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Abstract- Hydrides are suspected to be fracture initiating sites in Zr-alloys and the presence of hydride
platelets normal to tensile load significantly influences crack propagation. However, the role of hydrides in
crack nucleation and its propagation and influence of temperature on the same has not been delineated clearly.
In this work, influence of hydrogen and temperature on the axial fracture toughness parameters of Zr-2.5Nb
pressure tube alloys is reported. The fracture toughness tests were carried out using 17 mm width curved
compact tension specimens machined from gaseously hydrogen charged tube-sections and tested in the
temperature range of 306 to 573 K. Metallography of the samples revealed that hydrides were predominantly
oriented along axial-circumferential plane of the tube. The fiacture toughness parameters like Jo, Jy. ;5 Juar J15
dJ/da, K;c and Ky, were determined as per the ASTM standard E-813, with the crack length measured using
direct current potential drop technique. The plane strain K values were computed from the corresponding J
values. The critical crack length for catastrophic failure was determined using a numerical method, which is
widely used in literature. It is observed that for a given test temperature both the fracture toughness parameters
representing crack initiation, such as Jo, Jo;5s and K;c and crack propagation, such as Jya., Jis and Ky,
decrease mildly with increase in hydrogen content whereas mean dJ/da is practically unaffected by hydrogen
content. Also, for a given hydrogen content crack initiation fracture toughness parameters showed large scatter
with a tendency to decrease with increase in test temperature whereas the crack propagation fracture toughness
parameters increased with temperature to a saturation value.

L INTRODUCTION the calandria tube, which is surrounded by low
pressure, low temperature heavy water moderator
About ninety water-cooled nuclear reactors in maintained at 333 K in a large stainless steel vessel

the world, which are either in operation or are under called calandria vessel.
construction, use pressure tubes instead of pressure The use of natural UO, as fuel in PHWRs
vessels to contain the hot pressurized coolant. These demands that the core structural materials such as
reactors are cooled and moderated by heavy water cladding tubes (also called fuel tubes), pressure
and hence are known as Pressurized Heavy Water tubes (coolant tubes), calandria tubes and garter
Reactor (PHWR)'. Each coolant channel assembly springs must have low neutron absorption cross-
of PHWRs comprises of a pressure tube, a calandria section and should satisfy the physical, mechanical,
tube and garter springs. Natural uranium oxide metallurgical and chemical requirements in radiation
powder compacted and sintered in the form of environment’®. Pressure tubes being the final
pellets and encapsulated in thin cladding, forms the pressure boundary containment structures in
fuel pins of the PHWRs. Several such pins are PHWRs, their integrity is to be maintained during
assembled in the form of fuel bundles and are loaded reactor operation”’. Though the specification limit
in horizontal pressure tubes. Pressure tubes (PT) act for hydrogen content in the pressure tubes is 5 ppm
as miniature pressure vessel in PHWRs with coolant for quadruple melted and 25 ppm by weight for
heavy water flowing through it under a pressure of double melted Zr-2.5Nb pressure tubes™, part of the
around 10 MPa and at a temperature in the range of hydrogen/deuterium evolved during service from
523 to 573 K. Calandria tubes (CT) surrounds the coolant-metal corrosion reaction is picked up by the
pressure tubes from outside. Garter springs are pressure tubes'®!!. Hydrogen present in excess of
provided at regular interval in the annular space to terminal solid solubility (TSS)"*"*? precipitates out as

support pressure tube and prevent it from contacting hydride phase. Being brittle, the presence of
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substantial quantities of hydrides can cause
embrittlement of the host matrix resulting in loss of
ductility, impact and fracture toughness. However,
for a significant reduction in these properties, certain
minimum volume fraction of the embrittling phase]l
is required and degree of embrittlement is strongly
influenced by the orientation of hydride platelets.

