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ABSTRACT

In this investigation, J-R fracture characteristics of Zr-2.5Nb pressure tube material of Indian
Pressurized Heavy Water Reactor (IPHWR) in cold worked and stress relieved condition have been evaluated
over a range of loading rate, hydrogen content and at temperatures of 25 and 300°C. The fracture toughness tests
have been carried out using 17 mm width curved compact tension specimens. Prior to testing these specimens
have been gaseously hydrogen charged with hydrogen content up to 100 wppm. Both hydrogen charged and
uncharged specimens have been tested at 25 and 300°C at five different pulling rates i.e. 0.02, 0.2, 2, 20 and 200
mm/min. The crack length during the fracture toughness tests has been measured using direct current potential
drop technique. Various relevant fracture toughness parameters (Jo, Jois, Jmax. J1.5 and dJ/da ) have been
evaluated as per ASTM standard E1820.

It was observed that initiation fracture toughness for as received material did not change monotonically
with loading rate at 25°C. The effect of loading rate on initiation toughness was most remarkable for as-received
material at 300 °C as toughness increased with loading rate. However, for as received material tested at 300 °C,
the crack propagation toughness parameters were not significantly influenced by loading rate. The effect of
hydrogen content was very significant on fracture toughness parameters as the hydrogen content increased from
5 ppm for the as-received material to 60 ppm for hydrided material. With further increase in hydrogen content
the toughness parameters were unaffected. For hydrided materials both crack initiation and propagation
parameters were unaffected by increase in loading rate at 25°C. At 300°C for hydride materials, while initiation
toughness exhibited a decreasing trend with increasing loading rate, propagation toughness values were
apparently unaffected.

INTRODUCTION

Zr-2.5Nb alloy is used as pressure tubes in cold worked and stress-relieved (CWSR) condition in
Indian Pressurized Heavy Water Reactor (IPHWR) and CANDU reactors [1-4]. Pressure tubes, also called
coolant tubes, act as primary containment in these reactors, for hot heavy water coolant flowing at a pressure of
around 10 MPa and at temperatures in the range of 250-300°C. Since it is a pressure boundary component, its
integrity has to be demonstrated under reactor operating conditions [5-7]. An inherent problem with zirconium
and its alloys is its affinity and low solid solubility for hydrogen. Though the specification limit for hydrogen
content in the pressure tubes is 5 wppm for quadruple melted Zr-2.5Nb pressure tubes [8-9], part of the
hydrogen/deuterium evolved during service from coolant-Zr-metal corrosion reaction is picked up by the
pressure tubes [10-11] and at end of 30 years of designed life hydrogen content is expected to be less than 100
wppm under normal operating conditions. Hydrogen present in excess of terminal solid solubility (TSS) [12-13]
precipitates out as hydride phase. Being brittle, the presence of substantial quantities of hydrides can cause
embrittlement of the host matrix resulting in loss of ductility and impact and fracture toughness. However, for a
significant reduction in these properties, certain minimum volume fraction of the embrittling phase [11] is
required and the extent of embitterment is strongly influenced by the orientation of hydride platelets.

The tubes for the Indian PHWRs [4] are manufactured following a fabrication route similar to but not
exactly same as the modified route II developed for the pressure tubes of CANDU reactors [3,14]. The
microstructure of CWSR Zr-2.5Nb pressure tube consists of heavily elongated and textured o-Zr grains
surrounded by thin grain-boundary network of B-Zr phase [3-4]. Microstructural investigations suggest that the
grain-size is finer and aspect ratio of oi-Zr grains are smaller and circumferential basal pole texture is less
pronounced for the Indian CWSR Zr-2.5Nb pressure tube material as compared to the CANDU pressure tube
material.

A through defect assessment of a pressure boundary component such as pressure tube would require a
reliable and large data base on the influence of hydrides on flow and fracture behavior. In addition to this, it
must consider likely situations which impose low to intermediate to dynamic loading rates on the pressure tubes
during normal and abnormal operating conditions. Further, Zr-2.5Nb pressure tube material is reported to
exhibit dynamic strain ageing(DSA) which is known to affect flow and the fracture behavior[14]. In general a
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material undergoing DSA, the loading rate has been found to influence both flow and fracture behavior
significantly. Therefore a careful examination of the influence of hydrogen and rate of loading on flow and
fracture properties is required to ensure that the results of structural integrity analysis are conservative. As
regards hydride embrittlement which is one of the major life limiting factors for the pressure tube, several
theoretical and experimental studies have been carried out to understand the influence of hydrogen/hydride on
the mechanical properties in general and micro-mechanisms assisting crack nucleation and its propagation in the
presence of hydride, in particular [9,15-24]. Chow et al. [22] reported fracture behaviour for pressure tube
material obtained from CANDU reactors. However, no information is available in open literature on the
influence of loading rate on the fracture behavior of as-received as well as hydrided CWSR Zr-2.5Nb alloy
pressure tube used either in IPHWRs or in CANDU reactors. This paper describes our initial experimental study
to understand the influence of rate of loading on hydrided and unhydrided material at 25°C and reactor operating
temperature of 300°C.

