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SYNOPSIS
Motivation and objectives of the studies
Zr-2.5% Nb alloy is presently being used as a pressure tube material in Pressurised Heavy Water
Reactors (PHWRs) because of its higher strength, better creep and fracture strength in
comparison to Zircaloy-2. During service, these pressure tubes undergo continuous dimensional
changes mainly in the axial and circumferential directions due to the irradiation induced creep
and growth. Therefore, satisfactory performance of a pressure tube is mainly dependent on its
dimensional stability which is dictated by several of the metallurgical parameters such as
microstructural features characterised by morphology, size and distribution of a and 3 phases,
crystallographic texture and dislocation density.
It has been reported that the heat treated Zr-2.5%Nb pressure tubes have shown superior
performance in terms of creep rates which remained within the design criteria of the rector
(FUGEN type PWR reactor). Such superior creep rates must be attributed to the final
microstructure and texture that resulted from heat treatments in the (a+P) phase field of the
alloy. In addition, earlier Post Irradiation Examination (PIE) studies on reactor operated Zr-
2.5%Nb pressure tubes have indicated that, the elements, like iron and oxygen, have significant
and advantageous influence on the in-reactor creep rates. These observations thus imply that, the
control of metallurgical parameters through manufacturing schedules and selection of proper
chemistry of the alloy are the key factors in evolving a superior creep resistant pressure tube
material. Thus the thorough understanding of heat treatments on the Zr-2.5%Nb pressure tube
alloy and the structure-property correlations in addition to the effect of important alloying
elements, like iron and oxygen contents on the phase boundary, physical and mechanical
properties gains significance.
It is well known fact that, increase in concentration of oxygen would raise the (a+B)/f phase
boundary of the Zr-Nb alloy, while iron would lower the same. Therefore, for a selected heat
treatment temperature within the (a+f) phase field, the fraction of o and B phases would vary
depending on the iron and oxygen contents of the alloy. This would influence the final
microstructure of the alloy and hence would influence the short term as well as long term

mechanical properties and also in-reactor deformation behaviour of the alloy.
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The literature pertaining to heat treatments, microstructural and texture evolution and structure-
property correlations of Zr-2.5%Nb alloy material [1] are discrete and also limited. Further, the
literature pertaining to effects of iron and oxygen contents on the phase boundaries of Zr-Nb
system is limited and also of qualitative in nature [2]. Literature on the subject domains of effect
of iron and oxygen contents on the physical property such as Coefficient of Thermal Expansion
(CTE), texture and the important mechanical property such as thermal creep of the Zr-2.5%Nb
alloy have not been addressed adequately. Therefore the understanding in these subject domains
is restricted. These gaps in the literature were the main motive behind the present studies. Hence
in this thesis these issues have been dealt in two parts. One part is aimed to study microstructural
and texture evolution in the Zr-2.5%Nb alloy due to various heat treatments and cold
deformation followed by structure and property correlations. The other part is aimed to study the
effects of iron and oxygen contents on the phase boundary, physical property such as CTE and

texture and also the important mechanical property the thermal creep of the alloy material.
Summary of chapters

The chapter-1 of the thesis introduces issues related with Zr-Nb alloy and effects of minor
alloying elements iron and oxygen along with the objectives of the thesis. Chapter-2 deals with
detailed literature review pertaining to heat treatments, structure and property correlations and
the effect of iron and oxygen contents on the phase boundary, physical and mechanical
properties of the alloy material. The chapter-3 describes different experimental techniques and
procedures adopted in the study.

The chapter-4 discusses heat treatments and microstructural and texture evolution studies in
addition to texture evolution of heat treated Zr-2.5%Nb alloy on cold deformation. To begin with
the heat treatment studies, it was essential to have the accurate knowledge of PB/(a+f)-transus
boundary for the selected Zr-2.5%Nb alloy for enabling selection of desired heat treatment
temperatures within the (a+f) phase field. Using a quenching dilatometer, a number of samples
which were soaked at 1063°C in the Bz phase field of the alloy, were subjected to controlled
cooling at different rates varying between 0.06°C/s and ~200°C/s.
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The B>o+p start and end temperatures were determined for each cooling rate to establish the
partial Continuous Cooling Transformation (CCT) diagram which is presented in the Fig. 1. The
B> a+p start boundary in Fig.1 is the B-transus boundary for the alloy. Based on the highest 3-
transus temperature of 891°C established at the slowest cooling rate of 0.06°C/s, the heat
treatment experiments were designed within the (a+f) phase field and carried out using the
quenching dilatometry technique. The microstructural evolution as a function of soaking

temperatures and cooling rates has been studied on these samples using the transmission electron

microscopy technique.
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Fig.1: Partial CCT diagram for the Zr-2.5%Nb alloy
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Fig.2 Micrstructural evolution (heat treated in ;e a+ﬂhase field): (a) idmanstéitten
a (0.5°C/s), (b) Widmanstitten o (25°C/s), (c) Martensitic structure (internally slipped) at
(50°C/s) and (d) Martensitic structure (internally twinned) at (100°C/s)
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Following are the important findings.

(@)

(i)

(iii)

(iv)

V)

The microstructural study revealed that the small differences in soaking temperatures in
the a+p phase field were sufficient to produce distinct change in primary a fractions

attributing to sharp gradient in the solvus line of o+ phase field in the Zr-Nb system.

These experiments have shown that different cooling rates influenced the nature of
B0+ phase transformation that lead to martensitic or Widmanstétten type products. The
morphology of Widmanstétten ‘a’ progressively changed from being finer and straight to

larger and irregular shaped as the cooling rates decreased (Fig.2 (a-b)).

The samples quenched at 50°C/s and 100°C/s showed predominantly the martensitic
products (Fig.2 (c-d)) along with the primary o. At relatively slower quenching rates such
as 50°C/s, internally slipped martensites were observed whereas at 100°C/s internally
twinned martensites were the notable features. The martensite plates were seen to have
formed in self accommodating morphologies that facilitate the formation of successive

generation of martensitic plates through reduction in transformation strain energies [4].

It was observed that decreasing the soaking temperature within the (o+f3) phase field
increased the probability of formation of martensite even at slower cooling rates such as
25°C/s which was attributed to increased ‘Nb’ content in the prior Bz phase. At lower
soaking temperatures higher incidence of internally twinned martensite were observed due
to the matrix (Bz phase) being stronger. In general, the Widmanstitten ‘a’ plates became
finer with the lowering of soaking temperatures attributing to increased heterogeneous
nucleation sites due to finer structure of prior B grains. On the basis of these observations it
was concluded that in order to obtain primary ‘a’ and martensitic structures, a lower
soaking temperature in the o+ phase field followed by a minimum cooling rate of 25°C/s
is required.

This chapter also deals with texture evolution study carried out using Electron Back
Scattered Diffraction (EBSD) technique on few of the selected heat treated samples
particularly those soaked at 883°C (closest to B-transus temperature of 891°C). The study
revealed that quenching of samples with a rate of 50°C/s and 100°C/s, resulted in

13



considerable randomisation of the texture as indicated by nearly similar values of basal
pole fractions (f,, f;, f;) in the three principal directions of the pressure tube. Such result
could be attributed to the transformation of large number of randomly oriented fine 3
grains yielding various variants of martensitic (a') plates which had Burgers’ orientation

relationship given by (0001),//(110) and [21 1 0],//[111]p. Texture analysis of the sample,

cooled at 0.5°C/s, however, showed similar fraction of basal poles in the radial and
circumferential directions (f;, f;) leaving axial component (f,) largely unaltered. This result
can be attributed to the predominantly Widmanstitten nature of the transformation,
coupled with relatively larger size of transformed o, consequently fewer number of
product grains (formed from the parent B grains). Hence, the degree of randomisation of

texture was observed to be very low in this sample.
Effect of cold deformation on texture evolution of (a+f) heat treated Zr-2.5%Nb alloy

Further, the effect of cold deformation on texture evolution of the heat treated Zr-2.5%Nb alloy
was studied using EBSD technique to understand the extent of texture modifications. For this
purpose three of the samples soaked at 870°C and quenched at 25°C/s using quenching
dilatometry, were subjected to cold working through compression testing at room temperature.
The compression strains achieved in these samples were ~9.6%, ~12% and ~28.6%. It was
observed that f, value (axial component of Kearn’s texture parameters) for ~9.6% and 12% of
cold worked samples was nearly unaffected in comparison to the as heat treated condition and
the starting material. This is similar to the observation in the previous study by Cheadle et al. [5].
With the increase in compression strain to ~28.6%, the modification in the texture was clearly
evident through the increased values of f;,. Such texture modification may be attributed to the
rotation of oy crystals towards the direction of compression axis and is in agreement with
previous study by Cheadle et al. [5].

The chapter-5 deals with the determination of correlation parameters for evaluation of
mechanical properties of anisotropic Zr-2.5%Nb alloy by Small Punch Test (SPT) and
Automated Ball Indentation (ABI) test. These techniques were specifically chosen in the present

study as these were suited for mechanical property characterisation of small size heat treated
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dilatometry specimens. Since, both SPT and ABI are the non-conventional miniature specimen
testing techniques, they required establishment of correlation parameters. The correlation
parameters are specific to the technique and also specific to each class of materials and hence
were required to be established experimentally for the Zr-2.5%Nb alloy. The literature in this
subject domain has dealt with relatively isotropic materials like steels [6, 7]. There is no
literature available which has dealt with the Zr-base alloys and in particular the issues of
mechanical property characterisation of anisotropic materials like Zr-2.5%Nb alloy. Therefore,
this part of the work bears importance as the correlation parameters established for these two
techniques would provide direction specific mechanical properties of Zr-2.5%Nb alloy. This part
of the work was necessary for characterising the mechanical properties of (a+f3) phase heat
treated Zr-2.5%Nb alloy samples referred in chapter-4.

As per the recommended procedures in the literature, the tensile specimens of dimensions
conforming to ASTM E8 were extracted both from axial and circumferential directions of the Zr-
2.5%Nb pressure tube spool piece. Five sets of these tensile specimens along with few bulk
pieces were subjected to soaking at 880°C for 30 min (within the a+f3 phase field of the alloy)
followed by cooling to room temperature at different selected rates between 0.15°C/s and
~150°C/s using specially developed gas quenching system. One of the sets of these samples was
subjected to water quenching as well.

These heat treated bulk specimens were subjected to SPT and ABI tests at room temperature for
the two loading directions (axial and circumferential) adopting recommended procedures. It was
noted that, in the case of SPT the yield and ultimate tensile strength representing values such as
(Py/toz) and (Pp/to®) for the axial loading condition were higher compared to the circumferential
loading for the identical heat treated conditions. However, unlike the case of SPT, the
conventional tensile tests and ABI tests exhibited higher strength values for the circumferential
direction loading compared with axial direction for all the heat treated conditions. This
observation was rationalised on the basis of disc specimen orientation experiencing relative
texture effects in the two loading directions. Therefore, in the case of SPT, the strength
representing values (Py/toz) and (P/to”) obtained for the axial loading condition were correlated

with the circumferential direction tensile strength data of same heat treated conditions and vice a
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versa and linear relationships were established through regression analysis. In the case of ABI
the yield strength representing value (yield parameter A) established for the axial and
circumferential direction loading conditions were correlated with the tensile yield strength data
for the same direction and the linear correlations were established through regression analysis.
The experimentally established linear correlations for the determination of yield strength (oy)
and ultimate tensile strength (curs) by SPT and ABI for the two directions of loading are

presented in Table-1 below.

Table-1: Correlation coefficients for the determination of mechanical properties by SPT and ABI

Linear correlations Regression coefficient: (RY)
Oyaxapr = -505.929+ 0.501x A 4y) (ABI axial loading) 0.962
Oy(cirjapr = -436.89+ 0.498x A iy (ABI-circumferential loading) 0.975
Oy(cinyspr = 258.703+3.1 74X[Py/t02 4« (SPT-axial loading) 0.936
ours(eirspr = -238.532+1 969K [P/ts] 1« (SPT-axial loading) 0.825
Oyayspr = -221.352 +5.901 X[Py/toz] cir -(SPT-circumferential loading) 0.990
oursuxyser = -796.518+3.365 X[Pw/ty’ ] cir-(SPT-circumferential loading) 0.816

In chapter-6 the structure and mechanical property correlations of the (o+f) phase field heat
treated Zr-2.5%Nb alloy has been discussed. The direction specific correlation parameters
established in chapter-5 for SPT and ABI were used for characterisation of mechanical properties
of these samples. Since all the heat treated dilatometry samples were extracted from axial
direction of the pressure tube, the loading condition in both SPT and ABI tests was axial.
Therefore, in the case of SPT the mechanical properties established for axial loading condition
represented circumferential direction mechanical properties unlike the case of ABI testing which
represented axial direction mechanical properties.

The results by SPT and ABI showed (Fig.3 (a) and (b)) increasing trend in mechanical properties
with the cooling rates increasing from 0.5°C/s to 25°C/s which can be attributed to finer
morphologies of transformed o and [ phases providing resistance to the deformation. The
specimens with predominantly martensitic structures obtained at cooling rates 50 and 100°C/s

showed higher strength values both by SPT and ABI, which can be attributed to solute
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strengthening effect by supersaturated o' (martensite), high dislocation density caused by rapid
quenching in addition to increased barriers due to fine structure.

On the other hand, as the soaking temperature was increased from 840°C to 883°C, the SPT-
derived mechanical properties showed an apparent decreasing trend, which is an expected result
due to finer structure obtained at lower soaking temperatures. Whereas, the ABI derived strength
values for the same conditions remained nearly unaffected, which may be attributed to averaging
effect due to spherical indenter. The higher strength values observed at lower soaking
temperatures in the case of SPT was mainly attributed to the solute strengthening effect due to
‘Nb’ enrichment of the a and B phases, in addition to fineness of lamellar a and 3 structure and
martensitic structure obtained even at slower cooling rates. In order to verify the results obtained
by ABI, the Brinell Hardness Number (BHN) obtained during ABI tests were correlated with the
VHN values determined for the same sample conditions. The similar trends in hardness results
by these two methods validated the measurements by ABI. This work has established that both
ABI and SPT are sensitive to microstructural changes in the Zr-2.5%Nb alloy.

1100

1100
o0 * Av.c, (MPa) (a) {8~ Av. o (MPa) (b)
] » Av.ou (MPa) 10004 »  Av.q,  (MPa)
900+ 900 ]
] uts 1 - S 5
8001 > 800 » » > 2
£ 700 5 1 ¥
700 Ys
- L o . €
e | s g 700
g 2 600 Axial
~enn | 5 loading
©7500 | 5 R
> 1 E 500
< 4004 o . | SPTdata
] 7 400+ c c
0] Q:I gtati ling rat 2
4 ect of cooling rate 300 )
1 Soaked at 883°C within hase field i :
100 | Soaked at 883°C within (a+f) phase field { Soaked at 883°C in (a+B) phase field
0 20 40 60 80 100 100 —

T T T
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9 Cooling rate °C/s

Fig.3 Mechanical properties of (a+f) heat treated Zr-2.5%Nb alloy samples for one of the heat
treatment condition, soaked at 883°C and cooled at different rates (a) by ABI, (b) by SPT

The chapter-7 deals with the effect of variation in iron and oxygen content (within the
specification range) on the phase boundary, physical and mechanical properties of the Zr-
2.5%Nb alloy. To study the effect of these elements on the (a+f)/B phase boundary of the alloy,
two sets Zr-2.5%Nb alloy samples having independent variation in iron and oxygen contents

were selected and subjected to dilatometric scans in a linear temperature program up to 1063°C.
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The Al vs. time plots recorded for these samples for the heating cycle were analysed for (o+3)/3
transformation temperatures (Tp). The results showed negative slope for the Tp vs. iron content
linear fit which indicated a decrease in Tg by ~4°C/100 ppmw increase of ‘Fe’ attributing to its
B-phase stabilising effect (see eq. (1). Similarly, for oxygen variation set of samples a linear fit
of Tp vs. oxygen content showed positive slope which indicated an increase in Tg by ~14°C/100
ppmw of oxygen which can be attributed to a-phase stabilising effect (see eq. (2). From eq.(1),
Tg for an alloy with 650 ppmw of ‘Fe’ and 930 ppmw of ‘O’ would be 867°C. If the oxygen
content is increased from 930 to 1137 ppmw, then according to eq.(2), Tg would increase by
27°C, 1.e. Tg=(867°C+27°C)=894°C which is close to 891°C established for the alloy with 1137
ppmw of ‘O’ and 650 ppmw of ‘Fe’.

Tia+pyp = Tp = (893.97- Feppmw x 0.041) °C (R =0.84) (1)
Teopyp = Tp = (735.12 + Oppmw X 0.135) °C (R’ =0.93) (2)

The effect of independent variation of ‘Fe’ and ‘O’ on the thermal creep behaviour of the as
fabricated Zr-2.5%Nb pressure tube samples was studied at temperatures close to the reactor
operation to understand the deformation behaviour of the alloy during service. For studying the
effect of independent variation in ‘Fe’ content on thermal creep behavior, three Zr-2.5%Nb
pressure tube alloy samples with iron content 165, 472 and 1566 ppmw were selected. These
samples were subjected to impression creep tests at 400°C and 400 MPa punching stress using a
flat punch of diameter 1.5 mm. The specimen loading condition was circumferential with respect
to pressure tube axis. The literature [8] indicated that the test conditions selected belonged to the
region dominated by dislocation climb plus glide mechanism of creep. The slope of impression
creep strain vs. time plots (Fig. 4 (a)) for the three samples studied, showed decreasing steady
state impression creep rates with the increase in ‘Fe’ content. Although ‘Fe’ is mainly associated
with Bz phase of the dual phase Zr-2.5%Nb alloy, the increase in ‘Fe’ content in the alloy may
be increasing the ‘Fe’ content of oz phase limiting to terminal solid solubility. Therefore, the
observed decreasing trend in steady state creep rate can be attributed to solute strengthening of

dominant oz phase by the interstitial ‘Fe’ content, in addition to strengthening of Bz phase.
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The effect of oxygen content on the thermal creep behavior of the pressure tube alloy was
studied using a high temperature Vicker’s micro-hardness testing system (indentation technique).
The oxygen content in the selected pressure tube samples had variation from 743 ppmw to 1587
ppmw. The time dependent hot hardness tests were performed at 300 and 400°C under vacuum
with the indentation load of 500g and dwell time varying from 10 to 800s maximum during the
test. The increase in diagonal i.e. the decrease in hardness as a function of time at a given test
temperature is regarded as the measure of thermal creep of the alloy. The results of hardness
verses dwell time of the indenter for the three samples are presented in the typical In(H) vs. In(t)
plot in Fig. 4 (b). The results clearly showed higher hardness values for the higher oxygen
content sample at all dwell times and also at both the test temperatures 300°C and 400°C which
can be attributed to increased solute strengthening effect by the interstitial oxygen. The relative
increase in slope of the linear fit of /n(H) vs. In(t) at 400°C as compared with 300°C for a given
sample can be attributed to increased recovery processes at 400°C. Thus, the study has shown
that both iron and oxygen contents improved the thermal creep resistance of the alloy.

To study the effect of independent variation of iron and oxygen contents on the Coefficient of
Thermal Expansion (CTE) and the texture parameters, two sets of pressure tube samples were
selected. It was observed that the measured axial direction CTE and the texture parameter f,
values showed increasing trend with iron content (Fig.5 (a) and (b)) while circumferential
direction CTE and the f; values showed the opposite trend. These distinct trends in the CTE and
texture parameters can be related to the influence of ‘Fe’ on the deformation mechanism of the
oz phase of the alloy. As discussed earlier, the increase in ‘Fe’ content of the alloy would
increase ‘Fe’ content of ay phase as well. This might decrease the stacking fault energy of the
dominant az phase similar to the case of addition of Al (substitutional) to a-Ti [9, 10]. During
the thermomechanical treatments due to decreased stacking fault energies the twinning ability of
the alloy might be increasing [11] resulting in considerable rotation of oz crystals producing in
texture modifications. As a result f, values might be correlating with ‘Fe’ content with an
increasing trend (Fig.5 (b)) and hence the axial CTE is also exhibiting same trend with ‘Fe’
content (Fig. 5 (a)) because CTE correlates with texture linearly as shown in Fig.5 (c). It was

also observed that the in-reactor axial creep rates of the operating pressure tubes corresponding
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to the samples studied for CTE and texture exhibited a good correlation with a decreasing trend

with ‘Fe’ content increasing.
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The inter correlationship study showed that increasing ‘Fe’ content increased the f; values and
the corresponding CTE values and decreased the in-reactor axial creep rates. A good correlation
of in-reactor axial creep rate with axial CTE in Fig.5 (d) and the linear correlation established
between CTE and texture parameters in Fig.5 (c) in the present study indicated that CTE is
sensitive to texture changes and can provide indications about the performance of the pressure
tube. Therefore CTE can be used as surrogate parameter for texture. The effect of oxygen
variation on the CTE and texture was studied in the similar way. The study showed that oxygen
variation in the alloy showed no definite correlation with CTE, texture and also with in-reactor
axial creep rates for the corresponding operating tubes. The reason could be, increased oxygen
content in the alloy would increase its concentration in the oz phase (octahedral sites) and can
reduce twinning ability of the oz phase and hence the texture modification, similar to the one
observed in the case of a-Ti alloys [9]. It was also observed that although ‘Fe’ content in the
oxygen variation set of samples varied in a small range, the CTE data correlated with ‘Fe’
content, although with a relatively higher scatter, indicating that effect of oxygen on the texture
and hence CTE is insignificant compared to the effect of ‘Fe’ content. The complete study has
established that the effect of iron and oxygen on the mechanical properties of the alloy was

distinct and also significant, while the effect of oxygen on the physical property, CTE was
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insignificant, whereas the effect of iron was distinct and considerable. The chapter-8 finally

summarises the conclusions of the complete thesis.
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ABSRACT

During service, the Zr-2.5%Nb alloy pressure tubes in PHWRs undergo anisotropic dimensional
changes mainly in the axial and circumferential directions due to irradiation induced creep and
growth along with relatively small contribution from thermal creep. Such dimensional instability
limits the service life of the pressure tubes. However, it has been observed that Zr-2.5%Nb
pressure tubes in the heat treated condition have shown superior dimensional stability attributing
to microstructure, texture and also the mechanical properties. In addition, it is also observed that
the chemical composition particularly the iron and oxygen contents in the pressure tube alloy
have shown advantageous influence on the in-reactor creep rates. Therefore, the complete study
has been addressed in two parts, one part dealing with structure and property correlations and the
other part dealing with effect of ‘Fe’ and ‘O’ contents on the phase boundary, physical and
mechanical properties.

The Zr-2.5%Nb pressure tube material is a (o+f3) dual phase alloy that can be used with variety
of microstructures through controlled heat treatments. The concentrations of iron and oxygen are
known to influence the (a+B)/B phase boundary of the Zr-2.5%Nb alloy, which is important
from the view point of design of suitable heat treatments to obtain desired structure and
properties in the alloy. Secondly, the presence of these elements in the o and 3 phases are also
expected to influence the important physical property CTE and hence the texture. Thus,
measured CTE in a certain direction can provide good indications about the effect of these minor
alloying elements on texture and hence the in-reactor performance of the pressure tube. Further,
the presence of these elements in a and [ phases is also expected to influence the thermal creep
behavior which is important to improve the understanding of in-reactor creep behavior of the
alloy, because these mechanisms are closely related.

The literature review has indicated that structure-property correlation study on the Zr-2.5%Nb
alloy is discrete and also limited. The literature pertaining to the effect of independent variations
in iron and oxygen concentrations on the phase boundary, CTE, texture and the thermal creep
behaviour have not been addressed adequately. This has significantly restricted the

understanding in these subject domains which was the main motive behind this study.
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The extensive work reported in this thesis provides a valuable resource for understanding the
microstructural and texture evolution in the Zr-2.5%Nb pressure tube alloy due to various heat
treatments and the structure-property correlations, in addition to the influence of ‘Fe’ and ‘O’
contents on the phase boundary, physical and mechanical properties of the alloy.

To begin with, the partial Continuous Cooling Transformation (CCT) diagram was established to
demark the /(a+p) transus boundary for the selected Zr-2.5%Nb alloy. Based on the highest -
transus temperature of 891°C established for the slowest cooling rate of 0.06°C/s, a systematic
heat treatment study consisting of cooling the samples at different rates from different soaking
temperatures within the (o+f) phase field of the alloy was carried out using quenching
dilatometry. The microstructural examination of these samples by TEM revealed that, for a given
soaking temperature, morphology of Widmanstitten o changed from finer and straight lamellae
to wider and irregular shape as the cooling rate decreased from 25°C/s. For quenching rates
50°C/s and 100°C/s the microstructure was predominantly martensite along with primary o. It
was also observed that for a given cooling rate, the probability of martensite formation increased
with decreasing soaking temperatures. The microtextural examination using EBSD on the
samples soaked (883°C) close to [-transus temperature revealed that, texture tended to
randomise at higher cooling rates such as 50 C/s and 100°C/s attributing to large number of
randomly oriented fine 3 grains transforming to martensites with randomly oriented variants.
Whereas, little change was seen at lower cooling rates, attributing mainly to Widmanstétten
nature of structure and fewer P grains undergoing the transformation. To simulate the cold
working of the pressure tubes during manufacturing, the samples heat treated at 870°C and
cooled at 25°C/s were subjected to compression testing (in the axial direction of the PT). The
textural evolution study using EBSD technique on these samples showed that the axial
component of texture parameter (f,) increased with amount of CW increasing up to 28.6%. This
is an important result considering thermomechanical treatments of the heat treated pressure tube.

For studying evolution of mechanical properties of these small size heat treated dilatometry
specimens, two miniature specimen testing techniques namely ABI and SPT were adopted.
Since, both ABI and SPT are non-conventional techniques, initially the correlations were

established adopting recommended procedures for evaluation of basic mechanical properties
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such as yield strength and ultimate tensile strength. The study revealed that these established
correlation parameters are specific to the technique and also to the class of materials i.e. Zr-
2.5%Nb alloy. More importantly, since, Zr-2.5%Nb is an anisotropic material due to texture,
special emphasis was given to establish direction specific correlations for the purpose of
evaluation of direction specific mechanical properties in the present study.