Since hydride embrittlement is a major life
limiting factor for the components made from these
alloys, several theoretical and experimental studies
have been carried out to understand the influence of
hydrogen/hydride on the mechanical properties in
general and micromechanisms assisting crack
nucleation and its propagation in the presence of
hydride, in particular™'**’. For ductile materials like
Zr-alloys, crack initiation follows void nucleation
and its growth in the plastic zone?'. Nucleation of
voids is associated with fracture of second phase
particle or separation of matrix-precipitate interface.
Hydrides are suspected to be fracture initiating sites
in Zr-alloys and the presence of hydride platelets
normal to tensile load significantly influences crack
propagation. However, the role of hydrides in crack
nucleation and its propagation and influence of
temperature on the same has not been delineated
clearly.

The texture of the CWSR Zr-2.5Nb alloy is
such that crystallographically, only two hydride
platelet orientations are permissible, viz., along the
circumferential-axial and the radial-axial planes''*,
which are respectively called circumferential and
radial hydrides, as illustrated schematically in figure
1. The microstructure of the CWSR Zr-2.5Nb alloy
pressure tube material is such that under unstressed
condition, only circumferential hydrides form''.
However, during power shut down, when pressure
tubes are cooled under hoop stress dissolved
hydrogen may precipitate as radial hydrides, which
being oriented normal to hoop stress direction are
extremely detrimental to the integrity of the pressure
tubes'". The presence of radial hydride is reported to
make Zr-2.5 Nb alloy containing 50 wppm of
hydride significantly brittle below 423 K with
reduction in area reported to be zero at ambient
temperatures1 L2

The objective of the present investigation is to
estimate the influence of hydrides on the fracture
initiation and fracture propagation toughness of Zr-
2.5 Nb pressure tube alloy in the temperature range
of ambient (306 K) to the reactor operating
temperature of 573 K. It is felt that the presence of
radial hydrides makes this alloy so brittle” that
distinction  between fracture initiation and
propagation toughness will not be meaningful and
hence for this investigation Zr-2.5Nb pressure tube
material was hydrided under zero externally applied
stress to ensure the selective precipitation of
circumferential hydrides only. The fracture
toughness parameters like Jo, Jo 5, Juyar, J15 and
dJ/da were determined as per the ASTM standard E-
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813, with the crack length measured using direct
current potential drop technique. The plane strain K
values such as K;c and K}, were computed from
the corresponding J values. The critical crack length
for catastrophic failure was determined using a
numerical method, which is widely wused in
literature™.

11. EXPERIMENTAL
II.LA Material and Specimen

The material used in this study for fracture
toughness tests were from double melted,
autoclaved, unirradiated Zr-2.5Nb pressure tube
(spool number 100-2-3) of PHWR 235 Mwe. The
internal diameter of the tube was 81.5 mm with wall
thickness of 3.7 mm. The chemical analysis
indicated Nb and O contents to be 2.54 and 0.1175
wt % respectively. The room temperature yield and
ultimate tensile strength of the material was 599 and
833 Mpa respectively and the tensile elongation was
13.3 % in 25 mm gage length. The pressure tube
sections of length 110 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 20 or
60 or 100 ppm by weight in a modified Sivert’s type
apparatus. Curved Compact Toughness (CCT)
specimens of width 17 mm were machined from
these spools. The crack plane was along axial-radial
plane to facilitate crack propagation along axial
direction of the tube. The hydrogen content
estimated by inert gas fusion technique using a
LECO analyzer were 21, 70 and 90 ppm
corresponding to the target concentration of 20, 60
and 100 ppm.

IL.B Fracture Toughness Testing

The fracture toughness testing procedure
recommended in ASTM standard E-813 was
followed in the present investigation except for the
fact that the crack length was determined using
direct current potential drop (DCPD) technique'*",
which facilitated the use of Single specimen
technique for fracture toughness parameter
determination. A sharp crack tip was obtained by
fatigue precracking the CCT specimens using a MTS
make servo-hydraulic universal testing machine.
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 precracking, calculated using
equation 1, was reduced in six steps from the
starting value of 20 to the final value of 8 Mpa.m'"?
with the ratio of minimum to maximum load being
maintained around 0.1.