EXPERIMENTAL
Material and Specimen

The material used in this study was from quadruple melted, autoclaved, unirradiated Zr-2.5Nb pressure
tube of 235 MWe IPHWR. The chemical composition of quadruple melted Zr-2.5Nb pressure tube material is
indicated in Table 1 [26]. The internal diameter of the tube was 81.5 mm with wall thickness of 3.7 mm. The
typical values of room temperature yield and ultimate tensile strength of the material was 504 MPa and 733
MPa, respectively and the tensile elongation was 16 % in 25 mm gage length. The pressure tube sections of
length 100 mm were polished up to 1200 grit emery paper to obtain oxide free surface and subsequently these
tube sections were gaseously charged with target hydrogen concentration of 60 and 100 wppm in a modified
Sievert’s type apparatus [27]. The hydrogen charging was carried out at 363 °C and the charging duration at this
temperature was about 1 h for maximum target hydrogen concentration of 100 wppm. The samples charged with
lower amount hydrogen were also soaked for one hour at 363 °C so as to subject all the material to the same
thermal cycle. Subsequently all the samples were homogenized for 24 h at 400°C to obtain uniform distribution
of hydrides. Curved Compact Toughness (CCT) specimens of width 17 mm were machined out from these
spools. The crack plane was along axial-radial plane to facilitate crack propagation along axial direction of the
tube as described elsewhere [24].

Table 1: Typical chemical composition of Double melted Zr-2.5Nb alloy pressure tube material [26].

% Nb Oxygen Carbon | Fe Hydrogen | Nitrogen | CI (ppm) Cr (ppm) Zr + permitted
(ppm) (ppm) | (ppm) | (ppm) (ppm) impurities
240= 1900 125 <650 | <5 <65 <0.5 <200 Balance
2.80 1300

Fracture toughness testing

The CCT samples were fatigue pre-cracked to obtain sharp crack using sinusoidal cyclic loading at a
frequency of 10 Hz. Fracture toughness tests were carried out as per ASTM E1820 method. The crack length
was determined using direct current potential drop (DCPD) technique [16, 17, 24], which facilitated the use of
single specimen technique for fracture toughness evaluation. The DCPD technique for estimating crack growth
has been chosen over unloading compliance technique as it is particularly suitable at higher rates of loading.
Due to curvature of the CCT specimens tapered pins were used to obtain uniform crack front across the
thickness of the specimen. The stress intensity factor, K, for fatigue pre-cracking, calculated using equation 1,
was reduced in four steps from the starting value of 15 to the final value of 10 MPa.m"* with the ratio of
minimum to maximum load being maintained around 0.1.

o

K, =
1
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The value of %Vafter fatigue pre-cracking was about 0.5. A servo-hydraulic UTM was used to pull the

fatigue pre-cracked specimen in tension to facilitate mode I crack propagation on the axial-radial plane along
axial direction of the tube. A resistance heated three-zone furnace fitted to the UTM was used for attaining high
temperatures. The specimen was heated in air to the test temperature, soaked for an hour before starting the test.
The specimens were pulled five at different rates i.e. 0.02, 0.2, 2, 20, and 200 mm/min. The temperature of the
testing furnace was controlled during the test within 1°C through a K-type thermocouple, placed very close to
the heating element, using a programmable temperature controller. The temperature of the CCT specimens was
monitored using K-type thermocouple (0.2 mm dia.) spot welded to the inside curvature of the CCT specimens
within 1 mm of the fatigue pre-crack tip. The crack growth was monitored using direct current potential drop
technique [16, 17, and 24]. A constant DC current of 6 Amperes was used for all specimens. The DCPD output
was measured during entire test duration using 0.2 mm diameter platinum wires spot-welded to the crack
opening within 1 mm of the each side of the notch. The DCPD and thermocouple outputs were continuously
recorded on a 12-channel video graphic recorder. Both fatigue crack length and the final crack length
subsequent to fracture toughness testing were calculated from the nine equispaced readings along the crack front
as per ASTM standard.