Using these direction specific correlations for both ABI and SPT, the room temperature
mechanical properties of the heat treated dilatometry samples was carried out. The subsequent
structure-property correlation study addressed the issues of effect of cooling rates and effect of
soaking temperatures on the morphologies of the transformed products and the corresponding
change in mechanical properties.

The effect of independent variation of ‘Fe’ and ‘O’ contents on the (a+)/p phase boundary and
the physical property CTE of the Zr-2.5%Nb alloy was studied using the dilatometry technique.
The study showed that the temperature corresponding to (a+P)/B phase boundary for the alloy
increased at a rate of 13.5°C/100 ppmw of oxygen and decreased at a rate of 4°C/100 ppmw of
‘Fe’ content. This is an important result considering design of thermomechanical treatments of
the alloy during the manufacture of pressure tube. The study of interrelationship of ‘Fe’ and ‘O’
concentrations on the CTE and bulk texture showed that increasing amounts of ‘Fe’ content up to
around 1500 ppmw decreased the circumferential CTE and f; values with a corresponding
increase in axial CTE and f; values, whereas no specific trend was observed as a function of ‘O’
content in the alloy. These results have been discussed in relation with deformation mechanisms
as a function of Fe and O contents. This is another important result considering in-reactor
performance evaluation of the alloy. Similarly, the effect of these elements on the thermal creep
behavior of the alloy has been studied using miniature techniques such as impression creep tests
and indentation creep tests. The study has revealed that both ‘Fe’ and ‘O’ contents have
advantageous effect of the creep behavior. The probable mechanisms involved have been
discussed to explain the observed creep resistant behavior as a function of ‘Fe’ and ‘O’ contents
in the alloy. The large sets of experimental results in this thesis provide wide database to develop

improved models for the assessment and prediction of performance operating pressure tubes.
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Fig. 5.2 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat
treated at 880°C (axial loading), (a) Quenched at 28°C/s, (b) Quenched at 55 °C/s, (c)
Quenched at 151°C/s, (d) Cooled at 0.15°C/s and (e) Water quenched (~800°C/s)

Fig. 5.3 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat
treated at 880°C (Circumferential loading), (a) Quenched at 28°C/s, (b) Quenched at 55 °C/s,
(c) Quenched at 151°C/s, (d) Cooled at 0.15°C/s, (e) Water quenched (~800°C/s)

Fig. 5.4 Correlation parameters for determination of o, by ABI (a) Axial-loading and (b)
Circumferential loading

Fig. 5.5 (a) SPT: Correlation parameters for evaluation of oy for - (4xial loading), (b) SPT;

Correlation parameters for evaluation of cyrs —(A4xial loading)
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Fig. 5.6 (a) SPT, Correlation parameters for evaluation of oy for -(Circumferential loading),
(b) SPT, Correlation parameters for evaluation of cyrs — (Circumferential loading)

Fig. 5.7 (a) Comparison of Tensile and SPT derived directional o, values for different heat
treated conditions, (b) Comparison of Tensile and ABI derived directional o, values for
different heat treated conditions

Fig. 5.8 (a) Comparison of Tensile and SPT derived directional oyrs values for different heat
treated conditions, (b) Comparison of Tensile and ABI derived directional cyrs values for
different heat treated conditions

Fig. 5.9 Comparison of axial and circumferential direction mechanical property data, (a) SPT
and ABI- derived o, data with tensile o, data, (b) SPT and ABI- derived cuyrs data with
tensile oyrs data

Fig. 5.10 (a and b) A schematic of SPT specimen deformation during a test compared to
tensile deformation in the radial direction.

Fig.6.1 Effect of cooling rate on mechanical properties oy, and ocyrs of the Zr-2.5%Nb
pressure tube samples by ABI for the samples soaked within the (a+B) phase field at, (a)
883°C, (b) 870°C, (c) 863°C, (d) 840°C

Fig. 6.2 Effect of cooling rate on mechanical properties o, and ocyrs of the Zr-2.5%Nb
pressure tube samples by SPT for the samples soaked within the (a+f) phase field at (a)
883°C, (b) 870°C, (c) 863°C, (d) 840°C

Fig. 6.3 Effect of soaking temperatures on mechanical properties oy, and oyrs of the (o+f)
heat treated Zr-2.5%Nb pressure tube samples by ABI, for the cooling rates, (a) 10°C/s, (b)
25°C/s, (c) 50°C/s, (d) 100°C/s

Fig. 6.4 Effect of soaking temperatures on mechanical properties o, and cuyrs of the (o+f)
heat treated Zr-2.5%Nb pressure tube samples by SPT, for the cooling rates (a) 10°C/s, (b)
25°C/s, (c) 50°C/s, (d) 100°C/s

Fig. 6.5 (a) Effect of cooling rate on the Vicker’s hardness (VHN) of the heat treated Zr-
2.5%Nb alloy samples soaked at 883, 870, 863 and 840°C, (b) Effect of cooling rate on the
Brinell hardness (BHN) of the same alloy samples obtained during ABI tests
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Fig. 7.1 The (a+P)/P transus temperature for the Zr-2.5%Nb alloy sample containing, (a) 301 178
ppmw of ‘Fe’ (Ph-1), (b) 402 ppmw of ‘Fe’ (Ph-2), (¢) 1100 ppmw of ‘Fe’ (Ph-3), (d) 1336 179
ppmw of ‘Fe’ (Ph-4), (e) Linear fit of (a+p)/p transus temperature vs. ‘Fe’ content in the Zr- 180
2.5%Nb alloy samples

Fig. 7.2 The (a+B)/P transus temperature for the Zr-2.5%Nb alloy sample containing, (a) 930 181
ppmw of oxygen (Ph-5), (b) 963 ppmw of oxygen (Ph-6), (¢) 967 ppmw of oxygen (Ph-7), (d) 182
1003 ppmw of oxygen (Ph-8), (e) 1073 ppmw of oxygen; (Ph-9), (f) Linear fit of (a+B)/p 183
transus temperature vs. ‘O’ content in the Zr-2.5%Nb alloy

Fig.7.3 Impression creep test results (a) Depth Of Penetration (DOP) vs. time, (b) creep stain 185
(&) vs. time

Fig. 7.4 Increasing ‘Fe’ content in the Zr-2.5%Nb alloy showing decreasing trend in, (a) 188
Steady state impression creep strain rate ¢ (at 400°C), (b) In-reactor axial creep rate, &; of the
pressure tubes (reactor operating temperature 300°C)

Fig. 7.5 (a-c) typical microstructure of the off cut samples used for the thermal creep study 189
indicating similar distribution and features of oz and 3 phases

Fig. 7.6 Room temperature Vicker’s Hardness of Zr-2.5%Nb alloy samples showing increasing 197
trend with oxygen content in the range 743 to 1587 ppmw

Fig. 7.7 (a) In(H) vs. In(t) showing decrease in hardness with dwell time for all the three Zr- 198
2.5%Nb alloy samples at the test temperature (a) 300°C, (b) 400°C

Fig. 7.8 In(H) vs. In(t) plot showing decrease in hardness with time at the test temperatures 199
300°C and 400°C for the Zr-2.5%Nb alloy sample containing, (a) 1587 ppmw of oxygen, (b) 200
929 ppmw of oxygen, (c) 743 ppmw of oxygen (Oxygen measurement Std. dav. 6x10” ppmw)
Fig.7.9 Typical experimental CTE curves (up to 400°C) for the axial and circumferential 201
directions of Zr-2.5%Nb pressure tube samples (a) as fabricated showing large difference
slopes indicating texture effects, (b) heat treated (f-quenched from 1063°C) showing similar
slopes indicating similar texture

Fig. 7.10 (a-f) Typical microstructure of the off cut samples used for the thermal expansion 203

studies indicating similar distribution and features of the oz, and [z phases

32



Fig. 7.11 Effect of increasing ‘Fe’ content in Zr-2.5%Nb alloy showing (a) increasing trend in
axial direction CTE, (b) decreasing trend in circumferential direction CTE. This plot also
shows nearly similar values of CTE for both axial and circumferential directions for a sample
containing 579 ppmw of ‘Fe’ after heat treatment at 880°C in the (a+f) phase field followed
by quenching at 150°C/s, (c) Correlation of axial texture parameter (f;) with ‘Fe’ content of as
fabricated Zr-2.5%Nb pressure tube samples, (d) Correlation of circumferential texture
parameter (f;) with ‘Fe’ content of as fabricated Zr-2.5%Nb pressure tube samples, (e)
Correlation of texture parameters f, and f; values with CTE (Fe-variation set of samples)

Fig. 7.12 (a) Effect of oxygen on CTE of as fabricated Zr-2.5%Nb pressure tube samples for
the (a) axial direction (b) for the circumferential direction, (c) Correlation of texture parameter
(f2) with oxygen content showing scatter, (d) Effect of small variation of ‘Fe’ content on the
axial CTE of oxygen variation samples

Fig. 7.13 Correlation of fiues vs. CTE (randomly selected samples) showing linear fit

Fig. 7.14 A conceptual plot of potential energy versus intratomic distance, demonstrating the
anharmonic increases in intratomic separation with rising temperature.

Fig. 7.15 (a) Correlation of irradiation creep rate (&;) of Zr-2.5%Nb pressure tubes with their
(a) ‘Fe’ content, (b) axial direction CTE (‘Fe’ variation samples), (c) Correlation of (&;) with

circumferential CTE (‘Fe’ variation samples),
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Fig. 7.16 (a) Effect of oxygen on (&) of Zr-2.5%Nb pressure tubes. (b) Correlation of (¢;) with 218
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CHAPTER 1: Introduction

The pressure tube is a part of coolant channel assembly in the PHWRs. Each coolant channel
assembly comprises of a Calandria Tube (CT) inside which a Pressure Tube (PT) is held
centrally and the garter springs are placed at certain intervals within the annulus gap to prevent
PT and CT contact during operation [1, 2]. Natural uranium dioxide powder compacted and
sintered in the form of cylindrical pellets and encapsulated in thin walled Zircalloy-4 cladding
tube, forms the fuel pins of the PHWRs. Several such pins assembled in the form of fuel bundles
are loaded in horizontal pressure tubes [1-5]. In PHWRs, these PTs act as miniature pressure
vessels for the primary containment of hot heavy water D,O (deuterium oxide) which serves as
moderator and also coolant. The D,O flows at a pressure of around 10 MPa and at a temperature
in the range of 250-300°C during operation [2-9]. Fig.1 shows the simplified schematic view of
the PHWR core and the coolant channel assembly where only two coolant channels are shown

for the sake of clarity.
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Fig.1 A schematic simplified view of PHWR core showing coolant channel assemblies

Zr-2.5% Nb alloy is presently being used as a pressure tube material in the PHWRs because of

it’s, higher strength, better creep and fracture strength and low hydrogen pickup rate compared to
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Zircaloy-2 [3-6, 10-16]. Zr-2.5%Nb pressure tube is manufactured by a series of thermo-
mechanical treatments involving, hot extrusion, cold-working and is used in stress-relieved
condition [4-8, 12]. The as-fabricated microstructure in these pressure tubes usually consists of
elongated hexagonal-close-packed (hcp) oz (i.e. anisotropic) that contains ~0.6%Nb, partially
surrounded by a thin network of filaments of (bcc) Pz (relatively isotropic) that contains
~20%Nb [4, 15] and also ‘Nb’-depleted hexagonal w-phase [4]. The pressure tubes have strong
transverse crystallographic texture with the basal plane normals predominantly concentrated in
the transverse direction of the tubes attributing to preferred orientation of oz phase that
constitutes over 90% of the pressure tube material volume [3, 4, 17].

During the service, the pressure tubes in PHWRs experience a biaxial stress state due to
pressurised coolant (~/0 MPa) with transverse stress nearly double the axial stress [5, 6] and
neutron flux of ~10'"n/m%s [6]. Under such severe operating conditions, anisotropic irradiation
growth and creep occur leading to continuous dimensional change, mainly in the circumferential
and axial directions of the pressure tubes [3, 4]. These dimensional changes are actually the net
effect of irradiation creep, irradiation growth and the thermal creep [4, 12]. However, the major
source of deformation in pressure tubes is due to irradiation creep and growth, while the
contribution of thermal creep is relatively much less [4]. Irradiation growth causes the shape
change at constant volume under no external stress and thermal and irradiation creep cause the
shape change at constant volume due to an applied stress [4].

The diametral creep leads to increased coolant flow bypass condition which can lead to
inefficient heat extraction from the fuel bundles [5, 18, 19]. The decrease in wall thickness with
time would cause an increase in stress in the circumferential direction which can further
accelerate the degradation process of the pressure tubes [3, 4, 9, 18, 19]. The pressure tubes also
elongate several millimeters per year in the axial direction which can cause interference with the
other structural components such as feeder pies. In addition, the weight of heavy water and the
fuel bundles cause the tube to deflect downwards which is termed as creep-sag [4].

The irradiation induced growth and creep are functions of the operating conditions such as
coolant pressure (stress), temperature, and neutron flux [20], and material properties such as

microstructure and crystallographic texture. The microstructural features which include
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dislocation density, types of dislocations, grain size and shape distribution and morphologies of
different phases are determined by the history of thermo-mechanical treatments during
fabrication [3, 12]. However, for a given set of operating conditions there is considerable
variability observed in the in-reactor deformation rates. The variations in microstructure and
texture within the tube, temperature and neutron flux along the tube and variation in chemistry
from tube-to-tube leads to the variability in deformation rates of the tubes [12, 20].

In recent years, it has been reported that the heat treated Zr-2.5%Nb pressure tubes being used in
Reaktor Bolshoy Moshchnosti Kanalniy (RBMK) and the FUGEN type reactors have shown
superior performance in comparison to cold worked pressure tubes [21]. Further, several of the
Post Irradiation Examination (PIE) studies have indicated that, the in-reactor deformation
behavior (creep) of the pressure tubes is a strong function of ‘Fe’ and ‘O’ content in the alloy
[22-24]. Holt’s [22] PIE studies have shown that ‘Fe’ content in particular has shown marked
effect in lowering the axial creep rates of the tubes during service [22]. Thus, both control of
microstructure and texture through manufacturing schedules and selection of tube chemistry
particularly ‘Fe’ and ‘O’ contents can play an important role in evolving the creep resistant Zr-
2.5%Nb alloy for the pressure tube application.

It is well known that ‘Fe’ and ‘O’ are 3 and o phase stabilisers respectively and therefore have
opposite effect on the B-transus boundary of the Zr-2.5%Nb alloy [16], the knowledge of which
is important from the view point of thermomechanical treatments during the manufacture of a
pressure tube. Fundamentally, ‘Fe’ and ‘O’ concentrations in the o and B phases are expected to
influence the important physical property, the CTE which represents the texture of the alloy.
Therefore, CTE measured in a given direction can serve as a surrogate parameter in place of
texture for the assessment and prediction of irradiation behavior of pressure tubes. Further, these
minor alloying elements are also expected to have influence on the important mechanical
properties, particularly the thermal creep behavior of the pressure tubes. The study of thermal
creep behavior particularly at the temperature and stress levels close to reactor operation are
important for developing better understanding of irradiation creep behavior of the alloy as these
two mechanisms are closely related [4]. In the previous studies, the data available on the heat

treatments and microstructural evolution in Zr-2.5%Nb alloy pressure tube material was limited
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and also discrete. The literature pertaining to effect of minor alloying elements ‘Fe’ and ‘O’
contents on the phase boundary, is qualitative in nature. The effect of independent variation of
‘Fe’ and ‘O’ contents on the thermal creep at temperatures and stress levels close to reactor
operating condition have not been reported. These literature gaps in these subject domains
restricted the understanding of alloy behavior, which is important from the view point of
development of creep resistant Zr-2.5%Nb alloy for the pressure tube application. This was the
main motive behind the initiation of the present work. To address these issues, the thesis has
been dealt in two parts. One part is aimed to study structure property correlations through precise
heat treatments on the alloy material and also on cold deformation of alloy samples after heat
treatment. The other part is aimed to study the effect of independent variations of minor alloying
elements ‘Fe’ and ‘O’ contents within the specification range on the phase boundary, physical
and mechanical properties. The complete work is also aimed to provide wider data and
knowledge base for the development of improved models for the prediction and assessment of
alloy behavior under reactor operating conditions.

Under this program an elaborate laboratory scale heat treatments were carried out within the
(a+B) phase field of the alloy after establishing partial CCT diagram for the alloy using the
quenching dilatometry technique. These heat treated dilatometry specimens were studied for
microstructural and texture evolution using electron microscopy techniques. Since these
specimens were small in size the miniature specimen testing techniques such as ABI and SPT
were adopted for evaluation of basic mechanical properties such as YS and UTS after
experimentally establishing the correlations. The structure and mechanical property correlation
study was then carried out which forms one part of the work reported in this thesis.

In the second part, a number of Zr-2.5%Nb pressure tube samples having independent variation
in ‘Fe’ and ‘O’ contents were selected. A number of these samples were studied for effect on -
transus boundary and CTE in axial and circumferential directions using dilatometry technique.
The texture was studied using X-ray diffraction method, the thermal creep behavior was studied
using miniature creep testing techniques such as impression and indentation creep tests at

temperatures close to reactor operation such as 300°C and 400°C. An attempt also has been
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made to correlate the results obtained with the observed in-reactor axial creep rates of the
corresponding operating pressure tubes.
1.1 Objectives
In summary, the objectives of this research work were to study the;
1. Microstructural and texture evolution in the alloy samples as a function of soaking
temperatures and cooling rates through various heat treatments in the (o+f) phase field.
2. Effect of cold deformation on texture evolution of (o+f3) heat treated Zr-2.5%Nb alloy
3. Determination of material specific correlation parameters for the miniature specimen
testing techniques SPT and ABI for evaluation of key mechanical properties of anisotropic
Zr-2.5%Nb pressure tube alloy.
4. Correlation of microstructure and room temperature mechanical properties of the samples
heat treated in the (a+f3) phase field of the alloy.
5. Effect of independent variation in ‘Fe’ and ‘O’ contents on the (a+f)/p phase boundary of
the Zr-2.5%Nb alloy.
6. Role of ‘Fe’ and ‘O’ contents on the important mechanical property, the thermal creep
7. Inter-correlationship of ‘Fe’ and ‘O’ contents, CTE and texture in the as fabricated Zr-

2.5%Nb pressure tube alloy.
1.2 Outline of the thesis
The thesis is structured as follows;

Chapter-2 provides literature review pertaining to this study. In this chapter, the various
techniques adopted by previous authors for establishing the data relevant to all the areas of this
work and also the gap in the literature in these subject domains have been discussed. A problem
definition has been made relevant to each area of the work. The chapter-3 deals with materials
and experimental procedures adopted at various stages of the study. In chapter-4 an elaborate
description has been made on the heat treatment studies on the Zr-2.5%Nb alloy samples using
quenching dilatometry technique. A discussion has been presented on the microstructural and
texture evolution in the alloy that resulted due to various heat treatments. The chapter-5

describes the determination of correlation parameters for evaluation of mechanical properties of
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the anisotropic Zr-2.5%Nb pressure tube alloy by Automated Ball Indentation Technique (ABI)

and Small punch Test (SPT). The chapter-6 deals with mechanical property evaluation of the

heat treated specimen by the two miniature techniques ABI and SPT and the discussion on

structure—property correlations. In the chapter-7 an elaborate study on effect of independent

variation in iron and oxygen contents on the CTE, texture, the thermal creep of the Zr-2.5%Nb

alloy has been discussed. Finally in chapter-8 a summary of all the new conclusions from the

complete study has been presented.
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CHAPTER 2: Literature Review

2.1.  Zr-2.5%ND pressure tubes in Pressurised Heavy Water Reactors (PHWRs)

Zr-2.5%NDb alloy is being used as pressure tube material in PHWRs because of superior
mechanical properties and low hydrogen pickup rates compared to Zircaloy-2 [1-3]. Urbanic
et.al [4] and Couet [5] have also shown that corrosion of Zr-2.5%Nb tubes was about one-third
of that in Zircaloy-2 under similar operating conditions, and the deuterium uptake was only
~2%-4% of that of Zircaloy-2. The fabrication of cold worked pressure tube used in Indian and
Canadian PHWRs mainly involves hot extrusion and cold working and they are used in the stress
relived condition. However, it has been observed in FUGEN and RBMK type of reactors that the
heat treated pressure tubes fabricated from combination of heat treatments and deformation
processes have shown superior performance with their deformation rates much lower compared
to cold worked pressure tubes [6]. The major difference in these two types of pressure tubes is
the microstructure and texture. Several studies have shown that both, tube chemistry and the
microstructure of the dual phased alloy resulting from the type of thermo-mechanical treatments
strongly influence the performance of the pressure tube during service. This chapter gives a brief
review of previous studies that are relevant to the current research. The review subjects include
the different pressure tube processing, the heat treatments, microstructures, texture and

properties, and also the influence of ‘Fe’ and ‘O’ contents on the performance of the alloy.
2.1.1.  Fabrication procedures of Zr-2.5%NDb pressure tubes

Fig. 2.1 shows the main fabrication process steps adopted for the manufacture of cold worked
and stress relived pressure tube at Nuclear Fuel Complex (NFC), India [7]. Fig.2.2 schematically
shows different fabrication flow outlines adopted at RBMK for the manufacture standard cold
worked route (CW-A) and two heat treatment routes TMT-1 and TMT-2 which represent the
water quenching and gas quenching route after holding at 850-870°C within the (a+f) phase
field [7, 8]. The different series of thermomechanical treatments adopted as shown in Fig. 2.1
and Fig. 2.2 dictate the morphologies of the final microstructures which influence the short term

and long term properties and consequently the in-reactor performance of the alloy [9-12]. The
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primary aim of such heat treatment is to obtain the microstructure and texture that may be
resistant to in-reactor deformations without seriously affecting the efficiency of heat-transfer

property of the coolant channel assembly [8].

Sponge Zr + Nb Alloy Addition
v
Double Melt ingot (300mm OD x 800mm length)

!

Extrusion at 800°C

v

Water Quench from 1000°C

v

Extrude at 800°C
7:8:1 Extrusion Ratio

v
Cold Pilgering 50-55%
v
Anneal at 560C° for 5 hours
v
Cold Pilgering 20-25%

v
Autoclave at 400°C for 36 hours

Fig.2.1 Simplified fabrication flow sheet adopted for manufacture of cold worked pressure tubes
at Nuclear Fuel Complex (NFC), Hyderabad, India [7]

2.1.2.  Parameters influencing phase transformation during manufacture of Zr-2.5%Nb

pressure tubes

The equilibrium phase diagram presented in Fig. 2.3 shows the presence of Zr-rich (z) phase at
high temperature and ‘Nb’ rich (Bnb) phase at room temperature [13]. The decomposition of Pz,
phase to oz+Pnp (equilibrium) is kinetically slower, therefore, the transformation of Bz during
normal cooling does not reach to the equilibrium phases. In the case of higher cooling rates
metastable phases such as martensite (') and under certain conditions omega (®) phase can also

be formed.
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Zr powder (from Electrolysis)
+ lodide Zr + Nb powder

v

Double melt ingot

v

Forge at 950°C

v

Water-quench from 1050°C

v

Extrude at 700-750°C
10.5:1 extrusion ratio

v

1% Cold Roll 55%

v

Anneal at 580°C for 3 hours

v

2™ Cold Roll 40%

v

Heat to 850-870°C

v

Water-quench Cool in He/Ar mixture

v v

3™ Cold roll 23% to 88 mm OD x 4 mm thickness

v v

Anneal at 540°C for 5 hours Age at 515°C for 24 hours Age at 530-540°C for 24 hours

v \ 4 v

Autoclave 290°C for 120 hours

v \ 4 v

Standard TMT-1 TMT-2
Annealed (CW-A)

Fig.2.2 Simplified fabrication flow sheet adopted for manufacture of cold worked / heat
treated pressure tubes for RBMK [8]
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The occurrence of these phases is also dictated by the ‘Nb’ content in the B phase which is a
function soaking temperature within the (o+fB) phase field. Hence the retention of primary
o and transformation behavior of Bz leading to formation of a and B phases or o’ phases and
their morphologies are dictated by the nature of thermomechanical treatments adopted during the
manufacture of pressure tube. The as-fabricated Zr-2.5%Nb pressure tube material fabricated
from cold worked route is a two phase alloy with predominantly o, that constitutes over 90%
volume and ~10% of Bz phase that is present as fine network around ogz. The oz phase is
crystallographically anisotropic with c¢/a axial ratio of 1.593. The preferred orientation of o,
phase resulting from the thermo-mechanical treatments makes the alloy highly textured [14, 15].

From the phase diagram in Fig. 2.3, it can be seen that, the a+f3 phase field of Zr-2.5wt%Nb
expands from about 610°C to ~862°C [15]. The extrusion temperature of 800°C is therefore
within the two phase field. At this temperature the estimated prior o or pro-monotectoid oz, is
about 40% (by volume) and remaining ~60% is Bz. However, the presence of minor alloying
elements such as oxygen in the commercial Zr-2.5%Nb alloy is expected to rise the a+f=>
phase boundary resulting in higher volume fraction of a-phase at 800°C [15, 16], whereas ‘Fe’
content may lower the same. Therefore knowledge of a+f3—> P phase boundary for the given
alloy is important for the selection of suitable thermomechanical treatments during the

manufacture of pressure tube.
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Fig. 2.3 Zirconium - Niobium Phase diagram [15]
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2.1.3. Microstructures of Zr-2.5%Nb pressure tubes

Because of relatively large deformation in the axial direction of the tube during hot extrusion
process the oy, grains are elongated in the axial direction and flattened in the radial direction
resulting in preferred orientation and hence the texture. Therefore, extrusion ratio is one of the
factors that control the microstructure and texture in the alloy. Typical microstructures of the
extruded Zr-2.5%Nb alloy generally consist of ~90% oz and ~10% Pz distributed around the a-
phase as thin grain boundary filaments [14, 15] which are shown in Fig. 2.4 (a), (b). The overall
2.5%Nb in the alloy mainly gets partitioned between the predominant az and Bz phases, where

oz may contain ‘Nb’ content less than 1wt%, while the B-phase may contain ~20wt%Nb [14].