(1

Y
K, =
1 BWI/Z

flalw)



where

2 3 4
[2 +i} 0.886 + 4A641713A3z[i] + 1472(1) 75A6(ij
B w w w w w

& )

w
24
The value of 9, after fatigue precracking was

about 0.5. An Instron make screw driven UTM was
used to pull the fatigue precracked 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 on the
UTM was used for attaining high temperature. The
specimen was heated in air to the test temperature,
soaked for an hour before starting the test. The
specimens were pulled at a cross-head speed of 0.5
mm/min. The temperature of the testing furnace was
controlled during the test within 1K 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 precrack tip.
Two additional thermocouples were placed on the
lower and upper grip touching the specimen. The
crack growth was monitored using direct current
potential drop technique14"5. A constant DC current
of 6 Amperes was used for all specimens. The
DCPD output was measured using 0.5 mm diameter
Zr-2.5Nb 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.
Apart from estimating the fatigue precrack length
from DCPD data, the fatigue precrack length was
also computed from the nine equispaced readings
from the fractograph obtained from the broken half
of the specimens after fracture tests. The average of
the first and ninth reading was added to the sum of
the remaining seven readings and the resulting sum
was divided by eight to obtain the fatigue crack
length.

II.C Computations

The crack length was computed from the DCPD
values as described in our earlier work®*. The area,

A,

displacement curve for a given crack length and
represents the energy required for causing plastic
deformation. The J values were split into elastic and
plastic part (ASTM E 813) as per equation 2:
£0-v) iy @

E Bb
where ;,_, (1+a) with

(1+a?)

was obtained from load vs. load line

J=J,+J, =

a =|ay B)* +2Qa, /) + 2* - [2a, /B) +1]-
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The Blunting line computed using ;. _2s, (Ad)s
where O oy = (0 + yps) /2> WAS superimposed over J vs

Aa plot. Two exclusion lines parallel to the blunting
line were drawn at an offset of 0.15 and 1.5 mm
crack length extension. The data falling in between
the exclusion lines were fit to a power law (7= c 0% )

and straight line. Another offset line parallel to the
blunting line was drawn at an offset of 0.2 mm and
the intersection point of the 0.2 mm offset line with
the power law curve passing through the qualified
data was taken as the Jy, value. The slope of the best
fit line yielded the mean dJ/da value. For each test
the J values corresponding to a crack length of 0.15
and 1.5 mm and maximum load were also noted.
Since Zr-2.5Nb pressure tube alloy is ductile a valid
Kjc test cannot be performed on the pressure tube
material of 3.7 mm thickness. Hence, the values of
Kjc and Ky, were computed corresponding to Jyp
and J),, under plane strain condition as per equation
3.

JE

1-v?

€

25
where Young’ s modulus E =95900-57.4(T —273)Mpa

K,

and v=0436-4.8X10"* (T—300)25 were used. The critical

crack length (CCL) values for the catastrophic
failure of the pressure tube under the PHWR
operating  condition were computed from
corresponding J, values by iterative method as per
equation 4 B,

2
_ 8ac” fiow

“4)

where a=YjccL and 5 —907-0.75447 Mpa, and hoop

J In[sec(zMS,, 20 4,,)]

0

stress, g _FD.
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The aforementioned fracture  toughness
parameters were determined as a function of
hydrogen content in the temperature range of 306 to
573 K. For metallography, 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:HNO;:H,0::2:9:9
for 15 seconds. Fracture surfaces were examined
under scanning electron microscope in backscattered
mode.

III. RESULTS

III.A 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®. The o-grains, possess HCP structure,
with basal poles predominantly aligned in the



circumferential (transverse) or radial direction of the
tubes. Figure 1 shows the three orthogonal directions
of the pressure tube viz. Axial (A), Circumferential
(C) and Radial © 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'!. Typical o grain
dimensions for the cold worked and stress-relieved
Zr-2.5NDb pressure tube material is also indicated in
this figure™.