Computations
In this investigation the elastic and plastic component of J are calculated separately. The elastic
component was computed from the load and using elastic constant of the material while the plastic component

of J was calculated by normalizing the plastic area under the load (P) vs. load line displacement (LLD) curve.
The procedure for computing J is given below [28]:

Jo,=d,,+J 3

eti) P

where,
J. = Elastic part of J-integral corresponding to i" data point on load-displacement curve
Jo1 = Plastic part of J-integral corresponding to i" data point on load-displacement curve

The J. is calculated as:

sz,.,(l—vz) )
e(i) E
where,
K = the value of K computed as equation (1) corresponding to i" data point on load-displacement
curve
V = the poison ratio =0.436-4.8*10*(T-300) ®)
E =the elastic constant = 95900-57.4(T-273) MPa 6)

T =temperature in K
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Joiis calculated as:

Jpl(i) = Jpl(i—l) + 77“7” (Aplm — APM”):H:I_ 7(171) (a“) — a(”)):| ™
b(ifl) B b(ifl)
where Moy =204+ 0.522b,, ®)
i1 W
0.76b
Vi =1.0+—— ©)

b = the remaining unbroken ligament

In equation (7) the quantity [Apii)-Apiin] is the increment of plastic area under the force vs. plastic load line
displacement record between lines of constant displacement at points i-1 and i shown in fig. 1 (shaded area).
Thus

A _ (P, + Ri))(aﬁ) _ 5(,'71)) (10)

ply  Apr-n T )

A

The various fracture toughness parameters were determined from the J-R curve generated for as-
received as well as for hydrogen charged samples containing 60 and 100 wppm of hydrogen at 25 and 300 °C.
For recording hydride morphology, the specimens were sectioned along radial-circumferential and radial-axial
plane of the pressure tube.Standard metallographic technique was followed to reveal the hydride microstructure,
its morphology and distribution. For optical microscopy the specimens were etched in a solution of
HF:HNO3:H,0::2:9:9 for 15 seconds.

RESULTS
Microstructure

The current fabrication route of CWSR Zr-2.5 wt. % Nb pressure tubes produces a two phase
microstructure of strongly textured and elongated (in axial direction) o-grains surrounded by very thin nearly
continuous B-phase network along the grain-boundaries [29]. The a-grains, possess HCP structure, with basal
poles predominantly aligned in the circumferential (transverse) or radial direction of the tubes. Figure 2 shows
the three orthogonal directions of the pressure tube viz. Axial (A), Circumferential (C) and Radial (R) and AR —
Axial-Radial, =~ RC-Radial-Circumferential =~ and  AC-Axial-Circumferential  planes  schematically.
Crystallographically permitted orientation of the hydride platelets in Zr-2.5Nb pressure tube alloy is also shown
in this figure [11]. Typical o grain dimensions for the cold worked and stress-relieved Zr-2.5Nb pressure tube
material is also indicated in this figure [29].

Sy 3,

Plastic Load Line Disp,acement, &
Fig.1. Difinition of incremental platic area under load-displacement for J plastic calculation
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The microstructural features of hydrides on RC plane of the Zr-2.5Nb pressure tube material, charged with
(a) 60 and (b) 100 wt. ppm of hydrogen, are shown in fig. 3. This figure shows that in the as-hydrided condition,
the traces of the hydride platelets (dark lines) are oriented along the circumferential direction only. These
hydrides are called circumferential hydrides.
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Fig. 3 The microstructure of Zr-2.5Nb pressure tube alloy charged with (a) 60 and (b) 100 wt. ppm of hydrogen
revealing traces of hydrides (dark lines) on RC plane.

Influence of Loading Rate

Fig. 4 depicts a typical J vs crack extension (da) curve tested at 25°C. The blunting and exclusion lines
are also shown in this figure to illustrate the computation of Jy. The intersection of the 0.2 mm offset line and
the best fit power law curve passing through the qualified J values were taken as Jy. Apart from Jy, the J values