‘l 1 -I,

Ozr

untransformed)

(between o plates)

(a) after 1 hot extrusion stage (b) after 2" hot extrusion stage
Fig.2.4 TEM microstructure of pressure tube (after hot extrusion stages)
The phase transformation of B to oz occurs during the cool down of the alloy and the a-phase

may inherit the texture from the B-phase according to the Burgers’ orientation relationship,
{110} //{0002}, and [111]g //[1 120], [15]. During the final autoclaving / stress-relief treatment
at 400°C for 36 hours, the metastable Pz partially transforms towards the equilibrium oy,
(<1%Nb) and Pxp (~95%NDb). The Bz formed in this process may contain a combination of ‘Nb’-
depleted hexagonal w-Zr (a metastable hexagonal phase of intermediate ‘Nb’ content) and Nb-
enriched (~50%) Bz [14, 15]. The subsequent cold working (pilgering) may further elongate the
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a-grains and more ‘@’ and ‘c’ component dislocations are introduced into the grains [15]. The c-
component dislocations refer to the one’s having a component of their Burgers’ vector
perpendicular to the basal plane and a-component dislocations have their Burgers’ vector in the

basal plane. Dislocations having Burgers’ vectors with b=1/3<1120> (<a>-type) and
b=1/3<1123> or <0001> (<c+a> or <c>-type) are generally present in most grains [15]. The

exact dislocation structure varies in individual grains with different orientations and also as a
function of position along the circumference of the tube [15, 17]. The dislocation density and
type are known to influence the in-reactor deformation behavior of the pressure tube.

2.1.4. Crystallographic texture of Zr-2.5%Nb pressure tube

The tendency of orientation of crystals in a specific direction is called “preferred orientation” or
“crystallographic texture” [18]. In Zr-2.5%Nb alloy, due to the limited slip systems operative
under ordinary conditions, the deformation during extrusion process is aided by twinning activity
which leads to rotation of ay crystals resulting in crystallographic texture [19]. As a result of
extrusion process, most of the scp a-grains are oriented with their {0002} basal plane normals in

the transverse direction, {1120} plane normals in the radial direction, and {1010} plane normals

in the axial direction of the tube as shown schematically in Fig. 2.5 (a) [14, 15]. Fig. 2.5 (b) and
(c) show typical (0002) and (1120) pole figures for the common microstructure generally present

in the pressure tubes fabricated from cold worked route. The strong crystallographic texture
results in strong anisotropy in the physical and mechanical properties which ultimately influence
the in-reactor deformation behavior of the pressure tubes [20].

It is well known that strong (0002) texture of typical PHWR pressure tube results in good
transverse tensile strength and also low circumferential strain resulting from irradiation induced
creep [15, 21]. However, the tubes with higher transverse texture exhibit relatively higher axial
elongation rates and are also more susceptible to delayed hydride cracking (DHC) as the majority
of basal planes are oriented perpendicular to the hoop’s direction (radial-axial plane) [22- 24]. It
is observed that the texture developed at the extrusion stage, is generally not affected
considerably even during subsequent cold drawing and stress relieving operations [25]. The

studies by Holt and Aldridge [25] established that increasing extrusion ratio and extrusion
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temperature reduced the proportion of basal plane normals in the longitudinal direction. Later by
Holt and Zhao [26] found that morphology of prior B-phase plays an important role in the
development of texture in the alloy. Thus cooling of the billet during extrusion process

invariably influences the distribution of texture along the tube length.

(b)

(0002) (1120)

Fig. 2.5 (a) A schematic of typical distribution of fraction of basal poles of oz, crystals along
three principal directions of the pressure tube (b) typical (0002) pole figures for the Zr-2.5%Nb

pressure tube with majority of basal poles in radial-transverse plane, [15] (c) (1120) pole figure
showing majority of prism poles in the radial- transverse plane. [15]

The crystallographic texture in the Zr-2.5%Nb alloy is also known to have remarkable influence
on the important properties such as Coefficient of Thermal Expansion, Young’s modulus,
Poisson’s ratio, strength, ductility and toughness and also on the performance of the pressure
tubes in the reactor [14, 15]. Thus, the texture is one of the controlling factors which play an

important role in the design of creep resistant Zr-2.5%Nb alloy for pressure tube application.
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2.1.5 Chemical composition of Zr-Nb pressure tube alloy

The current specification of chemical composition of the PHWR pressure tubes used in India is
provided in the Table-2.1. Niobium (‘Nb’) is the main alloying element while carbon, oxygen

and iron are the minor alloying elements in the pressure tube alloy.

Table-2.1 Specification of chemical composition of Zr-2.5wt%Nb pressure tubes

Elements Composition range (by weight) Remark
Niobium 2.4~2.8 wt% Alloying element
Oxygen 900-1300 ppmw Alloying element
Iron 900-1300 ppmw Alloying element
Carbon 40-80 ppmw Alloying element

Chromium <200 ppmw Impurity

Hydrogen <5 Impurity

Zirconium Balance -

2.2 Role of iron and oxygen concentrations on the properties of Zr-2.5%Nb alloy

The main alloying element ‘Nb’ acts as a 3 phase stabiliser and therefore the alloy has two phase
(o+p) microstructure. The other elements, oxygen and iron are now regarded as minor alloying
elements considering their advantageous effects on the in-reactor creep behavior of the alloy.
Oxygen gets introduced into the material at different stages of pressure tube manufacturing.
Oxygen also acts as o phase stabiliser and strengthening agent. On the other hand ‘Fe’ is mainly
associated with the alloy from the Zr-sponge stage itself and it acts as 3 phase stabiliser. It has
been observed that these two elements have considerable influence on the phase boundaries,
physical and mechanical properties and also on the in-reactor deformation behavior of the Zr-Nb
pressure tube alloy. The following subsections discuss the literature pertaining to the effect of

these alloying elements on the properties and to the scope of the work.
2.2.1 Effect of iron and oxygen on B/(a+f3) phase boundary of the alloy

The Zr-Nb phase diagram has been studied by many authors [27- 32]. The effect of oxygen and
iron contents on the B/(o+f) transformation temperature of the Zr-Nb system has been studied by
several authors [16, 31- 41]. Since, oxygen and iron are a and } phase stabilisers respectively,
they have opposite effects on the B/(a+P) phase boundary of the Zr-Nb binary system [33].

Oxygen in particular is known to have marked effect, as it increases the P/(a+f) transus
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temperature [31, 34, 35, 39]. The effect of ‘Nb’ and also ‘O’ on the B/(a+f) transus temperature
calculated theoretically and measured by Hunt and Nissen [34, 35] is shown in Fig. 2.6 (a). The

figure shows that B/(a+f) transus temperature is a strong function of ‘Nb’ and ‘O’ contents.
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Fig. 2.6 (a) p/(a+p) transformation temperatures for zirconium-niobium alloys of differing
oxygen concentrations (measured and calculated) [35], (b) Phase boundary determination of
dilute Zr—xNb alloys containing 1400 ppmw O and 700 ppmw ‘Fe’ [39]

Toffolon et.al [38] reported that increase in oxygen content from about 0.1 wt.% to 0.27 wt.% in
the Zr-1%Nb alloy lead to increase in (a+f)/B transition temperature from 1185 K to 1265 K.
The Fig. 2.6 (b) shows the phase boundary of the Zr-rich region established by Kim et.al [39].

The Figure also shows the (a+f)/p transformation temperature of the commercial grade ‘Zr’
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containing 1400 ppmw ‘O’ and 700 ppmw ‘Fe’ to be 970+3°C, which was attributed to the high

‘O’ concentration.
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Fig. 2.7. Effect of oxygen on (a+f)/p phase boundary of zirconium-rich Zr-Nb alloys [59]
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Fig.2.8 Isothermal sections at the Zr-rich corner of the ternary Zr-Nb-Fe system, showing the
tie-line construction used to determine the equilibrium concentrations of ‘Nb’ and ‘Fe’ in the «

+ [ phase field at, (a) 873 K, (b) 923 K [41]
The lower value of 815+3°C for the o/(a+f) phase transformation temperature in the commercial

‘Zr’ sponge compared with iodide ‘Zr’, was attributed to high ‘Fe’ content that acted as 3 phase
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stabilizer [39]. Fidleris [40] reported from the phase diagram calculations that (See Fig. 2.7)
increase in oxygen content by 0.10 wt% (1000 ppmw) in solution raises the P/(a+f) transus
temperature by about 70 K. Fidleris [40] also reported that o content decreased from 20% to 2-
3% when oxygen content was increased from 100 ppmw to ~1000 ppmw at 10-15K below the -
transus.

Study by Perovic, et.al [41] provided a rough estimate of the influence of ‘Fe’ on the
o+pB/B equilibrium above the monotectoid temperature in the Zr-Nb system. A maximum of 0.02
wt% Fe is soluble in oz while values between 0.2 and 0.5 wt% Fe are soluble in Bz in the
temperature range 873-1073K. A graphical method used to generate tie lines at the Zr-corner of
the Zr-Nb-Fe ternary system shows the effect of ‘Fe’ on B-transus boundary as shown in the
Fig.2.8 (a), (b). These literature indicate that the knowledge of effect of minor alloying elements
on the (a+B)/B phase boundary is important for the design of thermomechanical treatments.
Many authors have dealt the effect of ‘Fe’ and ‘O’ concentrations on the B-transus boundary
qualitatively. Pe'rez and Massih [36] showed Arrhenious relationship of B-transus temperature
with the oxygen in the concentrations range much higher than the current specification limit for
the alloy. Thus, for the given composition of these alloying elements in the Zr-2.5%Nb alloy, the
accurate knowledge of B/(a+p) phase boundary is necessary for the design of heat treatment
experiment. Generally, the Continuous Cooling Transformation (CCT) diagram serves the basis
for the design of thermomechanical treatments. Therefore, initially the determination of CCT
diagram for the Zr-2.5%Nb pressure tube alloy selected for the heat treatment study was
initiated.

2.2.2 CCT diagram for Zr-2.5%Nb alloy

The transformation behavior of Zr-Nb alloy systems and CCT diagram for the Zr-2.5%Nb alloy
has been previously studied by Hunt and Niessen [35], Stewart et.al [42], Slattery [43] and
Higgins and Banks [44]. The study by these authors in general was based on monitoring the
thermal arrest points using the spot welded thermocouples. However, considerable scatter

observed in the results has been attributed mainly to the following reasons.
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i. alloying effect of spot welded thermocouple material at higher temperatures lead to
discrepancies in the measured thermal arrest points

ii. effect of variation in oxygen content in the alloy samples
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Fig. 2.9 CCT diagram for Zr-2.4%Nb alloy containing 1440 ppmw of oxygen [53]
Hunt et al. [35] work, established that, increasing ‘Nb’ content in the alloy shifted the C-curve
nose of the CCT curve to the right, while increasing oxygen content raised the Bz = oz
transformation temperature. Hunt et al. [35] presented the CCT curves for the Zr-Nb alloy as
shown in (Fig. 2.9). The figure shows considerable scatter in the thermal arrest points and also
the minimum oxygen content in the alloy studied was 1440 ppmw. In addition the effect of
concentration of other important alloying element iron which is expected to have opposite effect
on the PB-transus boundary of the Zr-Nb alloy has not been considered. In the recent years,
Griffiths et.al [33] reported the TTT diagram for the Zr-2.5%Nb pressure tube alloy. Although
this work provides the equilibrium phase regions for the pressure tube alloy, it is of lesser
relevance because majority of heat treatments are based on continuous cooling. Therefore CCT
diagrams are the basis for design of thermomechanical treatments. Hence, in the present study,
the determination of partial CCT diagram was initiated with the aim to determine the
B/(a+p) transus boundary for the selected Zr-2.5%Nb alloy using quenching dilatometry

technique.
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2.2.3 Effect of iron and oxygen concentration and texture on the in-reactor deformation

behavior of Zr-2.5%Nb pressure tubes

It is known that irradiation induced creep and growth lead to continuous and anisotropic
dimensional changes mainly in the circumferential and axial directions of the pressure tube
during service [14, 15, 45]. The axial strain (elongation) beyond the accommodation limits of the
end hardware design can lead to operational difficulties due to interference with other structural
components such as feeder pipes. While, the increase in internal diameter of the pressure tube
during service can increasingly bypass the coolant over the fuel bundles, leading to reduced
efficiency of heat extraction by the coolant [23, 46, 47]. Thus dimensional changes in both
directions can be the life limiting factors.

These dimensional changes are actually the net effect of, irradiation induced creep, irradiation
growth along with a small contribution from thermal creep [15, 10]. The irradiation growth
causes the shape change at constant volume under no external stress whereas the thermal and
irradiation creep cause the shape change at constant volume under the influence of an applied
stress [15]. Such irradiation behavior is mainly attributed to the metallurgical factors such as
morphologies and distribution of the o and B phase, the crystallographic texture, dislocation
density and type, in addition to the effect of minor alloying elements ‘Fe’ and ‘O’ in the alloy
[46, 48]. The effects of irradiation on dimensional stability of the pressure tubes are generally
acknowledged to be due to the ‘displacement damage’ of lattice atoms by the high energy
neutrons (>1MeV) [23, 46, 49, 50]. The damage is the result of residual vacant lattice sites
(vacancies) and ‘Zr’ atoms in the interstitial sites known as Self Interstitial Atoms (SIAs) which
form only a few per cent of the total number of atoms displaced because of effect of dynamic
defect annihilation process.

It is known that crystallographic anisotropy affects irradiation deformation behaviour in two
different ways, firstly at the polycrystalline level, through intergranular interaction and secondly
at the single crystal level, through diffusional anisotropy [49]. The vacancies and SIAs exhibit
anisotropic diffusion characteristics in the oz phase which is a natural consequence of the /cp
crystal structure of oy with (c/a ratio of 1.593). Such diffusional anisotropy difference (DAD)

provides driving force to segregate the residual defects amongst sinks of different orientation and
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causes an imbalance in their fluxes resulting in extended defects in the crystal such as voids,
dislocation loops, and network of dislocations [15, 46, 49, 50]. Thus because of strong
crystallographic texture, it has been observed that the pressure tubes tend to grow in a direction
with higher concentration of <a>-axis (i.e. mainly axial direction of pressure tubes) and shrink in
the direction with higher concentration of <c>-axis distribution (transverse direction of pressure
tubes) due to the mechanism called DAD of vacancies [46, 51]. Growth results when the strain
direction of a sink correlates with its orientation [15, 49, 52].

The absorption of excess of one type of point defects by the sinks causes microstructural
evolution during irradiation, which consequently result in macroscopic deformation of crystalline
materials [49, 50]. Because of low crystal symmetry and limited dislocation slip systems in Zr-
alloys at the reactor operating temperatures, it is proposed that the climb-induced glide
mechanism can be active, where the irradiation induced point defects and defect clusters play
important role in irradiation creep in the polycrystalline alloy [49, 50, 52, 53]. Most established
irradiation deformation theories are based on this concept.

In the mean while, the microchemistry such as the redistribution of niobium, iron and oxygen
may get altered due to irradiation damage [15, 41]. The microstructural study by Perovic et. al
[41] on reactor operated pressure tube samples by analytical electron microscopy reported that
the Pnb precipitates were observed in oz phase after irradiation. This observation by Perovic et.
al [41] infers that irradiation enhanced diffusion of solute atoms of the alloying elements occurs
leading to microstructural evolution which eventually can influence the performance of the alloy
during service. Holt [46] study has shown the advantageous effect of ‘Fe’ and ‘O’ on the
irradiation behaviour of the pressure tubes. Fig. 2.10 (a) shows good correlation of elongation
rate of cold worked pressure tubes with an apparent decreasing trend with increase in ‘Fe’
content, while Fig.2.10 (b) shows effect of ‘Fe’ on the axial growth strain of the Zr-2.5%Nb
pressure tubes at a fluence of (1 x 10°°nm™>1MeV) [46]. Similarly, Fig. 2.10 (c) shows a good
correlation of elongation rate of cold worked Zr-2.5%Nb pressure tubes with oxygen content
[46]. The effect of ‘Fe’ on irradiation behavior of the alloy has not been satisfactorily explained
yet. However, it is proposed that ‘Fe’ in solution can interact with vacancies and in the form of

precipitate it might provide sites for recombination of vacancies and interstitials and thus can
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delay the irradiation induced deformation process [54, 55]. Further, ‘Fe’ is also expected to

change the volume fractions of o and P phases at the extrusion stage itself, and hence can have

an indirect influence on texture due to B phase stabilising effect [46]. On the other hand oxygen

is known to occupy interstitial positions in the ay, lattice and provide solute strengthening effect.

Thus oxygen may play an important role in retarding the creep rates by providing obstacles to the

dislocation motion.
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Fig.2.10 (a) Correlation of elongation rate of cold worked Zr-2.5%Nb pressure tubes in CANDU
reactor as a function of ingot iron analysis, (b) Effect of ‘Fe’ on axial growth strain of Zr-
2.5%Nb pressure tube material at fluence of (I x 10°° n m” > IMeV), (c) Correlation of
elongation rate of cold worked Zr-2.5%Nb pressure tubes in CANDU reactor as a function of
ingot oxygen analysis of two reactors [46]
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Heat treatment and structure-property correlations

Fig.2.11 Various morphologies of
martensite. (a) and (b) Massive
martensite formed on quenching
iodide pure zirconium from the [-
phase field. (c) Packets of laths in
a Zr-15% Nb [-quenched alloy
showing irregular lath to lath
interfaces (d) [-quenched
microstructure of Zr-5.5% Nb
alloy. (e) and (f) are bright and
dark-field micrographs showing
alternately twin related laths in a
Zr-2.5% Nb alloy. (g) Packets of
martensitic structure with
alternate laths twin related.

(h) Lath of martensite with same
orientation variants and lath
boundaries showing dislocation
structure. (i) and (j) Bright field
TEM micrographs showing plate
martensites (i) internally twined
(thick twins) martensites (j)
internally  twined  martensite
where the minor twin fraction is
very thin. (k) Microstructure of
the beta quenched sample of Zr—
25% Nb alloy  showing
arrangement of primary and
secondary plates (l) Schematic
presentation  of  the  plate
arrangements shown in (i—k) [56].



Heat treatment and structure-property correlation study is an important part of this research
which is aimed to address the issues related to the development of creep resistant Zr-2.5%Nb
pressure tube alloy for the pressure tube application. As discussed in previous sections the Zr-
2.5%Nb pressure tube alloy is a dual phase material and is amenable to various heat treatments
and hence can be used with variety of microstructure. The final microstructure, crystallographic
texture and dislocation density achieved due to a series of thermomechanical treatments adopted
during the manufacture of pressure tube dictates the short term and long term mechanical
properties and also the performance in the reactor. It is observed that the pressure tubes
fabricated from cold worked route have shown higher creep rates compared to the heat treated
one’s operating in FUGEN and RBMK. The obvious reason for such lower creep rates must be
attributed to the final microstructure and properties. In the following a brief review of literature
pertaining to heat treatments, microstructural and textural evolution and the structure property
correlation has been presented.

Northwood and Fong [13] studied the relationship of microstructure and room temperature
mechanical properties of cold-worked Zr-2.5wt% Nb pressure tube alloy after heat treatments at
750and 800°C in the ayz+Pz phase field followed by aging treatment at 560°C in the oz+Bnb
phase field. This work was aimed to achieve the microstructure with improved mechanical
properties in the pressure tube alloy.

Tewari et. al [56] work describes the mechanism by which the martensitic transformation would
take place under certain heat treatment conditions. The various microstructural details obtained
by Tewari et. al [56] are shown in Fig.2.11 (a-f). The authors Tewari et. al/ [56] have also shown
that plate shaped a-phase obtained for the heat treatment in the o+f phase field maintained strict
orientation relation and habit plane with the parent B matrix. This work has shown that, the
morphology and orientation of transforming [ grains is the key factor in controlling the texture
of the heat treated pressure tube alloy.

Srivastava et.al [57, 58] studied the B-phase transformation leading to different morphologies of
martensite in the Zr-2.5wt%Nb alloy. The authors [57, 58] have also reported the
crystallographic descriptions of different variants of martensites. The "indentation mark"

morphology was seen frequently in three variant groups, when viewed along <111>g directions
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in the transmission electron microscope. These variant groups were seen to have highest degree
of self accommodation of the strain resulting from previous generation of martensitic plates.

Dey et. al [59] studied the effect of “Nb’ concentration in B-phase on the transformation behavior
of Zr-rich Zr-Nb alloys. The composition of ‘Nb’ in the B-phase was varied by suitably
designing heat treatments. This work has indicated that the selection of soaking temperatures
within the (a+) phase field for the purpose of heat treatment is critical, as the “Nb’ content of [3-
phase plays important role in the nature of B-phase transformation.

Kumar et. al [60, 61] study established that the changes in the bulk texture of Zr-2.5 wt% Nb
alloy on cold rolling was insignificant compared to the single-phase material. The authors Kumar
et. al [60, 61] concluded from the microtexture studies that o plates remained approximately un-
deformed after cold rolling, while the [ matrix underwent significant orientation changes
resulting in insignificant textural changes. In some cases, where the textural changes occurred in
the dual phase alloy was attributed the local discontinuity in the B-phase allowing rotation of a-
crystals during cold deformation. This work has provided input for the present study on the
characteristics of textural changes in the dual phase alloy.

The authors Kumar et.al [61], Kapoor et.al [62] and Srivastava et. al [63] studied the
microstructural changes by modifying the fabrication process parameters of Zr-2.5%Nb alloy
pressure tubes. Kumar et.al [61] observed bimodal distribution of oz phase in the
microstructures. They attributed larger o plates to the one nucleated at early stages of hot
extrusion from the parent oz grains, and relatively smaller oz plates to the one transformed
subsequently during cooling from Zr-rich B to a+PBny, (Nb-rich phase). Fig.2.12 shows the
microstructure after hot extrusion stage. The bimodal grain size distribution of o is visible in the
microstructure. Srivastava et. al [63] described that elongated o phase in the o+ microstructure
is required for obtaining desired level of strength at 310°C. They also recommended lower
extrusion ratio and two stage pilgering to have finer control on the microstructure, mechanical
properties and better dimensional tolerance. Further, Srivastava et. al [63] have shown that the

phase separation tendency of the [ phase (into Zr-rich (f;) and Nb-rich () constituents)
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influences the microstructural evolution. This work provides input for carrying out the heat

treatment and microstructural studies in the present work.

Bimodal
Distribution

Large o

Fig. 2.12 Microstructure after hot extrusion. Bimodal grain size distribution of a is visible in the
microstructure [61]

Choubey and Jackman [64] used Secondary Ion Mass Spectrometry (SIMS) and demonstrated
that the grain coarsening of primary o is accompanied by preferential oxygen enrichment of the
o grains with a corresponding decrease in oxygen content in the prior-f3 matrix of the Zr-2.5%Nb
alloy. In their work the authors have discussed in detail the effect of oxygen concentration on the
microstructure, solid-solution hardening, strain aging that can adversely affect the ductility and
toughness of the alloy.

Hong et. al [65] study on Zircalloy-4 reported that increasing the oxygen content increased the
width of ayz plates and in some cases, even the basket weave structure changed to parallel-plate
structure. This result is similar to the one observed in the study by Choubey et al. [64] for the Zr-
2.5%Nb alloy.

60



Chow et. al [66] described the processing steps for the fabrication of Heat Treated (HT) pressure
tube which involved hot extrusion at 840°C followed by solution treatment at 870°C and water
quenching. The tube was then cold drawn to about 15% and tempered at 500°C for 24 h. To
achieve the final dimensions the tube was machined and then subjected to autoclaving for 72 h at
400°C. This procedure produced a mixture of primary-a grains in a matrix of martensite with

more random texture compared to the Cold Worked (CW) tubes.
10

© NPD Tube no. 582 C.W. Zr-2.5 Nb (a)
| NPD Tube no. 589 H.T. Zr-25 Nb
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Neutron fluence (n/m?, E>1 MeV)
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E
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Axial position from the inlet end (m)
Fig. 2.13 (a) Length change of the HT and CW PTs of NPD as function of fluence [66],
(b) Transverse stain rate vs axial position of HT and CW PTs (After a fluence of 1 x 10 n/m’) [66]
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Chow et. al [66] presented the comparison of irradiation behavior of CW and HT pressure tubes.
The study showed that axial elongation rate of HT pressure tubes was considerably lower
compared to the CW pressure tubes of similar irradiation conditions (see Fig. 2.13 (a)). However,
the circumferential creep rate for the HT tubes was observed to be marginally higher compared
to the CW pressure tubes (See in Fig. 2.13 (b))

In another post irradiation study, Takayama [6] also reported the irradiation behaviour of HT
pressure tubes. The author’s study [6] observed that the measured diametral strain rate did not
exceed the design criteria and also matched the Ross-Ross estimation. This result is shown in
Fig.2.13 (c).

Goncharov et.al [67] reported the in-reactor diametral creep after 7830 h of operation for the Zr-
2.5%Nb channel tubes heat treated at 550°C for 5h which is shown in Fig.2.13 (d). The authors
Goncharov et.al [67] evaluated a safe design limit of 3% of diametral increase based on the
observation that the tubes with higher strains up to 4.8% showed no signs of rupture.

In the summary, many authors [46, 56-65, 68] studied the microstructure and property
correlations of dilute Zr-Nb alloys while some authors [56-59] discussed the nature of § phase
transformation that resulted in martensitic structure with different morphologies and their
crystallographic relationship with the parent B-phase. Some authors [13, 60-63] have discussed
the microstructural developments and mechanical properties at various stages of manufacturing
of Zr-2.5%Nb alloy pressure tube. Some [40, 65] discussed the effect of oxygen content on the
microstructure. The effect of texture on the mechanical properties has been dealt with by Cai. et.
al [68]. Some authors [6, 46, 66, 67] provided the valuable input on irradiation performance of
the Zr-2.5%Nb pressure tubes fabricated from cold worked and heat treated routes in addition to
the influence of minor alloying elements ‘Fe’ and ‘O’ contents in the alloy [6, 46, 66, 67].