Circumferential hydride

‘@RC

AC

40

>
. . A
Radial hydride Rv
o grain
dp ~ 15-30 um
y = dc ~2-4 pm
de = dg ~0.2-0.4 pm

.
da

Fig. 1 A tube section illustrating the orientation of
circumferential and radial hydrides'' along with o phase
grain dimensions®® observed in CWSR Zr-2.5Nb pressure
tube alloy.

The microstructural features of hydrides on two
orthogonal planes (AR and RC) of the Zr-2.5Nb
pressure tube material, charged with about 100 wt.
ppm of hydrogen, are shown in fig. 2. 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. This selective
formation of circumferential hydrides (oriented
along the axial-circumferential plane of the pressure
tube) in the as-hydrided condition is attributed to the
microstructure of the pressure tubes''. It may be
noted from fig. 2(a & b) that the trace on radial-axial
plane is straight (with minimum irregularity or
serrations) and longer than that on radial-
circumferential plane. This is expected because the
longer o phase grain dimension along axial direction
of the pressure tube®® provides uninterrupted growth
along axial direction. The branching of the trace of
the hydride on the radial-circumferential plane is due
to shorter grain dimension along the circumferential
direction®® of the pressure tube (Fig 1). Since habit
plane”’ of hydrides in o phase is nearly parallel to
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the basal plane, for the texture of the pressure
tube'"*® one out of every three o phase grains will
have favorable texture. Thus, hydrides cannot grow
straight along the circumferential direction. Instead,
within every 2-4 pm they will branch out to grow
along the favorably oriented grains. This could be
the reason for longer and straighter hydride trace
along axial direction compared to shorter and
branched hydride trace along the circumferential
direction of the pressure tube material.

(a) I00AR ~—=—"—

(b) 100RC =™~

Fig. 2 The microstructure of Zr-2.5Nb pressure tube alloy
charged with 100 wt. ppm of hydrogen revealing traces of
hydrides (dark lines) on two orthogonal planes (AR and
RC) defined in fig. 1. Arrow shows the direction.

The fractographic features shown in Fig. 3
correspond to the samples which were tested at
ambient temperature i.e. 306 K and were containing
(a) 21 and (b) 70 ppm of hydrogen. The fatigue
precracked region on the left side of the fractographs
can be seen to contain traces of hydride (dark lines).
The fracture region exhibits large number of penny
shaped mesocracks oriented normal to the crack
propagation plane. These mesocracks like hydride
platelets were also oriented along the CA plane of
the tube and hence will be designated as CA-
mesocracks henceforth in this manuscript. Also, CA-
mesocracks were not seen near the edge of the
sample thickness. The fractographs in fig. 3(a&b)
suggest that with increasing hydrogen content, the
length of the CA-mesocracks increase, which
probably could be due to hydrides facilitating the
interlinking of the mesocracks.



Spotiltagn Det Wo F—————— 1mm

Fig. 3 Fracture surface of the samples tested at 306 K and
containing (a) 21 ppm and (b) 70 ppm of hydrogen as seen
under Scanning electron microscope under backscattered
mode.

IIL.B Influence of Hydrogen Content

Fig. 4 depicts a typical J vs da curve for the
sample containing 70 ppm of hydrogen and tested at
306 K. The blunting and exclusion lines are also
shown in this fig. 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 the Aaof 0.15 mm,
1.5 mm and maximum load were also recorded. The
slope of the best fit line passing through the
qualified J values were taken as the mean d.J/da.

J, kJim?