corresponding to intersection of construction lines passing through Ad of 0.15 mm and 1.5 mm with power law
fit were also recorded. The value of J corresponding to maximum load value was also recorded. The slope of the
best fit line passing through the qualified J values was taken as the mean dJ/da.
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The fracture toughness parameters such as Jgy, Jo;5 and Jy,, , Ji5 and dJ/da were determined for each
conditions of testing. For the sake of clarity, of the various fracture parameters we report only the variations of
Jo and dJ/da with loading rate, hydrogen content and temperature. Fig. 5 shows the influence of loading rate on
(a) Jo and (b) mean dJ/da values for Zr-2.5Nb pressure tube material at 25 and 300 °C. At 25 °C for the as-
received material, the crack initiation parameter (Jp) increased as the loading rate was increased from 0.02
mm/min to 0.2 mm/min (Fig. 5(a)). With further increase in loading rate the crack initiation parameters were
observed to decrease with loading rate. At the same temperature, hydrided materials containing 60 and 100 ppm
of hydrogen, exhibited much lower J,, values and they were not significantly influenced by the loading rate. At
300 °C, for the as-received material the J, values increased as the loading rate increased from 0.02 to 200
mm/min. However for the sample charged with 60 wppm of hydrogen the initiation toughness first increased
and then decreased with increase in loading rate. For the sample containing 100 wppm of hydrogen initiation
toughness was observed to decrease with increase in loading rate.

The dependence of crack propagation parameter, dJ/da, on loading rate is shown in Fig. 5(b). At 25 °C for
the as received material the propagation toughness parameter first increased to a maximum with increase in
loading rate and then decreased with further increase in loading rate. At this temperature dJ/da values for
hydride materials appeared to have a very weak dependency on loading rate. At 300 °C the dJ/da values were
practically independent of loading rate for as-received as well as hydrided materials.
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Fig.5. Influence of loading rate on (a) Jp and (b) dJ/da values of Zr-2.5Nb pressure tube alloy at 25 and 300 °C.

Influence of hydrogen content

The dependence of fracture toughness parameters on hydrogen content is shown in Fig.6. At 25 °C and all
loading rates, the crack initiation toughness reduced significantly as the hydrogen content increased from 5 to 60
wppm. With further increase in hydrogen content the initiation toughness remain unaffected. Interestingly the
initiation toughness values obtained from the tests carried out at 300 °C were observed to increase with increase
in hydrogen content for the tests carried at all loading rates. However, for the tests carried out at a loading rate
of 200 mm/min the initiation toughness was much lower for the hydrided sample as compared to the as-received
one. The propagation toughness parameters were observed to decrease with increase in hydrogen content both at
25 and 300 °C. Though the decrease in propagation toughness with increase in hydrogen content at 25 °C was
more pronounced than that at 300°C, which probably is due to reduced volume fraction of hydrides at 300 °C as

compared to that at 25 °C.
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Fig. 6 Influence of hydrogen content on (a) Jo, (b) J; 5 and (c) dJ/da values of Zr-2.5Nb pressure tube alloy at 25
and 300 °C.

The study has shown that hydrogen has strong effect on both fracture initiation and propagation parameters
which is a generally observed fact with CWSR Zr-2.5 Nb pressure tube material [21, 24]. Under quasi-static
loading rates, it has been found earlier that initiation toughness parameters are not suitable for characterizing
fracture behavior of pressure tube materials because of various reasons [24, 30, 31]. In contrast to this,
propagation toughness parameter such as dJ/da has been found to be the most suitable and has been employed
extensively in assessment of structural integrity [21, 31]. Thus the effects of loading rate on fracture toughness
cannot be reliably ascertained using only initiation parameters. It may lead to misleading and non-conservative
results. As regards the effect of loading rate on propagation toughness, it can be said that CWSR Zr-2.5Nb
pressure tube exhibits good fracture resistance regardless of the loading rate at the reactor operating temperature
and that propagation fracture toughness parameter is a weak function of loading rate. However additional tests at
intermediate temperatures are needed to confirm the results reported here.

CONCLUSIONS

Fracture toughness parameters of cold worked and stress relieved Zr-2.5Nb pressure tube material were
evaluated as a function of loading rate (0.02 to 200 mm/min) and hydrogen content (5-100 wppm). On the basis
of the results obtained following conclusion can be drawn:

a. Hydrogen has significant effect in lowering fracture toughness of Zr-2.5Nb pressure tube material

b. Initiation toughness values did not monotonically change with loading rate for as received material. It
is noted that there were no systematic trend for loading rate effect. For hydrided material, initiation
toughness exhibited a lowering trend at 300°C and remained unaffected at 25°C with increasing
loading rate.

c. While propagation toughness values were found to increase with temperature and decrease with
hydrogen content, the loading rate had no significant adverse effect on propagation toughness. In fact
Zr-2.5Nb pressure tube exhibited a good fracture resistance at all loading rates of this investigation at
both 25°C and reactor operating temperature.
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