The available data base on heat treatments, the microstructural and textural evolution and
structure and property correlations is discrete which has significantly restricted the understanding
of Zr-2.5%Nb alloy under irradiation. Therefore, the objective of this part of the work was to
carry out a systematic study comprising of effect of soaking temperatures and cooling rates on
the nature of B-phase transformation leading microstructural and textural evolution followed by

structure and mechanical property correlations.
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24 Thermal creep behavior of Zr-2.5%NDb pressure tube alloy
The thermal creep behavior of a material is strongly dependent on several metallurgical
variables, such as microstructure, preferred orientation (texture), extent of cold work prior to
creep, material chemistry and impurity contents. In Zr-2.5%Nb alloy ‘Nb’ plays an important
role in creep resistance due to low diffusion rate of ‘Nb’ in oz phase [69]. In addition ‘Nb’ also
improves corrosion resistance, strength and lowers the hydrogen pickup rate significantly during
service in comparison to Zircaloy-2. Nam et. al [70] study of thermal creep at 400°C and 150
MPa showed that addition of 0.5%Nb to Zr drastically reduced the thermal creep rates. However,
further addition of ‘Nb’ showed insignificant change in creep rates (see Fig. 2.14.)

o —>———-ox-—---—mr——T——r—a

adbaaaal

1E'6 T v T Y T T T T ¥
00 05 10 15 20 25
Nb Content, wt%
Fig. 2.14 Effect of ‘Nb’ concentration on thermal creep of Zr-Nb alloy at 400°C and 150 MPa

[70]

The effect of independent variation of other minor alloying elements ‘Fe’ and ‘O’ on the thermal
creep behavior of Zr-2.5%Nb pressure tube alloy at temperatures and stress levels close to
reactor operation is an important part of this study. In the following a brief review of literature on
the influence of these minor alloying elements on the thermal creep of the alloy is presented. A
typical creep curve generally obtained in a conventional creep test comprises of three stages of
creep viz: primary creep, secondary creep and the tertiary creep as shown Fig.2.15 (a). The

primary creep is characterised by decreasing creep rate. The secondary creep is characterised by
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steady state creep rate which is of practical significance considering the design and application of
a component. The tertiary creep is marked by the accelerated creep rate is often associated with
metallurgical changes, such as coarsening of precipitates and formation of voids which may lead

to accelerated creep rates and eventual failure [15].

Primary creep Secondary creep Tertiary creep (a)
«— 1 M I »l«— I, Fracture
<
B

dg=minimum creep rate
dt
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Fig. 2.15 (a) Typical creep curve, Curve A, constant-load test; Curve B, constant-stress test, (b)
Experimental steady-state creep rate ratios between the axial and transverse directions versus
texture parameters (fi-f;) under a nominal transverse stress of 300MPa at 350°C under different
stress ratios (o4 /o7) [15]

Li’s [15] study used the biaxial creep tests on Zr-2.5%Nb alloy at 350°C and 300MPa (see
Fig.2.15 (b)). The results showed the effect of texture variation i.e. (fi-f;) on the creep rate ratio
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é+/¢r. The results indicated direction of load applications is an important factor while assessing

the mechanical behavior of anisotropic material like Zr-2.5%Nb pressure tube alloy.
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Fig. 2.16 The effect of oxygen concentration on the variation of creep rate at 723 K and 207 MPa of
Zr-2.5 wt% Nb with solution temperature. [40]

Kim et. al [71] studied the effect of minor alloying elements ‘Cu’, ‘Fe’ and ‘Nb’ on the thermal
creep behavior of Zr-based alloys under constant stress in the range of 100 and140 MPa at
temperatures 280 and 330°C. The results showed that ‘Nb’ as an alloying element exhibited the
strongest effect on the creep resistance followed by ‘Fe’ and ‘Cu’. Although the alloy materials
used was not the Zr-2.5%Nb alloy, the relative influence of ‘Nb’, ‘Fe’ and ‘Cu’ on the steady
state creep rates of the alloy has provided important input for the thermal creep studies planned
in this work.

Fidleris [40] showed that the Zr-2.5wt%Nb alloy with oxygen content variation in the range of
800 and 1100 ppmw influenced the P-transus temperature. This resulted in variation in the
fraction of primary a-grains which influenced the thermal creep behavior studied at 723 K (see
Fig. 2.16). This is an important result considering the fact that, a-fraction controls the
mechanical properties of the Zr-2.5wt%Nb alloy. Thus, literature study indicates that the effect

of independent variation in ‘Fe’ and ‘O’ contents on the thermal creep of Zr-2.5%Nb alloy has
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not been addressed adequately particularly at stress levels and temperatures close to reactor
operation.
2.5 Inter-relationship of Coefficient of Thermal Expansion (CTE), Texture, ‘Fe’ and

‘O’ concentration in the Zr-2.5%Nb pressure tube alloy

The thermal expansion behavior of Zr-2.5%Nb pressure tube alloy is strongly dependent on the
direction of the component due to the preferred orientation of anisotropic az phase. Therefore, it
is expected that CTE would correlate with texture parameter f for the given direction of the tube.
The phenomenon of irradiation growth is known to be related to the anisotropic thermal
expansion [72] of the ay phase. Therefore, texture and CTE can exhibit similar kind of inter-
correlationship with irradiation behavior. Further, presence of alloying elements in the o and 3
phases of the alloy is expected to change the lattice parameter and hence the CTE characteristics
of the alloy. Nevertheless, the ‘Fe’ and ‘O’ concentrations in the alloy are known to influence
irradiation behavior of the alloy [46]. Therefore in this thesis, it was of interest to study the inter-
correlation of these parameters to ascertain that CTE can be used as a surrogate parameter for
texture for the assessment and prediction of behavior of irradiated pressure tubes. In the
following, a brief review of literature pertaining to the effect of ‘Fe’ and ‘O’ concentrations on
CTE, texture and in-reactor deformation of Zr-2.5%Nb pressure tube is presented.

The thermal expansion of a solid is a property arising strictly due to the anharmonicity of the
lattice vibrations [73]. In the case of anisotropic crystals like oy the anharmonicity of lattice
vibrations along ‘c’ and a-axes differ drastically due to wide difference in atomic separation in
these directions. It has been established that the CTE along <c>-axis of the oy (hcp) is
~10.3x10/K, which is almost double the value for the <a>-axis (~5.8x10°%/K) [14, 74]. Hull
et.al [75] study on effect of composition on thermal expansion of Ti-alloy which is
crystallographically similar to oz has shown that the minor alloying elements either in interstitial
or substitutional position can influence the CTE significantly attributing to change in lattice
parameter.

Holmberg and Dagerhamn [76] studied the effect of oxygen on lattice parameters of oy in the
temperature range 400 and 800°C. It was shown that the a-axis of a-zirconium increased with

the increase in oxygen content from 3.232 A to 3.256 A at 20 at.%, then decreased to 3.245 A at
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the solubility limit (28.6 at.%), whereas the lattice parameter for c-axis increased continuously to
5.207 A at the solubility limit. Similarly, the lattice parameter of B-zirconium-niobium solid
solution reported by Rogers and Atkins [30], showed a linear increase with increase in zirconium
content. However addition of oxygen to Bz phase showed nearly linear decrease with increasing
oxygen concentration. This result is important indication for assessment of CTE as a function of
oxygen and iron in the Zr-2.5%Nb pressure tube alloy.

In one of the models of irradiation growth in zirconium, it has been proposed that the collision of
fast neutrons removes atoms from the basal plane and redistributes them on the prism planes
[77]. Therefore, the direction which shrinks during irradiation corresponds to the direction of
highest thermal expansion coefficient [72]. In the case of Zr-2.5%Nb pressure tube alloy, the
irradiation growth causes shrinking along the <c> -axis i.e. along [0001] direction and expansion

along the <a>-axis i.e. along [1120] which can be attributed to the mechanism called Diffusional

Anisotropy Difference (DAD) [14, 46, 72, 77]

The anisotropy of a material is best represented by the Kearn’s texture parameters [78] for any
selected crystallographic plane which is known as texture factor f. The f texture factor was
developed by Kearn’s [78] to provide a means to resolve basal pole [0001] distribution into an
effective fraction in each of the three principal directions (f,, f;, f;) of an as-fabricated component
of hcp type materials such as Zr-alloys. The sum of f values from all three directions is 1.0
regardless of texture. For a single crystal the basal poles in one direction yields an fvalue of 1.0
and zero in other two directions. A value of f =1/3 for all the three directions would mean
random orientation of the crystals in the matrix. The f values may be used to account
quantitatively the texture effects in properties such as thermal expansion, irradiation growth and
other physical and mechanical properties.

Tempest [79] put forward the idea that, in a polycrystalline aggregate the randomly oriented
anisotropic crystals can provide no shape change under neutron irradiation as effective
dimensional changes can be negligible in any direction. However, fabrication processes of Zr-
based alloys can lead to preferred orientation of anisotropic oz phase resulting in strong texture
in the final product. As a result physical and mechanical properties and in-reactor deformation

behavior of the component are anisotropic. A detailed investigation of relationship between
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preferred orientation (fexture) and thermal expansion in the polycrystalline Zircaloy-2 and

Zircaloy-4 reported by Kearn,s [78] is shown in Fig. 2.17 (a).
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Fig. 2.17 (a) Correlation of expansitivity with X-ray measurements of preferred orientation (after
Kearns) (78], (b) Growth strain at 80°C against and parameter (after Rogerson and
Murgatroyd) [79, 80]

The linear relationship of CTE vs. texture presented in Fig. 2.17 (a) for the single phase alloys is

an important input for the present study. Rogerson and Murgatroyd [79, 80] reported the
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important result of relationship of growth strain for the Zircaloy-2 material with the texture
parameter (f) which is shown in Fig. 2.17 (b). This result shows that the irradiation induced
growth strain decreased approximately linearly as the f~parameter in the region of 0 <f'< (.33 for
the alloy.

Thus the literature study indicates that there is a scope for studying inter-correlationship of CTE,
texture parameter f'and also irradiation behavior as a function of minor alloying elements which
was the motive behind this part of the work.

Therefore the objective of this part of the work was,

1. To study the correlation of CTE with texture parameters of the dual phased Zr-2.5%Nb
pressure tube alloy in the as fabricated condition and ascertain the sensitivity of CTE to
textural changes.

2. To study the effect of independent variation of ‘Fe’ and ‘O’ concentrations on the axial
and circumferential CTE and also the texture parameters of the as fabricated Zr-2.5%Nb
pressure tube samples

3. To study the inter-correlationship of CTE, texture and in-reactor deformation behaviour

and ‘Fe’ and ‘O’ contents of the operating Zr-2.5%Nb pressure tubes.
2.6 Miniature specimen testing methods for evaluation of mechanical properties

In the present study, since the specimens used were small in size, the miniature specimen testing
techniques such as the Small Punch Test (SPT), Automated Ball Indentation (ABI) and
impression / indentation creep tests were employed for establishing mechanical properties. A
brief review of literature pertaining to these miniature techniques is presented in the following.

The miniature specimen testing techniques are essentially innovative and nonconventional
techniques developed for evaluation of key mechanical properties through establishment of
correlation parameters using some conventional testing methods such as ASTM [81-84]. Many
authors [81- 85] have used the ABI technique for evaluation of key mechanical properties of test
pieces and the operating steel pipelines insitu, and successfully adopted the results for
performance evaluation and life management of operating components. Similarly, some authors
[86, 87] used the SPT technique and systematically established correlation parameters for the

steel materials and obtained mechanical property data for the alloy. The mechanical property
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data established in this manner were in good agreement with the conventional tension test data.
The authors at [81-87] describe that the correlation parameters for a given miniature testing
technique are material specific and need to be determined separately for different class of
materials adopting recommended procedure [84, 85, 88, 89]. Many authors [81-85, 88, 89] have
dealt with correlation parameters for the steel materials which is a most common
macroscopically isotropic alloy used in the industries for many applications. Generally the
procedure for establishment of correlation parameters for evaluation of key mechanical
properties such as yield strength and ultimate tensile strength involves regression analysis of
different strength representing values with the corresponding tensile strength data (conventional
test data) obtained for the same specimen condition. The literature review has indicated that no
work pertaining to such correlation parameters for evaluation of mechanical properties of
anisotropic Zr-base alloys using ABI and SPT has been reported in the open literature. Therefore
the first objective of this part of the work was to establish the correlation parameters for
evaluation of key mechanical properties of anisotropic Zr-2.5%Nb alloy material for ABI and
SPT techniques. Since Zr-2.5%Nb alloy being anisotropic, the primary interest was to study the
effect of direction of load application on the mechanical properties (due to texture effects). In
addition the work was also aimed to understand the sensitivity of these techniques to variations
in microstructures, so that these techniques can be adopted for performance evaluation of

components.
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CHAPTER 3: Experimental Techniques and Procedures

The following subsections deal with brief description of all the techniques, specimen

preparations and the calibration methods used in the present study.
3.1 High Speed Quenching Dilatometer (HSQD) and calibrations

The High Speed Quenching Dilatometer (model DIL805A4) used in the study is a pushrod type
dilatometer. The equipment has arrangement of a Linearly Variable Differential Transformer
(LVDT) with resolution of 0.1um for length change measurement of a solid sample and a spot
welded S-type thermocouple (Pt/Pt-10%Rh) having resolution of 0.1°C for temperature
measurement as shown in Fig. 3.1 (a). The specimen dimensions used in the study is shown in

Fig. 3.1 (b). The thermocouple wires were spot welded at the centre of the cylindrical surface of

N
10.0+0.1 mm

A

$3.25+0.01 mm

the specimen as per the standard procedure [1, 2] in all the experiments.

)
N

Specimen dimensions

Rigid quartz . Spring loaded
tube (I:r(l)(illuctlon hollow push rod

LVDT

| W

Fig. 3.1(a) A view of test chamber of DIL 8054 and a schematic view of push rod arrangement
for measuring the length change, (b) Specimen dimensions used in the study
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To minimise the errors associated with the length-change measurements, the quartz pushrods
were used as quartz has low thermal conductivity as well as low linear thermal expansion
coefficient (LTEC) of 0.5x107 °C' [3]. To achieve the programmed temperature a computer
controlled Radio Frequency (RF) induction heating system was used. The change in length and
temperature of the specimen were recorded as a function of time in a computerised data logging
system during the experiment. It was established from a number of test experiments that a
maximum quenching rate of ~20°C/s could be achieved under the dynamic vacuum of ~2.0 x107
mbar, whereas under high purity ambient ‘He’ gas flow, the maximum quenching rate achievable
was ~100°C/s. For still higher cooling rates the controlled flow of liquid N, chilled ‘He’ gas was

used. This arrangement could provide a maximum cooling rate of ~300°C/s.
3.1.1 Calibration of temperature measurement

The temperature measurement of the dilatometer was calibrated by Curie temperature method [3,
4] using a pure Ni sample (99.999%). Fig.3.2 (a) shows the measured Curie temperature (T;) of
pure ‘Ni’ sample as 354°C which is similar to that reported in the literature [5, 6]. The
temperature measurement was further verified by measuring o> transition temperature of pure
Uranium (99.9%) metal which also was similar to the one reported in the literature (see Fig. 3.2
(b)) [7]. Hence, all the phase transformation temperatures established using dilatometry in this

study were corrected according to the above calibration figures.
3.1.2 Calibration of length change measurement

The LVDT of the dilatometer was calibrated using a pure ‘Fe’ sample (99.999%) employing
standard procedure [3, 4, 8]. The heating rate of 5°C/min was used during calibration and also in
the all experiments. Fig. 3.3 (a) shows the relative length change for the pure ‘Fe’ specimen
measured as a function of temperature using the dilatometer. Fig.3.3 (a) also shows standard
(dL/Ly) values as a function of temperature for the pure ‘Fe’. The correction to the length change
measurement for a given temperature was calculated using the standard procedure [3,4,8]. These
results have been plotted as a function of temperature as shown in Fig. 3.3 (a). The correction to

the measured length change of all the samples pertaining to the temperature range of calibration
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has been incorporated as per the standard procedure [8]. Fig. 3.3 (b) shows the CTE results of the

pure ‘Fe’ sample before and after applying the length change correction.
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Fig. 3.3 (a) The plot showing (dL/Ly) measured, recommended and calibration vs. temperature for
the pure iron sample. Recommended relative length change relationship for the pure ‘Fe’ is

expressed as, (dL/Ly)sandara = -2.89E-3 + 7.35E-6 T+ 9.33E-9 T°-3.14E-12T° [4], (b) CTE measured
and CTE after correction vs. temperature for the pure ‘Fe’ sample
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3.1.3 Evaluation of dilatometric curves for phase transformations and CCT diagram

The phase change during phase transformations is usually accompanied by a significant change
in specific volume which generally produces an observable dilatation that is different from the
thermal expansion effect [3, 4, 9-15]. Therefore, dilatometry is a powerful technique for the
study of phase transformations in alloys because it permits the real-time monitoring of the extent
of transformation reactions in terms of dimensional changes [3, 4, 9-15]. Actually this technique
allows us to determine kinetics of phase transformation [10, 12-18]. A schematic curve depicting
normally observed dilation curve during phase transformation in a dilatometer is shown in Fig.
3.4. A straight line part of the curve indicates thermal dilation for the given phase of the material
[3, 4, 9, 13]. The phase change in the sample produces change in specific volume during the
phase transformation which is reflected by change in slope of the dilation curve as shown in Fig.
3.4. The change in specific volume is the consequence of product phases having different crystal
structures with different lattice parameters, solubilities of solute atoms and thermal expansion
coefficients of the product phases [13, 15, 19].

From the AL vs. t curve during continuous heating/cooling, the beginning of a transformation
range is signified by the deviation from the straight line as shown by tangents drawn at (tangent
method) points A and B in Fig. 3.4). The tangent method of evaluation is based on progress of
change in specific volume and it allows observing quantitatively the dynamics of transformation
[20]. If the curve continues into another straight line, then the transformation in that field is
considered to be finished. The points of departure from linearity of the dilation curve specify
intervals of temperatures (To and Tg) for the transformation. In the case of study on CCT
diagram, the point of departure from linearity of the dilation curve [17, 18, 20] is of significance
and hence has been used for identifying transformation start and finish temperatures of particular
phase transformation.

The points C and D in Fig. 3.4 show the transformation region on A/ vs. ¢ curve obtained from
three tangents method. The temperature interval established from this method corresponds to the
phase transformation taking place certainly in a substantial part of a specimen volume [20]. In
the present study this method has been used for studying the effect of ‘Fe’ and ‘O’ content on the

(a+B)/B phase boundary of the alloy in the present study.
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Fig. 3.4 Schematic representation of dilation curve during cooling, Points A and B represent the
start and end of transformation. The three tangent method is shown for determining the

transformation temperatures as identified by points C and D.

3.14 Material and specimen preparation for determination of partial CCT diagram

and heat treatments in the o+ phase field

Table-3.1: Chemical composition of the Zr-2.5%Nb pressure tube spool piece used in the study

Element Nb (%) O (ppmw) N (ppmw) Fe (ppmw) | Sn (ppmw)

Composition | 2.68 1137 28 650 25

The starting material used in the present study was a spool piece of Zr-2.5%Nb alloy obtained
after the 1% pilgering stage of the typical pressure tube fabrication process adopted at NFC,
Hyderabad, India (See Fig. 2.1). Table 3.1 provides the elemental composition of the alloy as
determined by Glow Discharge optical Emission Spectrometry. The scheme of extraction of
specimen and geometry of the specimen used for dilatometric studies in this study is shown in

Fig. 3.5 (a).
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Fig. 3.5 (a) A sketch showing scheme of extraction of dilatometry specimens from the spool
piece, (b) A schematic of temperature programs used for determination of partial CCT diagram
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Fig. 3.5 (c¢) Typical thermogram and dilatogram recorded during one of the experiments
3.1.5 Determination of partial CCT diagram for the Zr-2.5%Nb alloy

Fig. 3.5 (b) schematically shows the details of A/ vs. ¢ and T vs. ¢ curves recoded during a heating
and cooling cycle for one of the samples for determining CCT diagram using the quenching
dilatometer. The heating part remained identical for all the samples while the different samples
were cooled at different rates between 0.06°C/s and 200°C/s. During the thermal cycle the
change in length of the sample and the sample temperature were recorded as a function of time.
The cooling rates achieved were within +2°C/s for 50°C/s and higher while for slower cooling
rates the deviation was within 3 to 5% of the programmed cooling rates. Fig.3.5 (c¢) shows a
typical thermogram and dilatogram output recorded during one of the experiments. The
negligible dilation observed in the Al vs. ¢ curve during soaking at 463°C indicated that a soaking
period of 15 min effectively relived the stresses (flat portion of the Al vs. t curve after 15 min of
soak). Similarly, soaking at 1063°C for 30 min also showed negligible volume change after
nearly 15 min duration indicating that homogenisation of B phase has been effectively
completed. Based on these findings the rest of the experiments were programmed with 30 min of

soaking at both 463°C and 1063°C as shown in schematic temperature program in Fig. 3.5 (b).
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During heating the onset of oz, Bz transformation is indicated by the slope change in Al vs. ¢
curve at 629°C as shown in the Fig. 3.5 (c). As the temperature increased, the o=z phase
change resulted in sharp decrease in the dilation cure which is associated with large decrease in
volume as Pz is relatively much close packed structure compared to oz at these temperatures
[21-23]. During cooling from 1063°C Bz~ oz transformation showed slope change in the A/ vs.
t curve (due to increase in volume) in a certain temperature range for each sample depending on

the cooling rate adopted.
3.1.6 Heat treatments for microstructure and mechanical property correlation study

A schematic of heat treatment cycles adopted for the study in the quenching dilatometer is shown
in Fig.3.6 (a). The heat treatment program consisted of stress reliving at 463°C/30min and then
soaking at selected temperatures such as 840, 863, 870, 883°C for 30 min within the (a+f3) phase
field followed by controlled cooling / quenching to room temperature at selected at rates such as
0.5, 10, 25, 50 and 100°C/s. The temperature control during heating and soaking time was within
+0.5°C. A scheme for obtaining samples from these heat treated dilatometry sample is shown in
Fig. 3.6 (b). Each heat treated dilatometry specimen was sliced using slow speed diamond wheel
cut off machine to obtain slices for SPT, TEM, EBSD and ABI, hardness measurements and also

compression testing in some cases.

3.1.7  Determination of effect of ‘Fe’ and ‘O’ on (o+B)/p phase boundary of the alloy by

dilatometry

Two sets of Zr-2.5%Nb alloy pressure tube spool pieces having independent variation in iron and
oxygen content (within the specification range) were selected. One set had ‘Fe’ variation from
301 ppmw to 1336 ppmw, while oxygen and ‘Nb’ content in these samples were within 1018
+20 ppmw and 2.65 £0.05% respectively. Similarly, the other set had variation in oxygen content
between 930 and 1073 ppmw, whereas ‘Fe’ and ‘Nb’ content varied within 330420 ppmw and
2.60 £0.04%, respectively. In both the sets the variation of impurity elements such as ‘N’, ‘C’
varied in a range of 35 +5 and 46+5 ppmw, respectively. The scheme of extraction of dilatometry
specimen for the purpose of determining the transformation temperature from these selected

sample spool pieces was identical to the one described in Fig. 3.5 (a).
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Fig. 3.6 (a) Schematic of heat treatment cycles adopted for the study, (b) Scheme of specimen
preparation from the heat treated dilatometry sample
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Each of the specimens belonging to ‘Fe’ and ‘O’ content variation sets were subjected to
identical temperature program using the dilatometer as described in subsection 3.1.4. The
dilation curves Al vs. t recorded for each specimen were analysed for az—> Bz transformation

range using the three tangents method as explained in detail in subsection 3.1.3.
3.1.8  Study on effect of ‘Fe’ and ‘O’ on the CTE and texture of Zr-2.5%Nb alloy

In this work, all the sample materials were selected from the off cuts of the operating Zr-2.5%Nb
pressure tubes fabricated under identical process parameters mainly for two reasons. First being
the in-reactor axial creep data for many of these pressure tubes is available, which is essential for
the correlation studies. Second being the correlation study will be relevant to the variations in
‘Fe’ and ‘O’ contents that is present within the specification range of the alloy which will be
useful in assessment of performance of the operating pressure tubes and also for modeling.

In this work, a large number of samples from different Zr-2.5%Nb alloy pressure tube were
selected for studying the CTE and texture as a function of ‘Fe’ and ‘O’ content. The composition
range considered in this study is given in Table 3.2. The variation in Fe, O and Nb measurements
by Glow Discharge Optical Emission Spectrometry (GDOES) in each sample had the standard
deviation of 3 x 10, 6 x 10™* and 2 x 107 respectively. In addition, few more samples were also
selected randomly for studying the correlation between texture and CTE of the pressure tube
alloy. Fig. 3.7 (a) shows the schematic of extraction of dilatometry specimen from the axial and
circumferential directions of pressure tube off cuts for the CTE studies.

Table 3.2 Composition range of the samples selected for CTE and texture

Fe-variation range 270 to 1425 ppmw O-variation range 782 to 1180 ppmw
( ‘Fe’ measurement: Std. Dev. 3x10™) (‘O’ measurement: Std. Dev. 6 x 10™)
Other elements Other elements

Nb (%) O ppmw Nb (%) Fe ppmw
2.66+0.04 930426 2.67 £0.03 322+16

A typical experimental dilatogram and thermogram recorded for one of the specimens is shown
in Fig.3.7 (b). The CTE of the specimen was calculated using the equation ot = (dL/Lg)/dT [24].
Each specimen was subjected to repeat runs under the same temperature program until, at least

three closely reproducible CTE curves are obtained. The average value of CTE (&) in the

87



temperature range (47) of 100°C and 400°C from each run was determined using the
relationship

o= (1/Ly) x (AL/AT) [24] (1)

The a,, values from a minimum of three tests on the same sample was further averaged and used

as representative value of CTE of the given sample.