Blunting line
o Good J data |

60 4

|

i

| Power law fit |

iy —— ——  0.2mm offset

e 0.15 exclusion line |
! — — — 1.5 mm exclusion line |

40 4 b

I
I
20 4 I
I
|

0.0 0.5 1.0 1.5 2.0

Fig. 4 A typical J vs Aa curve for the sample containing
70 ppm of hydrogen and tested at 306 K along with
blunting and exclusion lines illustrates J, computation.
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Fig. 5 shows the influence of hydrogen content
on (a) Jp and Jy, (b) Jo;5 and J; 5, (c) mean dJ/da
and (d) K¢ and Ky, values for Zr-2.5Nb pressure
tube alloys at various temperatures. The fracture
toughness parameters such as Jy, Jy;s and K¢
represent the fracture initiation toughness. The
dependence of these parameters on hydrogen content
shows negative slope at all the test temperatures
suggesting that the values of the aforementioned
fracture initiation parameters decreases with increase
in hydrogen content. However, the dependence of
these parameters on hydrogen content is very weak
with magnitude of slopes being less than 0.15,
except for the test temperature of 523 K for which
the magnitude of slope is greater than 0.32. The
fracture toughness parameters such as Jy.., Jis,
dJ/da and Kjy,. can be thought to represent the
resistance to crack propagation and influence of
hydrogen content on these parameter can also be
seen in fig.5. The J; s values shows negative slope at
all test temperatures suggesting the enhancement of
embrittling effect of hydrogen (fig. 5(b), which was
observed to be more pronounced in the temperature
range of 373-573 K compared to that at 306 K. The
influence of hydrogen content on Jj,, values and
corresponding Ky, values are not in good
agreement. While at 306 and 573 K both J,,, values
and corresponding Ky, values increased with
increasing hydrogen content at intermediate test
temperatures of 373 and 523 K their values
decreased with increase in hydrogen content. This
trend is summarized by the very weak dependence
of mean dJ/da on hydrogen content with the
magnitude of slope being less than 0.14.

300

(a)

250 -

200
© JQ306
——- JQ 306 Regr
0 JQs73
——- JQ 373 Regr
A JQ523
——- JQ 523 Regr
v Jas73
——- JQ573 Regr
® JMax 306
—— JMax 306 Regr|
=5 ®  JMax 373
7 —— JMax 373 Regr|
A JMax 523
—— JMax 523 Regr|
v JMax 573
50 ~— JMax 573 Regr|

J, kd/m?

12579

100

75 +

T T T T T T
0 20 40 60 80 100 120

Hydrogen content, wt.ppm
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o J0.15306
——- J0.15 306 Regr|
J0.15373

J0.15 373 Reg.
A J0.15523
——- J0.15 523 Regr]
J0.15573
J0.15 573 Regr|
® J15306
—— J1.5306 Regr
15373
J1.5 373 Regr
A 15523
2 J15523 Regr
J15573
J1.5 573 Regr

160

20 40 60 80 100 120

Hydrogen content, wt.ppm

140 +

120 +

100

80

dJ/da, MPa

60

40

(c)

O 306K
— 306 K Regr
373K
373 K Regr

A 523K
—— 523 K Regr
573K
573 K Regr

20

160

20 40 60 80 100

H-content, wt. ppm

140 q

120 1
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100
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(d)

\

—

O  KJC 306
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KJC 373
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A KJC 523
——- KJC 523 Regr
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Fig. 5 Influence of hydrogen content on (a) Jy and Jyqy,

() Jo.ss

and J; 5, (¢) dJ/da and (d) K¢ and K}, values of

Zr-2.5NDb pressure tube alloy at various test temperatures.
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II1.C Influence of Test Temperature

The Influence of test temperature on (a) J, and
Jitars (b) Jpg5 and J; 5, (c) mean dJ/da and (d) K,
and K, values of Zr-2.5Nb pressure tube alloy
containing different amount of hydrogen is shown in
Fig. 6. The fracture initiation parameters such as Jy,
Jo.1s and K- appear to be mildly decreasing with
increase in test temperature, though for the samples
containing 21 wt. ppm of hydrogen the scatter in
data was large. The crack propagation parameters
such as Jyg,, J;5, mean dJ/da and K, increased
with increase in test temperature and appear to be
test
temperatures suggesting that these data represent the
high temperature part or upper shelf of the typical S-
curve exhibited by the temperature dependence of
fracture energy. It may be noted that the mean dJ/da

reaching a saturation value

data showed least scatter

at

higher

compared to other

parameters. Also, the difference between crack
initiation fracture toughness parameters and crack
propagation parameters increases with increase in

test temperature.

