the CCT specimen
from the burst test. The disk DCT and CCT specimens were found to give nearly similar J-R curves for the
pressure tubes.
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