(a)
Off cut ring piece
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// C: circumferential
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Fig. 3.7 (a) Schematic of specimen preparation for CTE studies (b) A typical experimental
output of Thermogram and dilatogram obtained for a sample.
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3.1.9  Heat treatment in the (o+f3) phase field and compression testing

Few specimens extracted in the axial direction of the pressure tube (see Fig. 3.5 (a)) were soaked
at 870°C/30 min followed by cooling to room temperature at 25°C/s using the quenching
dilatometer. The compression test samples were extracted from these heat treated dilatometry
specimens as schematically shown in Fig. 3.8. The cross sectional surfaces of these samples
prepared metallographically to obtain flat and parallel faces and then subjected to compression
testing using an Universal Testing Machine (UTM) to impart different amounts of cold work.
These samples were subsequently prepared metallographically followed by electrolytic polishing
for texture evolution study as a function of cold work using the EBSD technique.

cold work achieved: ~ 9.6, ~12, ~28.6%
through compression test

L/D ration ~1.1

Al

Microtextural
study by
EBSD

e 4

Heat treated at
870°C/30 min &
quenched at 25°C/s

Compression
tested soecimen

Fig. 3.8 Schematic of specimen preparation from the heat treated dilatometry specimens for
Compression testing and EBSD scanning

3.2 Heat treatment of bulk specimens for determining correlation parameters for SPT

and ABI

A heat treatment setup that was specially developed for heat treating the miniature tensile

specimens and small size bulk pieces is shown in Fig. 3.9 (a). The setup consisted of a vertical
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tubular resistance furnace with a quartz tube held inside the furnace as shown schematically in
Fig.3.9 (a). The quartz tube had a T-connection on the top and a bottom cap with a B-34 cone
and socket joint. The bottom socket had a small opening for the escape of purge / quench gas.

K-Type (@) Rad i{' (b)

Thermocouple

/ Purge gas
Heliuw)

]

Quartz tube Copper
coil "\

Cross section
of the Furnace

Thermocouple _| 7

tip at specimen (LN2 ~N
A set of container)
Specimen — | SPT specimen for
;‘U:z:::i?: axial loading test
||l and TEM specimen
Bottom cap,
removed ABI specimen for

for water Tube . .
quenching \ axis axial loading test

Purge gas
Helium (out)

1 water tank
for quenching

>

ABI specimen for
Circumferential loading test

SPT specimen for
circumferential loading test

Fig. 3.9(a) Schematic of Heat Treatment setup, (b) Scheme of extraction of axial and
circumferential tensile specimens having gauge length 7.6240.02 mm (7.62N(1.78x1.52) =
4.6x0.1) [25] from the Zr-2.5%Nb alloy spool piece, (c) Schematic of specimen preparation from
heat treated bulk pieces for SPT and ABI tests and TEM examination.

The scheme of extraction of tensile specimens from the axial and circumferential directions of
the Zr-2.5%Nb pressure tube is shown in Fig. 3.9 (b). A set of specimens consisting of bulk

pieces and tensile specimens along with a K-type thermocouple was heated to 880°C (within the
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a+f3 phase field of the alloy) under the cover gas (He) followed by soaking for 30 min to achieve
phase equilibration.

After the soaking period, the specimens were lifted to the neck of quartz tube (maintained at
room temperature outside the furnace) along with the thermocouple and then cooled to room
temperature at a desired rate by controlling the flow rate of ambient / LN, (liquid nitrogen)
chilled helium gas. During the complete cycle the temperature output from the thermocouple was
recorded as a function of time at an interval of 0.1s. In the case of water quenching, the bottom
cap of the quartz tube was removed and the specimens were allowed to fall freely under Helium
cover gas into the water tank kept below the system. The cooling rate was approximately 800°C/s
as the specimen fell freely from the hot zone into the water tank in <0.5s. The details of heat
treatment conditions for different sets are listed in Table-3.3. The heat treated bulk specimen
were then subjected to specimen preparation for ABI and SPT tests both for the axial and
circumferential loading conditions as shown schematically in Fig. 3.9 (c).

Table-3.3: Heat treatment conditions adopted on the Zr-.5%Nb pressure tube samples

Specimen ID| Cooling medium/flow rate Cooling rate | Remarks

S1 Helium/4 lpm 28°C/s Specimens were lifted away from hot zone

S2 Helium/15 lpm 55°C/s to the neck of quartz tube maintained at

S3 Helium/30 Ipm (Chilled in| 151°C/s room temperature and quench gas flow

LN>) was allowed at controlled rates.

S4 Helium/4 lpm 0.15°C/s Specimens held in hot zone with furnace
power off (Furnace cooled).

S5 Water quenched ~ 800°C/s | Dropped from hot zone under (He) cover
gas in the water tank kept below.

The heat treated axial and circumferential direction tension specimens were of gauge length 7.62
+0.02 mm, width 1.78 +0.02 mm and thickness 1.52+0.02 mm (with Ly/N(W x T) ratio of
7.62/(1.78x1.52) = 4.6+0.1). The specimens of different heat treated condition were designated
S1, S2, S3, S4 and S5 as described in Table-3.3. These specimens were subjected to tension tests
at room temperature at a constant strain rate of 2 x 10™*/s using a calibrated TIRA TEST 28250
UTM having load cell capacity of 1000 kg and strain gauge resolution of 1um. The load vs.
displacement curve obtained for each test were analysed for yield stress by 0.2% off set method
as explained in ASTM E8 [26]. At least two tests were carried out for each of the heat treated

and loading conditions and the average value was used for analysis.
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33 Automated Ball Indentation (ABI) test and Analysis of test data for mechanical
property evaluation
All the ABI tests were carried out at room temperature adopting standard procedure as described
at [25, 27-37]. The UTM used for ABI testing had load cell capacity of 100 kg and LVDT
resolution of 1um. All the ABI tests were performed at a constant crosshead speed of 0.1mm/min
on flat and polished surface, through strain controlled multiple indentation cycles at the same
penetration location using a 0.508mm diameter spherical indenter. Fig. 3.10 (a) shows schematic
sketch of the ball indentation geometries before and after load application with the exaggerated
material pileup Fig.3.10 (b), (c) show a typical Load (P) vs. depth (6) curve obtained for an ABI
test and P/d/ vs. d/D plot used for determining yield parameter “A” through the Mayer’s
relationship P,/d;’=A(d/D)"? [25, 27-37].
di = 2(hD - h?)°S ()

REFERENCE dt MATERIAL
SURFACE

PILE-UP

/
INDENTATION PROFILE
AFTER UNLOADING

LSS
/ INDENTATION  PROFILE
"/ DURING LOAD APPLICATION
340

o] Load vs depth curve (b)

300 -]
e © Tungsten Carbide indenter (¢ 0.508 mm)

zz0-| ® Unloading to 30% of Pm /cycle

240-| o Maximum depth: 40% of indenter radius
207 d,=2(hD - h)**
200 -]
150 -]
160 -]
140 -]

120+

LoadinN —p»

100 -]

G0

=ik

40

20+

hpi ' hy

T T T 0 1 1 [ 1 [ 1
0.0 10.0 20.0 30,0 40.0 s0.0 &0.0 F0.0 S0.0 Q0.0 1000 1100 12000 130.0

o T T |

Depth (h) microns —»
Fig. 3.10 (a) Ball indentation geometries before and after load application (the material
pileup is exaggerated), (b) Typical Load vs. Depth curve for an ABI Test.
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Fig. 3.10 (c) (P/d) vs. (d,/D) plot used for determining Yield parameter “A”, (d) A typical
[n (o)) vs. In(g,) plot used for the determination of UTS (ours).

The yield parameter (4) was then used to evaluate the yield strength (o,) of the material using the

following correlation;

6y = by +f3nA

)
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where, b, is the yield point offset constant specific to particular type or class of materials and /3,
is a material-type constant which need to be determined separately for each class of materials. In
the present study the value of f3,, and b,, for the Zr-2.5%Nb pressure tube alloy were initially
determined through regression analysis of tensile YS values from the specimens of different heat
treatments the details of which has been discussed in chapter-5. The yield parameter value ‘4’
obtained for different specimens in each test in the entire study were then related to these
correlations to establish the yield strength of the sample material. In eq. (2), the units of ‘4’ and
o, are same. Assuming that the flow behavior of metallic materials generally follow the power
law of the form o=K(g,)" in the uniform elongation region of the conventional tension test, the
ABI derived True Stress (o¢) and True Strain (g,) data was fitted to /n(o,) vs. In(e,) as shown in a
typical plot in Fig. 3.10 (d). The linear regression of /n(o;) vs. In(e,) data is expressed in eq. (3)

In (o) = In (K) + 7 In(gp) 3)

The flow properties K and n were determined from the intercept and the slope of the linear fit
(eq.2). Then using the Considere’s criteria that, at the point of necking true strain g,=n (strain
hardening exponent) the UTS was determined using the relation oyrs= K (n/e)" where e= 2.71
[27, 30, 35, 37].

The Brinell hardness number (HB) can also be determined from the ABI test using the maximum
indentation load (P, in kgf) and the final impression diameter (dy in mm) and the indenter
diameter (D in mm) using the following equation [38].

HB = 2P a/[7tD((D - (D* - d#)")] “4)

34 Small Punch Test (SPT) and Analysis of test data for mechanical property

evaluation

The setup for SPT consisted of a UTM having the load cell capacity of 500kg and a finger gauge
of 0.001lmm resolution for measurement of displacement of the punch. In the entire study, the
small punch tests on all the specimens were performed as per the guidelines provided for testing
metallic materials, in the report JAERI-M-88-172 [39]. During a SPT a disc specimen of 3.0
mm and thickness 0.25+0.01 mm was circumferentially gripped using upper and lower dies as
shown in Fig.3.11 (a) and a @1.0mm hardened steel ball positioned at the centre was forced at a

constant cross head velocity of 0.Ilmm/min using a plunger.
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Fig. 3.11 (a) A schematic view of a jig used for Small Punch test, (b) A typical load-deflection
curve obtained for a Zr-2.5%Nb alloy specimen in the present study showing four different
regimes during the progress of deformation I : Elastic bending regime, II: Plastic bending
regime, I1l: Plastic membrane stretching regime, 1V: Plastic Instability regime. The plot also
shows graphical method of determining the Yield load (P, ) and Load Maximum (P,,)

The gripping by the dies at the circumference prevented the specimen from cupping upwards
during punching, so that the plastic deformation was concentrated in the region below the punch.

The load and central deflection of the specimen were recorded as a function of time during the
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test until the specimen reached fracture. Fig.3.11 (b) shows a typical SPT output recorded during
a test. Slopes measured in the elastic bending regime I and values of the load measured at the end
of the elastic domain (beginning of plastic bending regime II) of the curves are compared to the
Young's modulus and the yield stress, respectively. The regime III of the curve corresponds to
the membrane stretching of the specimen during which the part of the disc specimen not in
contact with the indenter stretches uniformly with a corresponding uniform decrease in thickness
of the specimen. The regime IV corresponds to the plastic instability of the specimen, where the
load decreases after reaching a maximum due to localised circumferential necking leading to
decrease in load bearing capacity as in the case of uniaxial tension test. The circumferential
necking is also known as through thickness thinning of the specimen. The specimen eventually
reaches final circumferential fracture at the through thickness thinning regions. The P vs. o curve
was analysed for yield load P, and load maximum P,, using the recommended procedures at [39-
42]. At least three tests were performed for each loading direction and heat treated condition.

As per the procedure described in the literature, load ‘P’ at initial localised plastic straining i.e.
the yield load ‘P,’ is determined by constructing the tangents as shown in Fig. 3.11 (b). Both
yield load and load maximum obtained in a test depend on the specimen thickness ‘t,’. Therefore
‘P> and ‘P, were first normalised with t,” to obtain yield strength and ultimate tensile strength
representing values (Py/toz) and (Pn/t,") which have the same units as stress. These strength
representing values were then related to the linear correlations [40, 42] for the Zr-2.5%Nb alloy
material, established in this work following the procedure for the evaluation of mechanical
properties (o) and (oyrs). Equations (5) and (6) show the general form of these linear correlation
where C;, C,, C; and C4 are the correlation parameters [40, 42]. The determination of these
correlation parameters have been discussed in chapter-5.

oy =Ci + Cox (Py/ts) (5)

ours= C3 + C3 X (Pu/t’) (0)

3.5 Specimen preparation for ABI and SPT

The specimen preparation procedure for SPT and ABI tests has been described briefly in this

section. The heat treated dilatometry specimens and bulk pieces of Zr-2.5%Nb pressure tube
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samples were sliced in the predetermined directions as shown schematically in Fig. 3.6 (c) and
Fig. 3.9 (¢) to obtain blanks of ~0.4 mm thickness using a slow speed diamond wheel cut off
machine. The cross sectional blanks from the heat treated dilatometry specimen belonged to the
radial-transverse plane of the pressure tube. In the case of heat treated bulk samples, these blanks
were extracted from the radial-transverse and radial-axial planes of the pressure tube with the
aim to study the effects of texture on the mechanical properties of the anisotropic Zr-2.5%Nb
alloy. The further steps involved lapping of both cross sectional surfaces of each blank
successively with emery paper of grit sizes ranging from 400 to 1000, mechanical polishing to
obtain uniform and flat mirror finish surface. The prepared blanks were punched to obtain discs
of $3mm and 0.25 + 0.01 mm thickness. For ABI tests, the heat treated bulk specimens were
subjected to metallographic preparation on radial-circumferential and radial-axial surfaces (see
Fig. 3.9 (c)) while in the case of heat treated dilatometry specimens the cross sectional surface
was prepared metallographically. To ensure that the specimens are flat and also have parallel the

opposite surfaces it was subjected to identical specimen preparation steps.
3.6 Electron Microscopy techniques for microstructural and microtextural study

The microstructural characterisation of a number of heat treated Zr-2.5%Nb alloy samples was
carried out using JEOL-2000FX Transmission Electron Microscope (TEM). The accelerating
voltage was kept at 160 keV during the examination. The equipment was used in the bright field
mode to study the finer morphological details of oz and Pz phases in the specimens. The
Scanning Electron Microscope (SEM) model FEI-3DSEM equipped with Electron backscattered
diffraction (EBSD) detector was used for microtexture characterisation of the heat treated Zr-
2.5%Nb alloy specimens. The accelerating voltage of 20 keV was used to attain good intensity of
backscattered electrons.

3.7 Specimen preparation for microstructural and microtextural examination

The specimen preparation for TEM and EBSD examination was similar to the specimen
preparation procedure adopted for SPT and ABI tests. The initial blanks of ~0.4mm thickness
were obtained by slicing the specimen using a slow speed diamond wheel cut off machine. These

blanks were subjected to standard metallographic preparation to obtain mirror finish surfaces.
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The specimen for TEM examination were then prepared using Fischione twinjet electro polishing
machine with an electrolyte consisting of a solution of 80% methanol and 20% perchloric acid at
a temperature of -50°C and 25V. In the case of specimen for EBSD examination, these
metallographically prepared flat samples were subjected to electrolytic polishing for obtaining
stress free surfaces using an in house developed arrangement as shown schematically Fig. 3.12.
The electropolishing was carried out using the electrolyte of concentration 5% Perchloric acid +
95% Methanol, at the bath temperature of -49°C and a DC current of ~0.12 Amps and DC
voltage between 9 and 14V.

Anode (sample)

Cathode (Container)

Dry ice
(-45° C to -50°C)
Electrolyte

(95% Methenol
+ 5% Perchloric acid)

Insulation

Insulating platform
Al 203 block

Conducting base

Sample

Fig. 3.12 A Schematic view of setup used for electropolishing Zr-2.5%Nb alloy samples
3.8 Thermal creep study using miniature specimen testing techniques

The thermal creep study was carried out using the miniature specimen testing techniques such as
impression and indentation creep tests, considering suitability to study creep property of
anisotropic alloy by selecting specific direction of load application on small size specimen.

These indentation techniques are also sensitive to the variation in alloying additions [43], which
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was essential for ascertaining the effect of variation in ‘Fe’ and ‘O’ contents on the thermal creep

behavior of the alloy.
3.8.1 Impression creep test for thermal creep study

Impression creep technique is a modified indentation creep test wherein constant load and also a
constant stress is essentially maintained during the test due to flat bottomed cylindrical punch,
because the contact area of the punch with the specimen remains constant [44- 46]. Under this
punching stress, if the indenter sinks into the material to a depth % in time ¢, then v, = dh/dt

signifies the punch velocity during the test [47].
- []
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Fig. 3.13 A schematic diagram of the impression creep test equipment
The steady state velocity of the punch is related to the steady state creep rate of the material. It
was observed during the initial impression creep tests at the test conditions of 300°C and
punching stress 6;<400MPa that, the steady state impression creep rates were insignificant. This
data has not been presented in this work. Based on this experience, the test temperature was

raised to 400°C and punching stress (ci) was increased to 400MPa with the intention to have
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measurable creep rates, so that the effect of variation in minor alloying element on the thermal
creep can be brought out. The 6;=400MPa corresponds to ~115 MPa of uniaxial tensile stress
through conversion factor which is close to hoop’s stress value that generally exists in the
pressure tube during operation. This stress value is nearly one third of the circumferential
direction uniaxial tensile yield stress (cy) 0f~460 MPa and 325 +10 MPa for the Zr-2.5%Nb
pressure tube at 300 and 400°C respectively [48].

Table 3.4 (a) Description and microstructures of Zr-2.5% Nb pressure tube samples with ‘Fe’

content variation used for thermal creep study by impression creep test and in-reactor axial
creep rate data for the corresponding operating channels.

Sample | ‘Fe’ ppmw fi | fi | fo | In-reactor axial creep rate] Dislocation density (m™)
ID |Std. (/s) normalised with peak |determined from X-ray line
deviation: 3 x fluence after 3340 EFPD of] profile analysis
10" ppmw) operation Plane: [1 12 0] Std. Devi.
1 1566 [0.50/0.39{0.12 6.17069x10™" 6.83x 10" | 3.45x10'
2 472 0.51/0.39/0.09 1.3215x10™"
3 165 0.52[0.38{0.09 1.96365x10™"

The effect of ‘Fe’ on thermal creep behavior of the alloy was investigated using impression creep
test method adopting the standard procedure described by many authors [44-47, 49-53]. A
schematic diagram of the impression creep equipment is shown in Fig. 3.13 which consists of a
test chamber inside which the specimen of maximum size of 10 x 10 mm cross sectional area and
10 mm height can be placed on the flat platform of the specimen holder. The punch with a
primary load of ~0.5 kg was made to rest vertically on the flat specimen surface and the S-type
thermocouple and the furnace were fixed in their positions. After attaining the steady vacuum of
5x10” mbar and test temperature 400°C, a calculated amount of load was applied on the
specimen through external lever arm as shown in the Fig. 3.13. The Depth of Penetration (DOP)
of the punch was monitored using a calibrated LVDT (with resolution Ium) and recorded as a
function of time during the test at the programmed intervals. Each creep experiments lasted for
an approximate period of 165 hours. Table-3.4 (a) provides the iron content in the Zr-2.5%Nb
pressure tube samples selected for impression creep study along with texture and dislocation
density data and also the in-reactor axial creep data for the corresponding operating channels.

The ‘O’ and ‘Nb’ content in these samples were 877+40 ppmw and 2.59+£0.09% respectively.
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The samples of size ~ 4 x 4 x 5 mm were sliced from these spool pieces similar to the one shown
in Fig. 3.7 (a) and the radial-axial surface of the specimens were prepared as explained in
subsection 3.5.

The impression creep tests were performed on these prepared faces of the samples using test
parameters described in Table-3.4 (b). The DOP of the punch measured as a function of time
using an LVDT with resolution of £1 um was the basic output of the test that was analysed for

the creep property of the sample material.

Table-3.4 (b) Impression creep test parameters

Test environment Vacuum of 5x 10° mbar and 400°C

Direction of load application | Circumferential with respect to pressure tube axis

Punch diameter a =1.5 mm (Tungsten carbide punch)

Punching Stress c; =400 MPa

Load calculation Applied dead load, P=(o; /(g x Lever arm ratio)) x (cross sectional
area of punch)=(400MPa/9.806 x 10) x (m x1.5%)/4 = 7.208 kg

3.8.2 Time dependent hot hardness tests for thermal creep study

The indentation creep tests using Vicker’s hot hardness measuring technique was specifically
adopted for studying the thermal creep behaviour of Zr-2.5%Nb pressure tube samples with ‘O’
content variation for the following reasons. The thermal creep data of the alloy at 300°C (reactor
operating temperature) is an important data for the purpose of correlation study. The constant
stress impression creep tests could not be used as the impression creep rates obtained at 300°C
were insignificant as explained earlier. The hot hardness technique is sensitive to the test
temperatures. Although, time dependent hot hardness is not a constant stress creep test the
change in hardness with dwell time of the indenter at a given test temperature can provide a good
measure of thermal creep behaviour of the alloy [54-57]. For a constant indentation load at a
constant specimen temperature, if the penetration of the indenter into the solid increases with
time then the solid is said to exhibit indentation creep [58-60]. According to Mulheran and Tabor
[54] the hardness, temperature and time are related by the relation expressed in eq. (7).

H™) = glexp( - Q/RT)]t (7)

where, ‘H’ is the hardness, ‘T’ the temperature in (K), ‘4’ is the intrinsic hardness of the material

at T= OK. When hardness ‘H’ is plotted against dwell time (t) in a log-log scale, a series of linear
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plots can be obtained for different test temperatures. In the present study, these plots were
sufficient to explain the effect of oxygen on the time dependent deformation behavior of the
alloy, hence no attempt was made to determine the activation energy (Q) and stress exponent (7).
The alloy samples had oxygen content variation from 743 ppmw to 1587 ppmw, while ‘Nb’ and
‘Fe’ contents were in the range of 2.67 % +0.06% and 321 ppmw=+30 ppmw respectively.

The scheme of specimen extraction and preparation was identical to the one explained for
impression creep tests. Initially the room temperature Vicker’s Micro-hardness measurements
were made on the radial-axial surfaces of these samples using a 500g load and dwell time of 10
seconds. The results showed a clear increasing trend in hardness with the increase in oxygen
content. Based on this result, three among these samples covering the entire range of oxygen
content were selected for the indentation creep tests at 300 and 400°C using a Vicker’s hot
hardness tester.

The arrangement for hot hardness studies consisted of heating the specimen and indenter
independently to a same selected test temperature under vacuum (5 x 10” mbar), through a
computer controlled program. After the temperature stabilisation, the indenter along with the
load (500g) was moved with a slow speed of Sum/s (fo avoid effects of shock loading) and made
to rest on the area of the specimen identified using an online microscope. The dwell time of the
indenter was varied between 10 and 800s through the online computer at each test temperature.
The indentation images were then captured using an attached digital camera and the diagonal
measurements of these indentations were accomplished through the calibration factor. For each
specimen three indentations were made at each test condition of temperature and dwell time and
the average values of the diagonals were used for evaluation of Vicker’s Hardness Number
(VHN) as per the ASTM standard expression in eq. (8) [61].

VHN = 1854 x P/ (dn,’) kgf/mm’ (8),

where, P is the load in grams and d,, is the mean of the diagonals of the indentation in

micrometers.
3.9 Specimen preparation and texture measurements by X-ray diffraction method

The crystallographic texture describes the geometric arrangement of crystallites in a

polycrystalline material [62]. In the present study the crystallographic texture measurements of a
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number of Zr-2.5%Nb pressure tube samples was determined by X-ray diffraction method using

a X-ray diffractometer (Model HRD, ITAL structures) adopting Kearn’s method [63].

(a)

P 'l

AL plimensians i mn
Materiol Zr-254ENo Spool piece

Fig. 3.14 Specimen preparation for texture parameter determination by Kearns method. (a)
Sample cutting plan to obtain samples from three principal directions from the pressure tube off
cut. (b) method for obtaining rectangular flat samples from mid thickness of the tube by
removing the outer and inner surface layers using EDM as shown by thick lines

The specimen preparation involved slicing the off cut sample from three principal directions
(transverse, radial and axial) of the pressure tube as shown schematically in Fig.3.14 (a). Since,
the wall thickness of the tube was <4 mm, composite sample arrangement was adopted for the
transverse and axial directions to ensure at least ~15mm x 10 mm area is available for exposure.
From each of the three directions the mid thickness surfaces of the samples obtained (see 3.14 (a-
b)) by slicing using Electro Discharge Machining (EDM) were mounted together to obtain
composite specimen and subjected to metallographic preparation. The specimens were
chemically polished using 45% HNOs+5% HF+50% H>O solution to obtain stress free sample
surfaces for XRD studies. The specimens from each direction and the (annealed) a-zirconium
powder sample were scanned for 26 angles ranging from 30°-140° using Cu-Ka radiation
adopting the standard procedure. The texture parameter f/p; for the selected direction of the
specimen was determined using Kearn’s relationship in eq. (9) [63].
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CHAPTER 4: Heat Treatment and Microstructural Evolution in Zr-2.5%Nb Pressure
Tube Material

4.1 Objectives

The objective of this part of the work was to study the effect of various heat treatments
particularly from the (a+f) phase field of the Zr-2.5%Nb alloy on the microstructural and texture
changes. The soaking temperature within the (a+f) phase field would influence the fractions of
primary o and 3 phases, because of sharp slope of the (a+f3) solvus line i.e. B-transus boundary
of the Zr-Nb system. On the other hand, the cooling rates adopted would influence the
morphologies of the B phase transformation products. In addition, modification in texture can
also occur under certain conditions. Therefore, the main interest in this part of the thesis was to
study the microstructural and textural evolution through a systematic variation in soaking
temperatures and also the cooling rates. Since, the phase boundaries of the Zr-Nb binary system
are the strong functions of oxygen and iron concentrations, initially the objective was to establish
a partial CCT diagram for the selected Zr-2.5%Nb alloy to have accurate knowledge of B-transus
boundary. This work provides wider knowledge base on the microstructural and texture changes
due to different heat treatments which is necessary for the development of heat treated pressure
tubes.

4.2 Background

The Zr-2.5%Nb pressure tube is a dual phase alloy in which variety of microstructures can be
obtained through different heat treatment parameters. The final microstructure and the texture are
the two important factors that dictate the short term and long term mechanical properties and also
play a role in the in-reactor deformation behavior of the pressure tubes. The previous post
irradiation study by Chow et. al [1] and Takayama [2] reported lower in-reactor creep rates for
the heat treated pressure tubes compared to those fabricated from conventional cold worked
route. The obvious reasons for such lower creep rates must be attributed to the final
microstructure and texture obtained due to specific heat treatments during the manufacture of the

pressure tube. As discussed earlier the data available on the microstructural and texture evolution
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is limited and also discrete which was the motivation behind this part of the work. Therefore, a
systematic study of effect of soaking temperatures and the cooling rates on the morphological
changes in the microstructures reported in this chapter bears utmost importance particularly for
the development of creep resistant Zr-2.5%Nb alloy.