(a)

—O0— JQ,21
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—&— JMax,21
JMax,70
—A— JMax, 90
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200 +
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Fig.6 Influence of test temperature on (a) Jy and Jy/4, (b)

Jo1s and J; 5, (¢) dJ/da and (d) K¢ and Ky, values of Zr-

2.5Nb pressure tube alloy containing different amount of

hydrogen.

IILD Critical Crack Length

The variation in critical crack length for the
catastrophic failure of pressure tubes under reactor
operating condition with hydrogen content and test
temperature is listed in Table 1. The value of CCL
determined in the present investigation was > 54 mm
for all the hydrogen concentrations and test
temperatures. Except at 423 K the influence of
hydrogen content on CCL was not very significant.
The CCL values were observed to increase with
increase in test temperature for the samples
containing 21 ppm hydrogen in the temperature
range of 306 to 423 K, and thereafter it was
observed to be decreasing with further increase in
test temperature. For the samples containing higher
amount of hydrogen, the influence of test
temperature on CCL was not significant.

2111

Proceedings of ICAPP '06
Reno, NV USA, June 4-8, 2006
Paper 6138

Table 1: CCL (mm) for catastrophic failure of Zr-2.5Nb
pressure tubes under PHWR operating condition computed
from Jg values obtained in this work at various test
temperatures and hydrogen contents.

S. Temperature, | 21 wt. | 70 wt. | 90 wt.
No. | K ppm ppm ppm
1. 306 57.6 56.0 56.0
2. 373 59.6 54.8 59.2
3. 423 73.0 55.0 59.2
4. 473 61.2 60.4 --

5. 523 65.6 61.8 57.2
6. 573 57.2 58.0 55.2

IV. DISCUSSION

The variation in the critical specimen dimension
such as specimen thickness, B, and uncracked
ligament, b,, for a valid Jjc yielding material specific
fracture toughness with test temperature is shown in
fig. 7. The specimen thickness and the uncracked
ligament length used in the present investigation are
also superimposed in this fig. It is evident from this
fig. that barring a few tests performed at lower
temperature range in this work, the minimum
specimen thickness requirement was not met in the
present investigation and hence the J values reported
in the present work are component specific and not
material property.

10

—o—

A

actual B
7| === actual bo

Critical specimen thickness, mm
@

/

2 T T T T T T
250 300 350 400 450 500 550

600
Temperature, K

Fig. 7 Comparison of critical specimen dimension

computed for samples containing different hydrogen

content for a valid Jic measurement with actual specimen

dimension used in this work.

Formation of the CA-mesocracks in the mid-
section of the specimens (fig.3) during fracture in
Zr-2.5Nb pressure tube alloy has been reported by
earlier investigators’ also and have been attributed to
the presence of sheafs of impurities such as chlorine,
phosphorus, carbon, their complexes and precipitates
like carbide and phosphides**’, which require lower
energy to fracture. In the present investigation also
qualitative composition analysis of the fracture
surface using EDX probe indicated peaks
corresponding to oxygen, carbon, silicon, chlorine
and phosphorous. It may however be noted that
since the fracture samples were cleaned
ultrasonically in acetone for five minutes, the peaks



corresponding to the aforementioned elements were
not very prominent for quantitative analysis. Thus in
view of the forgoing it is felt that the CA-
mesocracks seen in Fig. 3(a) for this alloy containing
21 ppm of hydrogen could be primarily due to the
distribution and orientation of the trace impurities
like Cl, P and carbon, its complexes and second
phase particles. The role of circumferential hydrides
is to link up these mesocracks as is evident from the
longer cracks shown in fig. 3(b) for the sample
containing 70 ppm of hydrogen.

It may be recalled that the formation of CA-
mesocracks were more pronounced in the mid-
section of the sample thickness as compared to the
edges. Since the stress state in the mid-section of the
sample is plane strain, the stress acting along the
thickness of sample (along the radial direction of
tube) could have resulted in the formation of these
CA-mesocracks in the mid-section. On the other
hand, the stress state near the sample surface is plane
stress and hence the stress along sample thickness
may not be sufficient to fracture these low energy
areas, which explains why these CA-mesocracks
were not observed near the sample surface’.

One of the consequences of the formation of
these mesocracks oriented along the circumferential-
axial plane of the tube is the splitting of the sample
thickness, thereby the thickness of the sample can be
thought to be consisting of series of thinner
samples’. Such a splitting of the sample thickness
has been reported earlier also’ and as a result the
stress state ahead of the crack tip after the formation
of these mesocracks will be closer to plane stress
rather than plane strain resulting in increased
toughness of the material. Since the hydride platelets
facilitate the formation of larger CA-mesocraks,
increase in hydride content could result in increase
in toughness, thereby partially annulling the
embrittlement effect of hydrides in these alloy. This
probably could be the reason why the embrittlement
effect of hydrides were not prominent for this alloy
(Fig. 5).

Another interesting feature is the mild decrease
observed in the fracture initiation parameters with
increase in test temperature. Since with increase in
test temperature vacancy concentration increase with
increase in temperature, it is suggested the void
nucleation will be easier resulting in decrease in
fracture initiation parameters with increase in test
temperature. Also, with increase in temperature,
damage healing process in the material is likely to be
more effective due to enhanced atomic mobility,
which probably is the reason for the increase in
fracture propagation parameters with increase in test
temperature (fig.6).

V.  CONCLUSIONS

It was observed that for a given test temperature
both the fracture toughness parameters representing
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crack initiation and crack propagation decreased
mildly with increase in hydrogen content whereas
dJ/da was practically unaffected by hydrogen
content.

The fracture surface showed large number of
CA-mesocracks normal to crack growth plane. The
circumferential hydrides were observed to increase
the length of the CA-mesocracks by interlinking
them and thus have the potential to reduce the
fracture toughness.

However, the formation of the CA-mesocracks
results change of the stress state from plane strain to
plane stress and hence can enhance the fracture
toughness. Due to the combined effect of two
processes fracture toughness parameters are not
significantly affected with increase in hydrogen
content.

Also, for a given hydrogen content crack
initiation fracture toughness parameters showed
large scatter with a tendency to decrease with
increase in test temperature whereas the crack
propagation fracture toughness parameters increased
with temperature to a saturation value.
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NOMENCLATURE

a, initial crack length after fatigue
precracking

a crack length (m) for edge crack and half
crack length for body crack

A, Area under the P vs. plastic LLD curve

2
b & b, | Uncracked ligament
B specimen or Tube thickness (m)

CCL Critical crack length

CCT Curved Compact Toughness

CWSR | Cold worked and stress relieved

D Mean Diameter of tube

DCPD | Direct Current Potential Drop

dJ/da Slope of the best fit line passing through
qualified J values

Aa Change in crack length

E Young’s Modulus

EDX Energy Dispersive X-ray

Jo1s J value for crack extension of 0.15 mm
Jis J value for crack extension of 1.5 mm
Stax J value corresponding to Maximum load




K; stress intensity factor
K stress intensity factor computed from Jp
K nvax stress intensity factor computed from Jjy/,,
LLD Load Line Displacement
M Folia’s factor =, _ 1+0723
MPa Mega Pascal
MWe Megawatt electrical
um micrometer
Nb Niobium
v Poisson’s ratio
o Oxygen
P Operating pressure
PHWR | Pressurized Heavy Water Reactor
ppm Parts per million
P, applied load (N)
r Radius of tube
Sy Hoop stress
O fiow Flow stress
Ours Ultimate Tensile strength
Oys Yield strength
T Temperature in K
UTM Universal Testing Machine
w specimen width (m)
Zr Zirconium
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