As discussed in the literature review in chapter-2 the increasing amounts of oxygen expands the
(a+pP) phase region of the Zr-Nb system resulting in higher /(a+) transus temperature, while
the presence of iron would lower the same [3]. Therefore, the determination of partial CCT
diagram was initiated to have accurate knowledge of B/(a+P) transus boundary for the alloy
selected for heat treatment studies. The following subsections discuss the determination of
B/(a+P) transus boundary, heat treatments within (o+f) phase field followed by microstructural

and texture study on these heat treated samples.
4.3 Determination of partial CCT diagram for Zr-2.5%Nb alloy

The experimental details of determination of partial CCT diagram and 3 transus boundary for the
Zr-2.5%Nb alloy using quenching dilatometry has been described in the section 3.1.5. Fig. 3.5
(c) shows the dilatometric curve (A4/ vs. t) recorded for one of the experiments. From all the
experiments, it was observed that, during heating the transformation (oz+Bnb)
2> (0z+Pz) occurred in the small temperature range between 707°C and 729°C which is
indicated by sharp decrease in specific volume of the specimen in the A/ vs. ¢ plot. This
transformation temperature was identified by the sharp slope change in the A/ vs. ¢ plot as shown
in Fig. 3.5 (¢). On continued heating beyond 729°C the transformation (oz+Pnb)=2 (0z+PBzr)
showed continued decrease in volume (indicated by decrease in Al) which is associated with
decrease in specific volume of the product phase Pz, at the expense of az [4]. With the continued
heating another sharp slope change occurred in the range 887°C and 898°C in the 4/ vs. ¢ plot but
in the opposite direction (see Fig. 3.5 (c)) indicating the end of (oz~+Pnb)=2(0ze+Pzr)
transformation. Beyond 898°C the all specimens showed thermal expansion of Bz, phase which

is evident from the constant slope of Al vs. ¢ plot.
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The cooling part of dilation curves in the A/ vs. T plots showed different dilation characteristics
depending on cooling rate adopted for all the specimens. During cooling from 1063°C the
increase in specific volume due to Pz ay transformation was more dominant compared to
thermal contraction of the transformation products, as oz phase has relatively low density
compared to Bz phase [7]. Thus, from the sharp slope changes in Al vs. T plots, it was possible to
identify the start and end points of the Bz transformation using the graphical method [5-8]. Fig.
4.1 (a) shows a typical cooling part of dilation curve (4! vs. T) for one of the experiments and the
method of identifying the transformation start and end temperatures [6-8]. Depending on
different cooling rates adopted the transformation Bz~ oz produced slope change in the Al vs. T
plots in different temperature ranges which are shown in Figs. 4.1 (b-c).

At slower cooling rates such as 0.06°C/s, the transformation rate was relatively slower due to
lower thermodynamic driving force generally prevalent at lower degrees of under cooling.
Therefore, the transformation occurred at relatively higher temperatures and over a longer
duration of time resulting in shallow slope change in the dilation curve. With the increase in
cooling rates the transformation occurred at lower temperature ranges and also over shorter
duration of time due to higher degrees of under cooling resulting in relatively sharper slope
changes in dilation curves (See Fig. 4.1. (b-c)). However, at much higher cooling rates such as
50, 100 and ~200°C/s the dilation curves showed stepped slope changes at temperatures higher
than P/(o+fB) boundary. These transformations are similar to the one observed by Hunt et.al [9]
in the thermal arrest points for the Zr-2.5%Nb alloy samples during the study of CCT diagrams.
Hunt et.al [9] interpreted that the initial formation of oz nuclei at Bz boundaries might be
responsible for such thermal arrest points. Therefore, in the present study the stepped slope
changes observed at temperatures higher than /(a+) boundary can be attributed to formation of
oz: nuclei at Bz, grain boundaries [9].

The B transus temperatures determined from the cooling part of the dilation curves were plotted
as typical Temperature vs. logy (time) to establish the partial CCT diagram as shown in Fig.4.2.
The plot (Fig.4.2) shows the start temperatures for different cooling rates and was used to

identify as B transus boundary for the alloy which served the basis for the heat treatment studies.
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4.4 Heat treatments from the (a+f3) phase field of Zr-2.5%NDb alloy

Since heat-treatments of zirconium-niobium alloys usually consist of a solution treatment in the
upper portion of the (a+f) region of the phase diagram, the soaking temperatures 840, 863, 870,
883°C were chosen for the heat treatment in the present study. Selection of these temperatures
was based on the [ transus start temperature of 891°C established for the slowest cooling rate of
0.06°C/s for the alloy. The experimental part of the heat treatment has been discussed in the
section 3.1.6. The main objectives of this part of the study was to investigate the effect of
soaking temperatures and the cooling rates on the distribution and morphologies of Bz phase
transformation products and also textural changes occurring due to the heat treatments. The
results of heat treatments by quenching dilatometry and microstructural textural examinations by

electron microscopy techniques have been discussed in the following sections.

4.4.1 Dilatometric curves of (a+f3) heat treatment experiments

Temp.°C — =

Zr 2.5 composition = Nb

Fig. 4.3 Schematic presentation of Zr- rich region of the Zr-Nb system showing effect of soaking
temperature on fractions of o and [ phases and their compositions

Different soaking temperatures in (a+z) phase field influenced the fractions of primary oz, and

Bz: in the sample (see Fig.4.3), before being subjected to cooling, while different cooling rates
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adopted from these soaking temperatures influenced the morphologies of Pz phase
transformation that led to formation of Widmanstétten-o. along with network of 3 or martensite
(a") depending on cooling rates adopted [4, 10].

Fig.4.4 (a), shows a typical output of dilatometry curves for one of the heat treatment
experiments. The heating part of dilatograms for all the samples showed (ouz+Bnb)=2 (0z+Pzr)
transformation dilation similar to the one observed during determination of B-transus boundary
for the alloy discussed in section 3.1.4 (see Fig. 3.5 (c)). However, in the case of soaking in the
(a+p) phase field, it was observed that the (oz+Pnv)=2(0z+Pz) transformation continued
isothermally at the selected soaking temperatures as seen in Fig.4.4 (a). It was observed that,
during the soaking time for 30 min at 883°C the dilation curve remained nearly flat (see Fig.4.4
(a)) indicating quick equilibration of transformation at such higher soaking temperature.

Fig.4.4 (b) shows a typical dilatogram of cooling part of a specimen for the cooling rates 25°C/s
from all the soaking temperatures studied. These curves show typical nucleation and growth type
of transformation of Bz (az+Pz), where the fraction transformed builds up at the expense of
parent Pz resulting in progressive increase in the specific volume. At every instant on the
dilation curve, the length change of the specimen is due to three factors. First being, the thermal
contraction of existing phases i.e. primary o and the B-phase transformed products and
untransformed Pz. Second being, the volume change due to Bz oz (known as transformation
strain) which is a more dominant physical change and hence would produce pronounced positive
change in the specimen length. This is because, bcc Pz phase is denser phase and has ~2.6%
smaller lattice parameter compared to hcp oz and hence the deviation in the dilation curve
would be observed [7]. Third being change in specific volume of ayz and Bz phases due to
increased ‘Nb’ content at the lower temperatures in the (a+f) phase field [11-13] (see Fig. 4.3).
Fig. 4.5 (a) shows one of the typical set of cooling part of the dilation curves, with slope changes
indicating transformation of Pz phase in different temperature range when cooled at different
rates from the soaking temperature 883°C. At slower cooling rate such as 0.5°C/s due to the low
degrees of under cooling, the transformation Bz (oz+Pz) reached completion at higher

temperature (Fig. 4.5 (a)), whereas at higher cooling rates such as 10 and 25°C/s it was observed
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that due to higher degrees of undercooling, the same transformation occurred at lower

temperatures (Fig. 4.4 (b) and Fig. 4.5 (a)).
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With increase in cooling rates to 50 and 100°C/s, the dilatograms showed marked difference in
Bz: transformation characteristics with multiple stepped slope changes for all the soaking
temperatures studied (see Fig.4.5 (a)). Such sharp multiple steps on the dilation curves may be
attributed to formation of o, at the Bz boundaries and also Bz phase undergoing martensitic (a')
transformation in successive stages. Fig.4.5 (b) shows the cooling part of the thermograms
recorded for these samples (soaked at 883°C) in the form of typical continuous cooling
transformation diagram. The plot shows the temperature ranges of z-transformation products
such as a, B and martensite (a') for different cooling rates adopted in the study. These
transformation temperatures were also determined according to the method described in section
3.1.5 Fig. 3.5 (c). Similar transition temperatures were observed even for the case of different
soaking temperatures such as 870, 863 and 840°C. It was observed that the martensite start (M)
temperature of 681°C identified by sharp increase in volume in the dilatogram and thermal arrest
points in the thermograms for the quenched samples remained nearly same for all the lower

soaking temperatures studied.
4.5 Microstructural evolution in Zr-2.5%Nb alloy due to heat treatments

The bright field TEM micrographs presented in Fig 4.6 to 4.9 provide the finer details of
distribution of the a and [ phases, their size and morphologies for the samples heat treated in the
(a+p) phase field using dilatometry. These micrographs describe the microstructural evolution as
a function of cooling rates and soaking temperatures (from the a+f phase field) used in the
study. Table-4.1, 4.2 and 4.3 provide the details of effect of cooling rate on the grain size of the
transformed a phase and also the effect of soaking temperature between 883 and 863 °C in the
o+ phase field on the fraction of primary o (approximated from SEM image analysis). As
expected from the Zr-rich region of Zr-Nb phase diagram [14] and as schematically presented in
Fig.4.3, the samples soaked at 883°C had relatively low fraction of primary o at room
temperature (see Table-4.2) as it was closest to the B-transus temperature of 891°C established
for the same alloy in this study (see section 4.3). At lower soaking temperatures, such as 870 °C

and 863°C, the volume fraction of primary o phase increased (Tables -4.2 and 4.3) particularly
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for the cases of lower cooling rates as o phase tends to grow on the existing primary o phase as
seen in the Fig.4.6 (a), (b), 4.7 (a), 4.8 ().

The effect of cooling rate on the size and morphology of the transformed products is shown as in
the case of two extreme rates of cooling in Fig.4.10 (a-b). It is evident that the higher rate of
cooling (100°C/s) from the soaking temperature of 883°C results in much finer martensite, in
contrast to large Widmanstitten plates obtained through relatively much slower cooling rate of
0.5°C/s. Statistical measurement of grain size distribution, using EBSD, in these two extreme
cases revealed a mean size ratio of 5 in case of both a and 3 phases. Thus the present study
reveals maximum window of grain sizes that can be achieved from the quenching process for a
soaking of 30 min. This is because of the fact that 100°C/s and 0.5°C/s represent two reasonably
extreme cooling rates achievable in practice for the production of full scale pressure tube. The
wide difference observed in grain sizes between the aforementioned samples is expected to have
an important influence on their properties.

The samples cooled at 50°C/s and 100°C/s showed predominantly martensitic transformation
(Fig.4.6 (d), (e) and 4.7 (c)). At higher cooling rate of 100 °C/s, internally twinned martensite
plates were observed (Fig.4.6 (e)), whereas internally slipped martensite were the major features
observed in samples subjected to relatively lower cooling rates of 50 °C/s together with a minor
fraction of primary o phase (Figs. 4.6 (d), (e), 4.7 (¢), 4.8 (c), (d) and 4.9 (c)) [15]. The
martensite plates were seen to have formed in self accommodating morphologies (Fig. 4.6 (d)),
thereby reducing the transformation strain energies [16]. In contrast at much slower cooling rates
such as 0.5 °C/s large Widmanstétten o lamellae were obtained (see Fig. 4.6 (a)). With a
decrease in cooling rates from 25 °C/s. The width of the Widmanstitten o plates increased
(Table-4.1 and 4.3) and their morphology progressively changed from being sharp straight
lamellae to more irregular-shaped lamellae (Fig. 4.6 (a), (b), (¢), Fig. 4.7 (a), (b)).

The mixed structures of finer Widmanstitten o lamellae and martensite were obtained even for
the cooling rate of 25 °C/s at the lower soaking temperatures as in the case of 870 °C, 863 °C and
840 °C soaked samples (Fig. 4.7 (b), 4.8 (b) and 4.9 (b)).

Comparison of Fig. 4.6 (c), 4.7 (b) and Fig. 4.9 (b) reveal that the probability of martensitic

transformation is higher with lowering of soaking temperature for a given cooling rate. This may
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be attributed to the higher ‘Nb’ content in the B phase at the lower soaking temperatures which

might provide the driving force for martensitic transformation. In general, the Widmanstétten o

lamellae became finer with lower soaking temperature (Fig.4.6 (b), 4.7 (a), 4.8 (a) and 4.9 (a)).

At lower soaking temperature, higher incidence of internally twinned martensite was observed

due to matrix (untransformed [-phase) being stronger (Fig. 4.8 (b)) [15]. Such a wide range of

microstructural changes in the alloy samples due to various heat treatment conditions are

expected to have influence on the mechanical properties.

On the basis of these observations it may be concluded that in order to obtain primary o

and martensitic microstructure, a lower soaking temperature in the a+f3 phase field followed by a

minimum cooling rate of 25°C/s is required. This is an important result from practical point of

view for the design of quenching operation of pressure tubes.

Table-4.1: Effect of cooling rate on microstructural features for 883+0.5°C soaked specimens

Cooling Microstructure  |Primary a vol. | Grain |Size:a Grains size and % of the
rate fraction (%)- |[size Widmanstitten [phases observed
(°C/sec) (Approximated |o. (nm) |width (nm)
from SEM -primary
image analysis)
100  |o + Internally 3-5 200-400 Grain size prior 3 ~10-15 pm
twinned martensite Grain size o ~1-3 um
50  |o + Internally 3-5 200-400 Primary o, percentage ~ 3%
slipped martensite Martensite plates 0.5-3 um
25 o+ 3-7 200-500 10-80 Grain size: prior f ~10 um.
Widmanstitten Grain size o ~1-3 pm.
10 |o+ 3-8 300-600, 10- 100 Primary o = 5-8%
Widmanstitten Widmanstétten lamellag
0.5 |o +Widmanstitten 3-10 300-900|  100-300 dimensions : Length =10 to

20um Width ~ 1-2um

Table-4.2: Effect of cooling rate on microstructural features for 870+0.5°C soaked specimens

Cooling rate| microstructure primary a vol. fraction (%) (approximated
(°C/sec) from SEM image analysis)
100 o + Internally twinned martensite 15-20
50 o +Internally slipped martensite 15-20
25 a + slipped martensite 15-20
10 o +Widmanstétten 15-25
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Fig. 4.6 Bright field TEM micrographs showing distribution and morphology of primary a and [-
phase transformed products «, [ and o' for the samples soaked 883+0.5°C and cooled at, (a)

0.5°C/s, (b) 10°C/s, (c) 25°C/s, (d) 50°C/s and (e) 100°C/s.
Table-4.3: Effect of cooling rate on microstructural features for 863+0.5°C soaked specimens

Cooling rate jmicrostructure vol. fraction (%)-primary | Size: of Size of Widmanstitten o
(°C/sec) o (approximated from  |Primary width (nm)
SEM image analysis) o (nm)
100 o + martensite 18-22 300-700 | No Widmanstitten o
50 oL +martensite 18-23 300-700
25 o +martensite 18-23 300-700 | Not significantly present
10 o + Widmanstitten 20-28 300-900 10- 80
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Bright field TEM micrographs showing distribution and morphology of primary o

and [-phase transformed products «, [ and o' for the samples soaked 870+0.5°C and
cooled at, ~ 10°C/s, ~ 25°C/s and ~ 50°C/s
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Fig. 4.8 Bright field TEM micrographs showing distribution and morphology of primary «

and [-phase transformed products «, [ and o' for the samples soaked 863+0.5°C and cooled
at, (a) 10°C/s, (b) 25°C/s, (c) 50°C/s and (d) 100°C/s
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Fig. 4.9 Bright field TEM micrographs showing distribution and morphology of primary « and [-
phase transformed products «, [ and o' for the samples soaked 840+0.5°C and cooled at, (a) 10°C/s,
(b) 25°C/s and (c) 50°C/s
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Fig. 4.10 Image quality mas obtained from EBSD of (a) sample quenched from 883°C at a
rate of 100°C/s (b) sample quenched from 883+0.5°C at a rate of 0.5°C/s

4.6 Texture evolution in Zr-2.5%Nb alloy due to heat treatments

The texture evolution study was carried out using EBSD technique for a few of the selected
samples adopting the procedure mentioned in the reference [17] and the manual of TSL-OIM.
The results of Kearn’s texture parameters obtained for the samples are tabulated in Table-4.4. It
is clear that the starting material is highly textured, with majority of the basal poles (i.e., normals
of (0002), plane) oriented along the circumferential direction of the tube. Such texture is
expected, as the tube had gone through extrusion and pilgering during its fabrication. Quenching
of samples with a rate of 50°C/s and 100°C/s, have resulted in considerable randomisation of the
texture as indicated by nearly similar values of basal pole fractions (f,, fi, fi ) along the three
principal directions of the samples. Slower rate of quenching, on the other hand, resulted in
similar fraction of basal poles to be aligned along the radial and circumferential directions (f, f;)
leaving axial component (f,) largely unaltered. These observations can be rationalised based on
the differences in B to o transformation characteristic at these widely different quenching
conditions. For cooling rates of 50°C/s and above, as shown in Fig. 4.10 (a), transformation is

largely martensitic in nature and the transformation products consisted of very fine distribution
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of the various variants of the martensite plates. It has been shown in a number of studies that the

B to a transformation follows burger orientation relationship given by (0001),//(110)s and
[21 1 0].//[11 1]p. Theoretically, a single  grain can yield as many as 6 variants of o’ needles

satisfying this crystallographic relationship. Even if there is considerable degree of variant
selection, significant randomisation is expected if a large number of fine grains are generated
from the parent B grains. This indeed is the case in case of cooling rates exceeding 50°C/s and
thus explains the nearly random texture observed in these samples. Sample, cooled at 0.5°C/s,
however, did not show appreciable modification in texture, especially along the axial component.

Table-4.4: Kearns texture parameters for the samples subjected to various cooling rates

Sample condition Kearns texture parameters (Standard deviation (SD) 0.02)

Soaking Temp. °C | (f,) Axial direction | (f;) Radial direction | (f;) circumferential direction
/cooling rate (°C/s)

As received sample | 0.05 0.35 0.60
883°C-100°C/s 0.27 0.39 0.32
883°C-50°C/s 0.36 0.36 0.28
883°C-0.5°C/s 0.1 0.45 0.45

This can be attributed to the predominantly Widmanstitten nature of the transformation, coupled
with the relatively large size (consequently fewer number of product grains) of the transformed

product. Hence the degree of texture randomisation is very low in this sample.
4.7 Effect of cold working on texture modification of heat treated Zr-2.5% Nb alloy

As discussed in the earlier subsections, the Zr-2.5% Nb pressure tube is presently being
fabricated using well established route consisting of hot extrusion followed by two stage cold
pilgering (cold work) and stress reliving treatment for the PHWRs. The effect of cold working on
the texture modification of the Zr-2.5%NDb alloy after the heat treatment in the o+ phase field
would be an important part of the work which can provide input for the manufacture of heat
treated pressure tube. It is well known that the final microstructure and also the texture of the
alloy is largely controlled by the ratio of reduction in wall thickness (Ry,) and reduction in tube
diameter (Rp) during pressure tube fabrication [18-20]. Therefore, the aim of this part of the
work was to have better understanding on the texture evolution as a function of cold work on the

heat treated Zr-2.5%NDb pressure tube samples.
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4.7.1 Effect of cold deformation on texture evolution of (a+f) heat treated Zr-2.5%Nb

alloy

Three samples cold worked to ~9.6, ~12 and ~28.6% along with the as heat treated sample were
initially electro polished adopting the standard procedure as discussed in subsection 3.7. The
samples were then subjected to EBSD scanning for studying texture evolution as a function of
cold work through microtextural examination. The EBSD scans obtained for the reflections from
radial-transverse plane of the samples were analysed for determining Kearn’s texture parameters
adopting standard procedures. It is to be noted here that, the dilatometry samples were extracted
from the axial direction for heat treatment and the specimens were cylindrical, therefore the
identification of radial and transverse directions of the tube on the specimen was not possible.
Therefore, the Kearn’s texture parameters obtained for the axial direction of the sample which
coincides with the pressure tube axis were used to correlate with the amount of cold work in the
sample. As discussed earlier, the general microstructure of Zr-2.5%Nb alloy pressure tube
fabricated from cold worked and stress relived route possess elongated oz plates that constitutes
over 90% of the volume and remaining 10% of 3z phase is present in the form of thin filaments

around the o, phase [21, 22].

Table -4.5: Kearn’s Texture parameter (f,) for the cold worked samples after heat treatment

Sample condition % Cold Work | (fu) Axial direction (SD 0.02)
Starting material (as fabricated) 0 0.05

As heat Treated (soaked at 870°C/30 min | O 0.04

and cooled at 25°C/s)

1 ~9.6 0.05

2 ~12 0.10

3 ~28.6 0.27

The preferred orientation of the oz, phase resulting from a series of thermomechanical treatments
during the pressure tube fabrication makes it highly textured material with predominantly
transverse orientation of basal poles [21, 22]. The texture parameters for the starting material (as
received) as determined by XRD technique are presented in Table-4.4, and Table-4.5 provides
the texture parameters determined after the compression testing of the samples to different

amounts. The image quality maps obtained for the as heated treated condition as well as
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compression tested samples are presented in Fig. 4.11 (a-d). The correlation of texture parameter

(f2) with the percentage of cold work is shown in Fig. 4.11(e).

T ) P - 5 f o
TA ‘o: el Pk £ < 1’ = “ )

Fig. 4.11 Image quality maps from the EBSD scans for the Zr-2.5%Nb alloy samples heat treated
at 870+0.5°C/30 min and cooled at 25°C/s followed by Cold Working (CW) to different levels (a)
as heat treated (0% CW) (b) ~9.6% CW, (c) ~12% CW, (d) ~26.8% CW

It can be seen from the results that the f, values for the starting material (before the heat
treatment, Table 4.4) and for the heat treated condition (soaked at 870°C/30min and cooled at

25°C/s) and cold worked condition up to ~9.6% and ~12% showed insignificant change
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indicating no considerable modification in the texture (Table 4.5). Whereas at ~28.6% of cold

work the £, value showed considerable increase (see Fig. 4.11(e)).
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Fig. 4.11 (e) Correlation of Texture parameter (f,) with %CW showing increasing trend
Since the specimen were axially loaded with respect to pressure tube axis during the compression
testing, majority of the ay crystallites in the radial —transverse plane experienced the tensile
stresses along their c-axis due to the Poisson’s effect, causing elongation or flow of the material
in the directions along radial-transverse plane. The observed modification in the crystallographic
texture with the increasing amounts of cold work can be explained on the basis of deformation
mechanisms operative in the alloy. It is well known that the c/a ratio for the oz, phase is 1.593
which is less than the ideal ratio of 1.633 for the Acp structure. This makes prismatic slip a
dominant slip system operative in the deformation of the Zr-2.5%Nb alloy [18]. However, such
deformation systems (primary slip systems) are limited (only two in number) in the az and are
also not symmetric as compared to metals with cubic structure [18, 19]. The two available slip
systems are not sufficient to satisfy the Von Mises criterion which requires at least five
independent slip systems for uniform plastic deformation in polycrystalline materials [20].
Therefore, the deformation in Acp metals like Zr-2.5%Nb alloy is mainly contributed by the
combined effect of slip and twinning. The extensive study by Tenckhoff [18] on the deformation
mechanisms and associated texture developments in the Zr alloys, has described that, initially the

deformation proceeds primarily on the prism planes in the <a> directions of the /cp lattice at low
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deformation rates. However, under constraints i.e. when the slip is inhibited, the pyramidal
planes {1011} and {12 11} with <c+a> directions become operative to produce deformation by

twinning [18, 19, 21, 23]. Although the amount of strain resulting from twinning is small, it can
cause large rotation of lattice and play an important role in favorably orienting additional slip
systems with the stress axis. The twinning can also initiate new slip systems even at the stress
concentration regions such as twin boundaries and dislocation interaction regions. These newly
oriented slips systems can become responsible for continuing further deformation [18, 19, 24].
The deformation by prismatic slip although can cause rotation of lattice, the orientation changes
of the crystallites are relatively low compared to the effect of twinning [18, 25]. It is reported
that twinning is expected to be activated at ~5% deformation. The previous study carried out on
the Zr-%2.5Nb bar specimens having high concentration of basal poles along the tensile axis by
Cheadle et.al [25], has revealed that textural changes associated with twinning for plastic strains
less than 10% was insignificant. In the present study as well, it has been observed the samples
compression tested up to ~9.6% and ~12% cold work showed insignificant change in texture and
is in agreement with finding by Cheadle et.al [25].

Tenckhoff [18] study has established that for orientation of basal poles in the 50-90° form the

normal direction (i.e. direction of application of compressive load) irrespective of azimuthal
position of basal poles the {IOI 2} <1011> (pyramidal) twins become operative resulting in

tensile strain along the c-axis of the oz crystallites. Due to the tensile strain in the c-directions,
the pyramidal twin systems cause rotation of the basal poles by ~85° with respect to the direction
of compression. Therefore, in the present study, the observed modification in texture parameter
(f2) in the case of specimen subjected to ~28.6% of cold work (Fig.4.11 (e)) can be attributed to
considerable extent of lattice rotation of such oz crystallites with respect to compression axis
[18].
4.8 Summary of the work

1. Partial CCT diagram for the Zr-2.5%Nb alloy containing 1137 ppmw oxygen and 650

ppmw of ‘Fe” has been determined using quenching dilatometry.
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It was established that the 3 transus temperature i.e Bz=>(a+pz) regime for the alloy starts
below 891°C for all cooling rates.

The transformation characteristics of the Zr-2.5% Nb alloy containing 1137 ppmw of
oxygen and 650 ppmw of ‘Fe” was ascertained during quenching from 883, 870, 863 and
840°C in the a+Pz phase field, at different rates using quenching dilatometry and electron
microscopy.

The specimens cooled from o+ Bz phase field at rates 25°C/s and slower, showed smooth
dilation curve particularly for the case of samples soaked close to B-transus temperature
such as 883°C indicating characteristic nucleation and growth type of transformation leading
to Widmanstitten type of product. For quenching rates >25°C/s multiple steps were
observed on the dilatograms for the case of samples soaked at lower temperatures in the
(o+P) phase field which may be attributed to successive generation of martensite formation.

For a given soaking temperature within o +Pz region, at cooling rates <25 CJs,
predominantly Widmanstétten structure resulted. The morphology of Widmanstitten o
changed from finer and straight lamellae to wider and irregular shape with cooling rate
decreasing from 25°C/s. Mixed structures of finer Widmanstitten o and martensite were
observed at quenching rates 25°C/s. For quenching rates 50'C/s and 100°C/s the
microstructure was predominantly martensite along with primary a.

For a given quenching rate the probability of martensite formation increased with decreasing
soaking temperatures in the o +3z region. This may be attributed to increased ‘Nb’ content
in Bz, providing the driving force at the lower soaking temperatures.

The microtextural study on the specimens heat treated close to B-transus temperature (i.e.
soaked at 8§83°C) indicated that the texture tended to randomise at higher cooling rates such
as 50 C/s and 100°C/s, while little change was seen at lower cooling rates.

The study on effect of cold deformation on textural evolution of (a+f3) heat treated samples
showed that axial component of the texture parameter (f;) remained nearly unaffected up to
12% CW, whereas at higher amount of CW 28.6% the (f,) component showed increase. This

is an important result considering thermomechanical treatments of the heat treated alloy.
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CHAPTER 5: Determination of Correlation Parameters for Evaluation of Mechanical
Properties by Small Punch Test (SPT) and Automated Ball Indentation (ABI) Test for Zr-
2.5%Nb Pressure Tube Material

5.1. Objectives

Considering that precise heat treatment conditions can be maintained in the small size specimen
volume, the quenching dilatometer was used for heat treatment of Zr-2.5%Nb alloy pressure tube
samples which has been discussed in chapter-4. This systematic heat treatment study catered
samples for the structure and property correlation studies. Since, the heat treated dilatometry
specimens were small in size, the miniature specimen testing techniques such as ABI and SPT
were selected for characterisation of mechanical properties such as yield strength (YS) and
ultimate tensile strength (UTS). Since these techniques are non conventional, it was essential to
establish the correlations using some standard testing method. Therefore, in this part of the work,
the main objective was to determine the correlation parameters for evaluation of basic

mechanical properties YS and UTS of Zr-2.5%Nb alloy using ABI and SPT.
5.2. Background

Generally, conventional tension tests provide stress-strain curves and strength values which are
the mainstay of worldwide design codes for the design and manufacture of many components
[1]. However, in recent times the miniature techniques have become increasingly popular as they
can provide mechanical property data that are in good agreement with the conventionally
established values and also are generally reproducible when carried out under the controlled
conditions. The miniature specimen testing techniques are essentially innovative and
nonconventional techniques, developed for evaluation of mechanical properties of small size
specimens through establishment of correlations using some conventional test methods such as
ASTM approved methods [2-9]. The ABI technique has been successfully used by many authors
[2-5,10] for evaluation of mechanical properties of small test pieces through correlations with
conventional methods. Similarly, the SPT technique has also been successfully used by many

authors [11, 12] through correlations for mechanical property characterisation.
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The correlation parameters for a given miniature testing technique are material specific and need
to be determined separately for different class of materials [5, 10, 13, 14]. No work pertaining to
correlations for evaluation of mechanical properties of anisotropic Zr-base alloys using ABI and
SPT has been reported in the open literature which was the main motive behind this work.
Secondly, ABI and SPT techniques are best suited for studying the texture effect on the
mechanical properties of anisotropic Zr-2.5%Nb alloy by testing along orthogonal directions of
the tube [10] which was also another motive behind this work. Thirdly, it was also of interest to
understand the sensitivity of these techniques to variations in microstructures so that these
techniques can be adopted for performance evaluation of components and material development

studies [1, 15, 16].
5.3.  Microstructures of heat treated specimens

Figs. 5.1, represents the microstructure of the various samples, generated by heat treatment from
o+ phase field. It is clear that heat treatment has resulted in a wide range of microstructures.
The furnace cooled sample (cooling rate: 0.15°C/s) developed coarse Widmanstétten o grains
surrounded by thin filaments of 3, as shown in Fig.5.1 (a). The morphology of Widmanstétten o
grains became finer when cooling rate increased to 28°C/s, as seen from micrographs in Figs.
5.1(a), (b). At cooling rate 55°C/s the transformation was predominantly martensitic along with
primary o (see Fig.5.1(c)). Fig.5.1 (d) depicts the formation of very fine martensitic structure
along with primary o in case of water quenched sample (i.e., sample with highest cooling rate of
the present study). Thus, this set of samples represents a fairly wide range of microstructures and

therefore was suitable for meeting the objective of the present study.

Table-5.1: Kearn’s texture parameters for the starting material Zr-2.5%Nb PT spool piece

(fa) Axial direction | (f;) Radial direction | (f;) Circumferential direction
0.05 0.35 0.6

It may be noted here that the samples for present study were extracted from an as fabricated
pressure tube, which was highly textured (as shown in the Table-5.1). In this context it becomes
pertinent to investigate the role of loading direction (both for ABI, SPT) on the correlation

parameters.

134



(@)

(04
primary

Fig. 5.1 Bright field TEM micrographs showing distribution and morphology of primary o
and [-phase transformed products o, [ and o' for the samples soaked 880°C and cooled at,
(a) furnace cooled (0.15 C/s), (b) 28°C/s, (c) 55°C/s and (d) water quenched sample
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5.4  Evaluation of Mechanical Properties of heat treated specimens
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Fig. 5.2 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat
treated at 880°C (axial loading), (a) Quenched at 28°C/s and (b) Quenched at 55 °C/s
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Fig. 5.2 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat
treated at 880°C (axial loading), (c) Quenched at 151°C/s and (d) Cooled at 0.15°C/s
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Fig. 5.2 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat

treated at 880°C (axial loading) and (e) Water quenched (~800°C/s)

Figs. 5.2 and 5.3 shows the SPT load displacement (P vs. 8) curves obtained for the heat treated
specimens used in the study. Fig. 5.2 (a-e) show the SPT results for the loading condition axial
with respect to pressure tube axis, while Fig. 5.3 (a-e) shows the same results for the loading
condition circumferential with respect to pressure tube axis. Each figure also shows an inscribed
table containing details of Py, Pp,, (Py/toz) and (Pn/to”) values evaluated and the standard deviation
of these values. The conventional tension tests carried out on the heat treated specimens provided
the expected results as seen from Figs. 5.4 to Fig. 5.8. The effect of cooling rate showed a clear
increase in strength values, (i.e., 6y and cyrs values) for both the directions of loading in all the
three kinds of tests. This result is consistent with the microstructure evolving from coarse and

irregular Widmanstitten o to finer, sharp and straight lamellae and then to predominantly

martensitic structure with the cooling rates increasing as seen from Fig. 5.1 (a-d).
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s1c1 276 0.252 8.434 132.811 27.51 433.201
sic2 276 0.248 7.842 127.504  125.53 8.4 25.6 416.233 42539 8.6
s1c3 27.6 0.25 7.268 116.288 26.67 426.72
—s2-C1
B9 s (®)
{ —s2c5

20 ——S2-C6
“|Material: Zr-2.5%Nb
4 Cooling rate: 55 °C/s

Load P: (kg)

5 . . 2
Maximum scatter in (P /t}): + 10.2 MPa
. . 2
04 Maximum scatter in (P_/t?): + 66.7 MPa
1 SPT curves for circumferential loading condition
54 T T T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Disp. mm
Specimen | Cooling Thickness  Yield Load Py/t02 Av. Py/t02 Std. Dav. Load Max Pm/t02 Av. Pm/t02 Std. Dav.
D +- +-
-- Cooling Ra tOinmm  PyinKg (MPa) (MPa) (MPa) PminKg (MPa) (MPa) (MPa)
te C/s
s2C1 54.6 0.254 8.893  137.842 262 406.101
s2c4 54.6 0.256 8.46 129.089  139.24 .7 26.76  408.325 445.64 50
S2C5 54.6 0.253 9.16  143.105 328 512428
S2C6 54.6 0.254 9.48  146.94 29.4  455.701

Fig. 5.3 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat treated
at 880°C (Circumferential loading), (a) Quenched at 28°C/s and (b) Quenched at 55 °C/s

139



(©

Load P: (kg)

54 4 Maximum scatter in (P /t}): +8.9 MPa
1 Maximum scatter in (P_/t2): + 14.6 MP3
0¥ SPT curves for circumferential loading condition
T T T T T T T T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Disp. mm
Specime Cooling Thicknes Yield Py/t02 Av. Std. D Load Pm/t0 Av. Std. D
nID Rate s Load Py/t02 av. +/ Max 2 Pm/t0 av. +/
- C/s t0in mm Py inKg (MPa) (MPa) (MPa) PminK (MPa) (MPa) (MPa)
S3C1 151 0.242 8.836 150.87
8
S3C2 151 0.25 8.889 142.22 145.38 6 27.56 440.96 -
S3C4 151 0.253 9.426 147.26 430.02 13.2
S$3C5 151 0.253 9.608 150.10 27.76 433.68 -
S$3C6 151 0.254 8.803 136.44 26.8 415.40 -
35
— S4-C1
1——s4-c2 (d)
304 ——S4-C3
{ Material: Zr-2.5%Nb
25 Cooling rate: 0.15 °C/s
o
x
Q20
=]
c
o
-
15
104
5 Maximum scatter in (P /t?): +2 MPa
| Maximum scatter in (P_/t’): + 11.6 MPa
o SPT curves for circumferential loading condition
T T T T T T T T T T T
0.0 0.1 0.2 . 03 0.4 0.5 0.6
Disp. mm
Specime Cooling Thicknes Yield  Py/t02 Av. Std. Dav. Load Pm/ t02 Av. Std. Dav.
niD Rate st0 Load Py/t02  +/- Max. Pm/t02 +/-
- C/s t0inm PyinKg (MPa) (MPa) (MPa) PminK (MPa) (MPa) (MPa)
S4C1 0.15 0.253  6.828 106.67 - 26.23 409.78 -
s4C2 0.15 0.255 7.191 110.58 108.67 2.7 28133 432.64 421.39 16
S4C3 0.15 0.251 6.853 108.77 26.571 421.75

Fig. 5.3 SPT Load vs. displacement curves obtainned for Zr-2.5%Nb alloy specimens heat
treated at 880°C (circumferential loading), (c) Quenched at 151°C/s, (d) Cooled at 0.15°C/s
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35

—S5-C1
|——s5-c2
304——s5-C3
. S5-C4
Material: Zr-2.5%Nb

Cooling rate : ~800C °C/s
1(Water quenched)

(€)

25 4

N
o
|

Load P: in (kg)

10

Maximum scatter in (P /t7): + 1.6MPa

Maximum scatter in (P, /t?): + 22.6 MPa

0 SPT curves for circumferential loading condition
T T T T T T T T T T T T
0.0 0.1 0.2 .03 0.4 0.5 0.6
Disp. in mm
Specimen Cooling Thickness  Yield Py/t02 Av. Std. Dav. Load Pm/t02 Av. Std. Dav.
ID Rate Load Py/ t02 +/- Max. Pm/ t02 +/-
- C/s t0inmm PyinKg (MPa) (MPa) (MPa) PminKg (MPa) (MPa) (MPa)
S5C1 800 0.256 10.691 163.132 30.486 465.179
S5C2 800 0.253 10.309 161.056 162.829 1.4 30.32 462.647 483.713 23
S5C3 800 0.257 10.863 164.469 3241 506.335
S5C4 800 0.255 10.577 162.661 33.07 500.689

Fig. 5.3 SPT Load vs. displacement curves obtained for Zr-2.5%Nb alloy specimens heat
treated at 880°C (axial loading), (e) Water quenched (~800°C/s)

The effect of texture was clearly seen as the circumferential direction strength values by
conventional tensile test and ABI were higher compared to the axial direction strength values for
the same specimen condition. In the case of ABI tests the yield parameter “A” values obtained
for both the direction of loading showed increase with increase in cooling rates which may be
attributed to the morphological changes in a and 3 phase as discussed for conventional tension
test results. The yield parameter values obtained for circumferential direction of loading were
higher compared to axial loading condition for the same heat treatment condition indicating the
effect of preferred orientation of grains. This difference has been reflected in the correlation

parameters established for the two directions of loading as seen in Fig. 5.4(a) and (b).
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Figs. 5.5 (a) and (b) and Fig. 5.6 (a) and (b) show the responses of SPT carried out on the heat
treated specimens. In general it was seen that the average values of (Py/toz) and (Pn/ty) increased
with increasing cooling rates for both the direction of loading owing to the morphological
changes in the a and 3 phases as discussed earlier. However, on comparison of average values of
(Py/toz) and (Pp/to®) obtained for the two directions of loading, it was observed that for axial
loading condition the values of (Py/toz) and (Pw/to®) were placed higher compared to the
circumferential direction of loading for each heat treated condition, which is a unique finding in
this study, and is dealt with in the discussion in section 5.7.

Haggag [17] had presented correlation parameters for evaluation of YS for the steel material
using ABI, and many authors [11, 18-21] have presented similar results for steel material using
SPT where direction of loading was of no concern as polycrystalline steel with cubic
crystallographic structure is expected to behave like isotropic material on macroscopic scale.
However from the results in the present study suggest that direction of loading needs to be

adequately considered to arrive at true mechanical properties while testing anisotropic material.

Table-5.2: Correlation parameters for evaluation of axial and circumferential o, by ABI

Loading direction Mechanical property | Correlation parameters

b, Pom Regression
Axial Oyiax) = bt P A ax) -505.929 | 0.501 R° =0.962
Circumferential Oycir) = bt Pm Arcir) -436.89 0.498 R*=0.975

5.5  Determination of correlation parameters for ABI for evaluation of oy

For determining the correlation parameters for evaluation of oy of Zr-2.5%Nb alloy using ABI
the procedure described by the authors at [2, 13, 17] was adopted. The exercise involved
regression analysis of various tensile yield strength values (measured from conventional
specimens with different heat treatments) and the corresponding (average values) yield
parameter value “A” obtained from the ABI tests. Fig. 5.4(a) and (b) show the linear regression
of the form o,= b,,+/3,4 for the axial and circumferential loading conditions, where b,, and /3,,
are the linear correlation parameters known as yield point offset constant and material-type

constant specific to particular type or class of material respectively [5, 6, 17]. Table-5.2 provides
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the values of correlation parameters established for evaluation of o, by ABI for the two
directions of loading studied.

5.6  Determination of correlation parameters for SPT for evaluation of o, and cyts

In the case of SPT, for the axial loading condition, the average values of (Py/toz)AX and (Pm/toz)AX
were correlated with the corresponding circumferential direction tensile Gyeiry and Gursin,
respectively. The results of linear regression correlation parameters obtained from this regression
analysis are shown in graphs in Fig.5.5(a) and (b) and also in Table-5.3. The general form of
correlation for oy and oyrs is expressed as o =C+C; x (P/ty>). Similarly Fig.5.6(a) and (b) show
the linear correlation results for circumferential loading condition, where average values of
(Py/toz)cir and (Pm/toz)cir were correlated with axial direction tensile Gyax) and ocurs (ax),

respectively, (where tyg = average initial thickness of the specimen in mm).

Table-5.3: Correlation parameters for evaluation of axial and circumferential o, , ouyrs by SPT

Loading convention | Mechanical property Correlation parameters
direction C C Regression
Axial loading R [ oyen=C1+Cy x [Py/to]ax | 258.703 [ 3.174 [ R™=0.936
C C
@% " 6utsEein=Ci+Ca X [P/t lax | -238.532 | 1.969 | R? =0.825
R
Circumferential A Gy(Ax):C1+C2X[Py/t02]cir -221.352 5.901 | R*=0.990
loading R 5
. outs(an=C1+Ca X [Pu/te’]eir | -796.5175 | 3.365 | R*=0.816
A

5.7 Discussion

Development of correlation parameters for the purpose of evaluation of mechanical properties of
anisotropic Zr-2.5%Nb pressure tube alloy by miniature specimen testing techniques, SPT and
ABI is of practical significance considering their application to testing of irradiated specimens.
Most of the earlier studies have dealt with development of correlations for evaluation of
mechanical properties of macroscopically isotropic materials such as steels. No such study has
been reported in the open literature, which deals with mechanical property characterisation of
anisotropic Zr-2.5%Nb pressure tube alloy using miniature specimen testing techniques such as

SPT and ABI. Considering, significant crystallographic texture that is generally present in Zr-
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2.5%Nb pressure tube alloy due to preferred orientation of oz phase, the issue of direction of
load application during testing bears importance. Therefore, it becomes important to study the
correlations with respect to direction.
For example, comparing the correlation parameters b,, and /3,, established for the two directions
of loading for ABI tests (Table-5.2), clearly shows that the correlations are highly sensitive to the
direction of loading. However, it may also be noted that f3,, value for the class of material, (Zr-
2.5%Nb pressure tube alloy) is nearly same for the two directions of loading, while values of b,,
differed by ~200 MPa between these two directions of loading. Thus these results ascertain that
(a) The ABI test is sensitive enough to capture the anisotropy in mechanical properties
(b) Correlation parameters must be established taking direction of loading into account,

which is a requirement specific for textured materials.

Hardened (a)

Steel ball SPT Disc

/Specimen

maginary tensile
é specimen
deforming in radial

/rectlon of the disc

<+— SPT Disc
specimen

Fig. 5.10 (a and b) A schematic of SPT specimen deformation during a test compared to tensile
deformation in the radial direction.

Further, due the kind of texture one would expect that circumferential direction to be stronger

(due to higher concentration of basal poles along the circumferential direction, see Table-5.1).
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Indeed the tensile data does support this premise. However, SPT results, appear to contradict this
aspect as the yield load and load maximum were found be higher in case of loading along axial
direction in comparison with circumferential loading for the same specimen condition. This
apparent contradiction can however be rationalised in the following way.

During SPT, the disc specimen undergoes deformation under biaxial stress state [12, 20-22].
Since, the disc is constrained at center and periphery, there exists a tensile stress along the radial
direction of the disc (i.e. from centre to periphery) during the test. Thus, one can imagine the
disc specimen to be composed of a large number of tiny tensile elements radially arranged as
shown schematically in Fig. 5.10 (b) and (c). These imaginary tiny tensile specimens undergo
elongation due to the tensile forces acting in the radial direction when the hardened steel ball is
forced using a plunger at a constant speed. The membrane stretching, necking and fracture that
occur during continued deformation of the disc are analogous to uniform elongation, necking and
fracture that occur during a conventional tension test. These imaginary radial direction tensile
members can be resolved into two principle directions of the pressure tube i.e. along the (R-R)
direction coinciding with tube’s radial direction and along (C-C) direction coinciding with the
tube’s circumferential direction as shown in Fig. 5.5 (a) and Table-5.3. Therefore the SPT output
obtained for an axial loading condition is the net effect of tensile deformation of these radial
members resolved in the (C-C) and (R-R) directions, which can be compared with the
deformation characteristics of circumferential direction for conventional tensile specimen
corresponding to the same heat treatment condition (Fig.5.5(a)). Similarly, it is obvious that for
the circumferential loading condition, the SPT output is due to the net effect of tensile
deformation of the radial members resolved in (A-A) and (R-R) directions as shown in Fig.5.6
(a), which can be compared with the tensile deformation characteristics of axial direction
conventional tensile specimen for the corresponding heat treat treatment condition.

Here (A-A) direction of the disc coincides with the pressure tube axis as shown in Fig.5.6 (a). On
the basis of this analogy it can be ascertained that due to relatively higher texture effects along
(C-C) and (R-R) directions, compared to (A-A) and (R-R) directions, the (Py/toz) and (Pn/to’) for
the axial loading condition are placed higher than the circumferential loading condition for all

the heat treatment conditions. Hence, in a SPT for the axial loading condition, actually the
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circumferential direction mechanical properties are established and visa a versa. Based on this
analysis the (Py/toz) and (Pn/to") obtained for axial direction of loading have been correlated to
the corresponding circumferential direction conventional tensile data and vice a versa for
establishing correlation parameters for evaluation of mechanical properties 6, and curs (for the
two directions of loading). From the results presented in Fig. 5.5 (a), (b) and Fig. 5.6 (a) and (b),
it can be seen that the scatter in the (Pm/toz) values for both the direction of loading was relatively
higher compared to the (Py/toz) values particularly in the case of circumferential loading
condition. In the previous studies by the authors [19, 21] similar kind of scatter in (Pu/ty") values
was observed in relatively more isotropic materials such as steels. These authors [19, 21] have
attributed this scatter to substantial thickness reduction in the plastic instability regime of the
deforming disc. In addition, combination of multi-axial stress state within the sample, the strain
localisation resulting from neck formation and crack growth behavior would also contribute to
such observed scatter [19, 21].

5.8 Inter comparison of mechanical property data derived from tensile, ABI and SPT
Using the correlation parameters established for the alloy for SPT in this study, the 6y and curs
values for the two directions of loading were evaluated for the heat treated specimens used in this
study. Similarly, using the correlation parameters established for evaluation of yield strength by
ABI, the o values for the same heat treated specimens was also evaluated for both the loading
directions. As shown in Fig. 5.7(a) and (b), comparison of tensile oy data with SPT derived oy
data and ABI derived oy data, respectively, for both the directions of loading show excellent
agreement with each other. Similarly Fig. 5.8(a) and (b) shows the comparison of tensile Gyrs
data with SPT derived oyrs data and ABI derived oyrs data for both the directions of loading
which again show good agreement however with a relatively higher scatter. From Fig. 5.7 (a),
(b) and also from Fig. 5.9 (a) it is clear that SPT and ABI derived o, data are in excellent
agreement with the corresponding tensile o, data. Hence, it can be ascertained that the
correlation parameters established for evaluation of 6, by these techniques for both the directions
of loading are satisfactory. Fig. 5.8 (a), (b) and Fig.5.9 (b) show the comparison of SPT derived

outs data established through currently determined correlation parameters and ABI derived cyrs
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data. Therefore, it can be ascertained that cyrs values were by and large in good agreement but

with relatively higher scatter. The 6, and cyrs data obtained for the water quenched condition

for the axial direction of loading (by miniature tests) at room temperature closely agreed with

that established by Saibaba et.al [23] from the conventional tension tests carried out on water

quenched and aged (540°C/24hrs) specimens. Thus, this result indicates that, proper values of

correlation parameters have been arrived at for the two miniature techniques ABI and SPT. The

overall study indicated that ABI and SPT techniques are sensitive to the small changes in

mechanical properties and can be adopted to study the effect of orientation on the mechanical

properties of small specimens.

5.9

Summary of the work

Empirical correlations for evaluation of basic mechanical properties o, and ocyrs of
anisotropic Zr-2.5%Nb alloy have been established for SPT and ABI test techniques for
axial and circumferential directions of loading using recommended procedure. In the
case of ABI the difference in yield strength off set constant b,, between the two directions
of testing indicated intrinsic difference in yield behavior attributing to effect of texture in

the alloy.

The strength values obtained using tensile and ABI tests were higher for circumferential
compared to axial direction, whereas the strength representing values (Py/toz) and (Pp/to?)
by SPT showed opposite effect for the sample conditions. This contradiction has been
rationalised on the basis of biaxial deformation of the disc specimen experiencing

orientation effects.

The strength values by SPT, ABI and conventional tensile tests showed increasing trend
with the increase in cooling rates for both directions tests, which can be attributed to finer
morphology of Widmanstitten o and B phases and also predominantly martensitic

structure obtained at cooling rates greater than 50°C/s.

Comparison of ABI and SPT derived o; and oyrs data and the corresponding tensile data

for both direction tests showed a good agreement indicating proper empirical correlation
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parameters have been arrived at for evaluation of mechanical properties of the alloy. The
overall study indicated that ABI and SPT techniques are sensitive to the changes in
mechanical properties due to microstructure and texture effects in the alloy. Thus these
techniques can be adopted for mechanical property characterisation of anisotropic Zr-

2.5%Nb alloy materials using direction specific correlation parameters.
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CHAPTER 6: Mechanical Properties of Zr-2.5%Nb Pressure Tube Material Subjected to

Heat Treatments in a+p Phase field

6.1  Objectives

Dimensional changes in pressure tubes during service are the strong functions of microstructure
characterised by morphologies and distribution of various phase constituents, crystallographic
texture and dislocation density and type, majority of which are dictated by the fabrication history
[1-6]. The controlled heat treatment conditions can result in the evolution of microstructure
which can influence both short term and long term mechanical properties and also the in-reactor
deformation behaviour. Therefore, the main objective of this part of the thesis was to study the
microstructure and mechanical property correlations of the Zr-2.5%Nb pressure tube alloy
subjected to various heat treatments. The structure and property correlation study presented in
this chapter provides wider data and knowledge base for the development of creep resistant

pressure tube alloy.
6.2  Background

It has been reported that the Zr-2.5%Nb pressure tubes in the heat treated condition have shown
superior performance with lower deformation rates [7]. Such better creep rates have been
indicated to be due to the final microstructure resulting from heat treatments in the (o+f3) phase
field. As discussed in Chapter-2 the literature pertaining to heat treatments and structure property
correlations is discrete. Therefore the understanding in this subjected domain was restricted
which was the main motive behind the study of structure and property correlations being
discussed in this chapter. It has been shown in chapter-4 that, various heat treatments from the
(o+P) phase field using quenching dilatometry resulted in wide range of microstructures.
Different soaking temperatures influenced the fraction of primary a and [ phases and their
compositions, while different cooling rates adopted influenced the nature of [-phase
transformation leading to wide range of morphologies and distribution of transformed a and 3
phases. These heat treated dilatometry specimens served as source material for the structure and

property correlation study.
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For characterising these small size specimens for mechanical properties such as 6y and Gyrs, the
miniature techniques such as SPT and ABI were adopted using appropriate correlations
established earlier in the present study (refer chapter-5). Table 6.1 (a) provides the correlation
parameters used for the determination of oy and cyrs by SPT and Table 6.1 (b) provides the
correlation parameters for evaluation of o, by ABIL.

Table-6.1 (a): Correlation parameters for evaluation of o, and oyrs by SPT for loading along

axial direction of the pressure tube (for tensile o, range 600 and 810 MPa and oyrs range, 683
and 835 MPa)

Correlation parameters for evaluation of ¢, | Correlation parameters for evaluation of Gyrs

C1 (Intercept: MPa) C2 (Slope) C3 (Intercept: MPa) | C4: (slope)

258.703 3.174 -238.532 1.969

Table-6.1 (b): Correlation parameters for evaluation of o, by ABI for loading along axial
direction with of the pressure tube (for tensile o, range 412 and 735 MPa)

b (Yield strength off set constant specific to | /3, (Material specific constant for Zr-2.5%Nb
Zr-2.5%Nb alloy, MPa) alloy; represented by slope)

-505.929 0.501

6.3  Evaluation of mechanical properties of heat treated specimens by ABI and SPT

Figs. 6.1 (a-d) and Figs. 6.2 (a-d) show the effect of cooling rate on the mechanical properties
(oy and oyrs) of the alloy material, derived from ABI and SPT, respectively. The maximum
scatter in the 6y and oyrs values by SPT were +4.6% and +6.1% (max), respectively, while for
ABl-derived oy, and oyrs data, the maximum scatter was observed to be +4.4 and +3.8%,
respectively. It is apparent from these figures that, the strength values obtained from these two
techniques indicated an increasing trend with the increase in cooling rates, for the four soaking
temperatures studied. For the samples cooled at 50 °C/s and 100 °C/s the mechanical properties
were stronger and remained the same within a small scatter range compared to the strength
values obtained at lower cooling rates for all the soaking temperatures studied. Fig. 6.3 (a-d) and
Fig. 6.4 (a-d) show the effect of soaking temperature on the mechanical properties derived from
ABI and SPT for the cooling rates of 10 °C/s, 25 °C/s, 50 °C/s and 100 °C/s. Although the cyrs
values determined by SPT had a relatively higher scatter of £6.1% (max) as compared with o,

values, which was +4.6% (max), the results by and large indicated a decreasing tendency with
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the increasing soaking temperatures. However, the ABI-derived o, and oyrs values were

apparently unaffected with increasing soaking temperatures.
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6.4 Discussion

The mechanical properties of Zr-2.5%Nb pressure tube alloy are dependent on crystallographic
texture, the microstructure of o and B phases and also their interactions during deformation [8].
The present work is an attempt to address issue of effect of microstructural variations on the
mechanical properties through a systematic study. In the following discussion, the effect of
soaking temperatures in the (a+p) phase field and different cooling rates adopted on the
morphologies and distribution of o and  phase transformation products have been correlated
with the mechanical properties of the alloy.

Being dual phase material consisting of inherently anisotropic o (hcp) and relatively isotropic 3
phases and crystallographic texture, the deformation mechanisms in Zr-2.5%Nb alloy are much
more complicated than cubic polycrystalline or single-phase materials. During deformation the
loads tend to partition unequally between the a and B phases due to their different elastic and
plastic properties [8] and also between grains of each phase with different crystal orientations.
This results in anisotropic stress-strain behavior [8]. Therefore, while dealing with mechanical
properties of anisotropic materials like Zr-2.5%Nb alloy, the direction of load application on the
specimen bears importance. The heat treatment was carried out in a quenching dilatometer which
uses smaller geometry (¢3.0 mm and 10.0 mm long) of samples. Therefore, in the present study,
the miniature techniques like ABI and SPT were adopted for characterisation of mechanical
properties of these miniature samples. In both kinds of tests the specimen loading condition was
along the axis of the dilatometry specimens which coincides with the axis of the pressure tube.
Both miniature specimen testing techniques, the ABI and SPT are essentially nonconventional
methods which require correlations using some conventional testing methods such as those
certified by ASTM for evaluation of mechanical properties. In a recent study, the authors [9]
addressed the issue of correlation parameters for both ABI and SPT considering the effect of
loading direction on the textured Zr-2.5%Nb alloy material [9]. Their study has established that
the correlation parameters are essentially material specific and also need to be direction specific
when materials are anisotropic like Zr-2.5%Nb alloy.

During a small punch test, the disc specimen undergoes deformation under biaxial stress state

[10-13]. Since the disc is constrained at center and periphery, there exists a tensile stress along
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the radial direction of the disc (i.e. from centre to periphery) during the test. Thus one can
imagine the disc specimen to be composed of a large number of tiny tensile elements radially
arranged as shown schematically in Fig.5.10 (a and b). These imaginary tiny tensile specimens
undergo elongation due to the tensile forces acting in the radial direction of the disc specimen
when the centrally placed hardened steel ball is forced using a plunger at a constant speed during
the test. It shall be noted here that, the plane of the disc belongs to the radial-transverse plane of
the dilatometry specimen (i.e. cross-sectional plane of the pressure tube) along which majority
of basal poles of the az: phase are aligned owing to strong transverse texture and relatively lower
radial texture (Table-4.4). Therefore, for the axial loading condition with respect to the pressure
tube, during the deformation of the disc specimen, majority of basal poles are along the axis of
imaginary tensile elements, indicating that majority of oz, crystals are experiencing tensile force
along the c-axis (which is a stronger direction).

On the other hand for the same loading condition in an ABI test, the fraction of basal poles in the
direction of load application (i.e. axial with respect to pressure tube) are much less due to the
kind of texture (low f, values as shown in Table-4.4) generally present in the alloy. Further, the
deformation in an ABI test occurs primarily in the direction of load application itself beneath the
indenter which is similar to the one experienced during a uniaxial tensile test. Unlike ABI, in a
SPT, the majority component of the deformation in the disc specimen occurs in a direction
perpendicular to the load application under near biaxial (tensile) stress state. Therefore, in an
ABI test for the same loading direction (axial in the present study) the mechanical properties
established are relevant to the same direction of loading. This is unlike the case of SPT, where
the mechanical properties established are relevant to circumferential direction for the same
loading condition, because the strain components can be resolved along circumferential and
radial directions with respect to pressure tube axis [9]. Thus the mechanical properties
established by these two techniques for the same direction of loading are expected to bring out
the effect of anisotropy (i.e. due to the texture in the alloy) in the alloy material. The authors [9]
in their study have found that the strength values in a SPT were higher compared to ABI for the
same sample and same loading condition owing to the effect of orientation of o crystallites.

Therefore in the present study, the direction specific correlations established at our laboratory [9]
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for evaluation of mechanical properties by ABI and SPT have been used, and the results have
been discussed as a function of cooling rate, soaking temperature and morphological changes of

the transformed products in the following subsections.
6.4.1  Effect of cooling rates on microstructures and mechanical properties

The cooling rate from a given soaking temperature within a+f3 phase field of the alloy greatly
affects the microstructural features [14], such as the dimensions of the a and B phases within the
transformed B region (see Fig.4.6 to 4.9) and consequently have an influence on the short term
and long term mechanical properties. Slower cooling rates exhibit much wider lamellae
originated by a diffusion process [14] as evident in the case of sample soaked at 883 °C and
cooled at 0.5°C/s (see Fig.4.6 (a)). The thickness of a laths in the transformed [ region increased
considerably as the cooling rate was decreased from 25°C/s for all the soaking temperatures
studied. This effect was more pronounced particularly in the case of slower cooling rates because
the oz appeared to grow on the pre-existing primary o (see Fig.4.6 (a), (b), 4.7 (a), 4.8 (a)). The
observed increase in the width and length of o lamellae (or the volume fraction of a-phase) as
the cooling rate is decreased can be mainly attributed to an increased diffusional transformation
of B-phase to the a-phase influencing the growth of o phase due to relatively longer length of
time that the specimens spend at higher temperatures during the course of cooling at slower rates
such as 0.5°C/s.

The size of a colonies is thought to be the most influential microstructural parameter on the
mechanical properties in the lamellar microstructure because it determines the effective slip
length as it influences the resistance offered to the advancing deformation front (slip or twin)
[14]. Within the transformed [ region, the a colony size is generally decreased with increasing
cooling rate as seen in the Fig. 4.6 (a-c), Fig. 4.7 (a-b) and resulting in increased o colony
boundaries which are the major barriers to slip [14]. Such morphological changes are expected to
decrease the effective slip length [14, 15]. Both the microstructural feature i.e. the a lamellae
size and a colony size would influence the mechanical properties. Therefore, fine o lamellae and
smaller a colony obtained with increase in cooling rate would result in increase in the strength.

This effect was clearly reflected in the mechanical properties, oy and cyrs values particularly for
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the cooling rates of 0.5 °C/s and 10 °C/s presented in Figs. 6.1 (a), (b) (by ABI) and Fig.6.2 (a),
(b) (by SPT). The finer grain size is expected to show higher strength with reasonable ductility. It
can be observed from the microstructures (see Fig.4.6 (a), (b), (c), 4.7 (a), (b)) that the increase
in cooling rates at a given soaking temperature caused the decrease in thickness of
Widmanstitten o and size of the a colonies. The finer structure decreases the effective slip
length, where, higher stress levels are required to overcome the barriers due to crystal
boundaries. Thus the observed tendency of increase in 6y and cyrs values with the increase in
cooling rates as seen in Fig. 6.1 (a-d) and Fig. 6.2 (a-d) for all the soaking temperatures studied,
can be attributed to the decrease in effective slip length and also increase in effectiveness of the
different interfaces in offering resistance to the approaching deformation front (either slip or
twin) [14, 15]. The higher cooling rates such as 50 °C/s and 100 °C/s resulted in martensitic
phase (displacive type transformation) [16] as shown in Fig. 4.6 (d), (e), 4.7 (c), 4.8 (¢), (d), 4.9
(c). The strength values obtained for these samples (see Fig. 6.2 (a-d), Fig. 6.3 (a-d)) were higher
compared to other lower cooling rate conditions. The earlier studies [14, 15] have attributed
higher strength of martensitic structure to solution strengthening of supersaturated o’
(martensite) like carbon in ferrite, in addition to the concentration of defects such as crystal
interfaces, i.e. the lath, the plate and the twin boundaries and a higher density of dislocations
caused by the rapid cooling as compared to the slower cooled o structure of the same
composition. On similar lines it can be stated here that the higher strength of martensite in the
Z1-2.5%Nb alloy can be attributed to mainly the super-saturation of oz phase with ‘Nb’, and
oxygen, in addition to increase of crystal interfaces and fine grain structure that offer resistance
to deformation. The strength values however showed saturation beyond the cooling rate of 50
°C/s (Figs. 4.6 (d), (e), 4.7 (c), 4.8 (c), (d) and 4.9 (c)) indicating near saturation in formation of
martensite. This also indicates that change in structure of martensite at still higher cooling rates
does not influence the mechanical properties appreciably.

The results by SPT presented in Fig.6.2 (a-d) have shown relatively higher scatter particularly for
ours values compared to the oy values. Earlier studies have attributed this kind of scatter to
substantial thickness reduction in the plastic instability regime of the deforming disc, where the

number of grains participating in the deformation process would substantially decrease as the
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deformation proceeds [10, 17]. Further the combination of multiaxial stress state within the
sample, the strain localisation resulting from the neck formation and the crack growth behavior is
also expected to contribute to such observed scatter [10, 17]. Despite higher scatter in SPT
derived results (o, and oyrs values), the influence of microstructural features on the mechanical
properties as a function of cooling rate was observable and are similar to the ABI derived results
presented in Fig.6.2 (a-d). Hence, experimentally it has been established that these methods
corroborate qualitatively the relationship between microstructure and mechanical properties in
the heat treated Zr-2.5%Nb alloy. This indicated that these techniques are sensitive to the
microstructural changes in the alloy and can be adopted to characterise wide range of

microstructures.
6.4.2  Effect of soaking temperature on microstructure and mechanical properties

As expected from the phase diagram [18], lowering the soaking temperature within the a+f3
phase field of the Zr-2.5%Nb alloy, the relative fraction of o phase will increase and
correspondingly [ phase will decrease (see results in Table-4.1, 4.2, 4.3). Additionally both
o and 3 phases will get enriched with ‘Nb’ content and f3 to the higher extent (see Fig.4.5 (b)).

Comparing the Fig.4.6 (b), 4.7 (a), 4.8 (a), 4.9 (a) for the cooling rate of 10 °C/s, it is evident that
the Widmanstitten o plates became finer with lowering of soaking temperatures. The decrease in
soaking temperature, in general, will result in decrease in temperature at which Bz a+Bno
transformation would occur due to super cooling required to initiate the transformation (this is
true for lower cooling rates where diffusional transformation is dominant and results in
Widmanstitten a phase) [19]. At lower temperature the B grain size will be smaller, on cooling
the B grains would transform to still finer oo and B phases. Thus considering the B grain size
effect, the strength values are expected to increase with decreasing soaking temperature [14]. In
case of higher cooling rates as mentioned earlier the 3 phase at lower soaking temperature will
have a higher ‘Nb’ content. This would result in lowering of martensite start (M) temperature
[19]. Hence, one would expect to obtain finer martensite and more pronounced internally
twinned martensite [20], as seen in the case of samples soaked at lower temperatures (863 °C and

840 °C) (see Fig. 4.8 (b) and 4.9 (c)). Hence the mixed structures of martensite and finer
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Widmanstitten structure obtained for the samples soaked at lower soaking temperatures (870 °C,
863 °C and 840 °C) even at relatively slower cooling rates of 25 °C/s (see Figs. 4.7 (b), 4.8 (b)
and 4.9 (b)) are expected to have influence on the mechanical properties.

One of the most important parameters that influence the mechanical properties of the dual phase
microstructure is the volume fraction of primary o, because this can be closely related to the
partitioning effect of alloying elements [14] such as ‘Nb’, ‘O’ and ‘Fe’ in o and B phases. It has
been shown in earlier studies [1] that the properties of as fabricated tube (crystallographic
texture, mechanical properties) are strong functions of the amount of primary o phase (after heat
treatment) present in the alloy, which in turn is dependent on the soaking temperature in the a+f3
phase field [6]. The extensive study by Nishimura, et.al [21] on deformation of a series of
quenched B-phase of Zr-Nb alloys with ‘Nb’ content ranging from 13.5wt% to 80wt% (at 290 K)
showed that ‘Nb’ content in 3 phase significantly increases the strength by solute strengthening
effect. At relatively lower concentration of ‘Nb’ in Bz, mode of deformation was predominantly
slip, while at higher ‘Nb’ concentration (>40%), solute strengthening increasingly blocked
dislocation slip leading to twinning [8, 21].

Hence the higher strength values (oy and cyrs) observed for the specimens soaked at lower
soaking temperature as seen in the case of results from SPT (Fig.6.4 (a-d)) for the cooling rates
of 10, 25, 50 and 100 °C/s, can be attributed to ‘Nb’ enrichment of 3 phase, the grain refinement
effect (finer structure) and also the martensitic transformation. Lowering of soaking temperature
would lead to increased solute strengthening effect due to ‘Nb’ enrichment of B phase, while the
finer structure due to grain refinement effect and martensitic transformation even at slower
cooling rates such as 25 °C/s will provide increased crystal barriers resulting in higher strength
values. In general, the concentration of defects like crystal interfaces, dislocations (introduced
during the transformation) and the effectiveness of these barriers in restricting dislocation motion
differ significantly as the microstructure of the alloy is altered [15] through soaking temperature.
Therefore, the soaking temperature in the a+f phase field of the alloy is one of the controlling
factors for obtaining the required structure and the properties in the alloy.

However, the strength values determined by ABI (Fig. 6.3 (a-d)) as a function of soaking
temperature for the cooling rates of 10, 25, 50 and 100 °C/s adopted in the study, were
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apparently unaffected, while the results from SPT for the same conditions could exhibit the
effect of microstructural changes despite relatively higher scatter in the strength values. This
indicated that, SPT could capture the influence of microstructure on the mechanical properties,
whereas the ABI is not equally sensitive. Although it is difficult to ascertain the exact reasons for
the dissimilar trends by ABI and SPT for the same conditions at this time, one of the possible
reasons can be that the SPT specimen is a thin slice of disc and the deformation of the disc
occurs under biaxial state of stresses, while in the case of ABI the deformation occurs under near
triaxial state of stresses in a larger volume of deforming material where the sensitivity to the

microstructural changes can be lower due to averaging effect.

6.4.3  Effect of microstructural changes on the micro-hardness of heat treated Zr-

2.5%Nb alloy sample

The micro-hardness measurements were carried out on the same heat treated dilatometry
specimens at room temperature to study the effect of microstructures using a Vicker’s micro-
hardness measuring equipment. The tests were performed on the metallographically prepared flat
cross sectional surface of the heat treated samples using a diamond pyramid indenter and 500 g
load. The tests were carried out as per the specifications in ASTM 384 11°' [22]. The loading
direction was axial with respect to the dilatometry sample axis which was identical as in the case
of ABI tests. The purpose of hardness test by Vicker’s method was to verify the mechanical
response obtained from ABI tests on the heat treated samples (for the same loading conditions).
In this part of the work the aim was to compare the hardness trends by Vicker’s and the Brinell
obtained during ABI testing and check the validity of the ABI derived results. Figs. 6.5 (a) shows
the Vicker’s micro hardness results for the heat treated specimens plotted as a function of
cooling rate for the four soaking temperatures studied. Similarly Fig. 6.5 (b) shows the same kind
of plots for the BHN values obtained during ABI tests on the same heat treated specimens.

The BHN hardness test carried out was as per the American Society for Testing and Materials
(ASTM), standard E10-10 [23]. The trends observed in the results by Vicker’s and by Brinell
hardness (Fig. 6.5 (a-b)) indicate clearly that as the morphology of transformed a and 3 phases

becoming finer the hardness values showed an increase.
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Fig. 6.5 (a) Effect of cooling rate on the Vicker’s hardness (VHN) of the heat treated Zr-2.5%Nb
alloy samples soaked at 883, 870, 863 and 840°C, (b) Effect of cooling rate on the Brinell
hardness (BHN) of the same alloy samples obtained during ABI tests

At higher cooling rates such as 50 and 100C/s the hardness values were higher and nearly

remained same as observed in the case of ABI and SPT. Thus, the results by Vicker’s and Brinell
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hardness tests confirm the validity of the trends observed in the mechanical properties

established by ABI tests on the same heat treated samples.

6.5

Summary of the work

The specimens of Zr-2.5%Nb alloy samples heat treated from the a+f3 phase field using
dilatometry were characterised for basic mechanical properties o, and cyrs using SPT
and ABI tests. The samples heat treated from the o+ phase field showed increasing oy
and oyrs values with increasing cooling rates, which can be attributed to finer

transformation products in the fast-cooled samples.

Higher strength values obtained at lower soaking temperatures for a given cooling rate
can be related to both solute-strengthening effect by ‘Nb’ enriched 3 phase and increased

effectiveness of the crystal interfaces to the deformation fronts due to finer structures.

This study has indicated that SPT was more effective in capturing the changes in

mechanical properties due to change in microstructures as compared to ABI.
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CHAPTER 7: Effect of Variation in Iron and Oxygen content on Phase Boundary, Physical
and Mechanical Properties of Zr-2.5%Nb Pressure Tube Alloy

7.1  Objectives

The previous work by Holt [1] has shown that both ‘Fe’ and ‘O’ have advantageous effect on
irradiation creep rates of the pressure tubes (Fig. 2.10 (a-c)). Therefore, it was of interest to
investigate the effect of independent variation of these elements on (a+f)/p phase boundary, the
physical and mechanical properties of the alloy to develop better understanding on the material’s
properties and behaviour. ‘Fe’ and ‘O’ being B and o) phase stabilisers respectively, the
(o+P)/B phase boundary of the alloy is expected to be influenced in opposite ways depending on
their concentrations. Therefore, for a selected soaking temperature within the (a+f3) phase field
of the alloy, the volume fractions of az and Bz phases would be influenced by the concentration
of these elements, which eventually can influence the microstructure and also physical and
mechanical properties of the alloy. Hence, one of the objectives of this part of the work was to
study the effect of independent variation of these two elements on the (a+f)/B phase boundary of
the alloy particularly within the pressure tube specification range.

The variations in ‘Fe’ and ‘O’ concentrations are also expected to influence the physical property
CTE of the anisotropic Zr-2.5%Nb alloy and mechanical properties such as strength, hardness
and also the important long term mechanical property, the creep strength. Since the thermal and
irradiation creep behavior are closely related, another objective of this part of the thesis was to
study the effect of independent variation of these elements on thermal creep behavior particularly
at temperatures close to reactor operation. Due to the preferred orientation of oz phase, the CTE
and texture of the anisotropic Zr-2.5%Nb alloy are related. Therefore, another objective was to
investigate the effect of independent variation of these elements on the CTE and texture and

study the inter-correlations of these parameters.

7.2  Effect of ‘Fe’ and ‘O’ contents on (a+f)/ transus temperature of the alloy
Tables -7.1 (a) and (b) provide the ‘Fe’ and ‘O’ variation in the alloy samples respectively,
selected for the study. The Figs. 7.1 (a-d) show the heating part of the dilation curves (4! vs. ?)
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recorded for the samples belonging to the Table-7.1 (a). These figures depict the effect of ‘Fe’
content on the (a+f)/p boundary of Zr-2.5%Nb pseudo binary system.
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Fig. 7.1 The (a+p)/p transus temperature for the Zr-2.5%Nb alloy sample containing (a) 301
ppmw of ‘Fe’ (Ph-1), (b) 402 ppmw of ‘Fe’ (Ph-2)

The dilation curves (Al vs. f) were analysed for the oz+Pz—>Pz phase transformation

temperatures adopting three-tangent method and the results are presented in Table-7.1 (a). The
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three-tangent method represents the (o+f)/ transus temperature of the alloy when nearly
complete volume of the specimen is undergoing the transformation. Fig. 7.1 (e) shows the linear
fit established for the (a+B)/B transus temperature as a function of ‘Fe’ content in the alloy

which is expressed in eq. (1)

— — o
T(a+B)/B = TB = (893.97- Feppmw X 0.041) C (1)
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Fig. 7.1 The (a+P)/p transus temperature for the Zr-2.5%Nb alloy sample containing (c) 1100
ppmw of ‘Fe’ (Ph-3), (d) 1336 ppmw of ‘Fe’ (Ph-4)
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The slope of the linear fit indicated a decrease in the (a+f)/B transus temperature by ~4°C/100
ppmw of ‘Fe’ in the alloy. This is one of the essential information for determining parameters for
thermo-mechanical treatments of heat treated pressure tube. The Fig. 7.2 (a-¢) show the heating
part of Al vs. t curves recorded for the ‘O’ variation samples listed in Table-7.1 (b). Analysis of
these dilation curves (Al vs. ) for az+Pz=>Pz phase transformation temperatures was also
carried out by three-tangent method. A linear fit of (a+f)/B transus temperature as a function of
‘O’ content in the alloy samples was established which is expressed in eq. no. (2), and the fit is
shown in Fig.7.2 (f).

Tiorpyp = Tp=(735.12 + Oppmw X 0.135) °C (2)

Table-7.1 (a) Zr-2.5%Nb alloy samples with ‘Fe’ variation, ‘O’ and Nb varied in the range of
1018 220 ppmw and 2.65+0.05%

Sample Ref. No. Fe- content, ppmw (a+B)/P Transus temperature in °C
Ph-1 301 880
Ph-2 402 877
Ph-3 1100 859
Ph-4 1336 832
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o
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Fig. 7.1 (e) Linear fit of (a+f)/p transus temperature vs. ‘Fe’ content in the Zr-2.5%Nb alloy
samples
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Table-7.1 (b) Zr-2.5%Nb alloy samples with oxygen content variation. ‘Fe’ and ‘Nb’ content
varied within 330+20 ppmw and 2.60 £0.04%, respectively in these samples

Sample Ref. No. Oxygen content, ppmw (0+P)/P Transus temperature in °C
Ph-5 930 858
Ph-6 963 865
Ph-7 967 867
Ph-8 1003 870
Ph-9 1073 880

1100
—— AL ym (@
80 1 Sample Temperature, °C - 1000
900
70 800
O
700 ©
t
60 =
g 600 g
- ()
< 500 o
5
50 400
300
407 200
100
30 . T . T . T .
2000 4000 6000 8000 10000
Time (sec)
60 1100
|[=—atpm| 1
50 Sample Temperature °C 1000
] 900
404 800
30 700
Ei ] 600
<20 . L
500 &
1 2
10 400 ©
o
1 €
o _ 300 S
1 200
-10 4 ]
- 100
-20 r T r T T r 0
2000 8000 10000

° Time (sec)6000
Fig. 7.2 The (a+B)[ transus temperature for the Zr-2.5%Nb alloy sample containing (a) 930
ppmw of oxygen (Ph-5), (b) 963 ppmw of oxygen, (Ph-6)
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The positive slope of the linear fit in Fig. 7.2 (f) indicated an increase in (a+p)/p transus
temperature by ~13.5°C/100 ppmw of oxygen in the alloy material. The observed increase in

slope of (a+fB)/B phase boundary of the Zr-Nb system with increasing ‘O’ content is similar to
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the results of phase diagram calculations by Fidleris [2]. The positive slope of (a+f3)/p transus
temperature vs. O content in eq. (2) is in agreement with the previous finding by Fidleris [2] and
Pe’rez and Massih [3] that oxygen expands the (a+f) phase region. Fidleris [2] predicted an
increase of (a+f)/B transus temperature by ~7°C/100 ppmw oxygen from phase diagram
calculations of Zr-Nb-O ternary system, whereas in the present study the experimentally
established results showed an increase of ~13.5°C/100 ppmw of oxygen. The lower value
predicted by Fidleris [2] may be attributed to theoretical calculation considering ternary system
of pure elements. Pe'rez and Massih [3] observed the increase in (a+f)/p transus temperature to
follow Arrhenius relationship with oxygen content. However, in the present study due to
relatively smaller range of variation of oxygen considered the linear fit was used to explain the
effect on (a+f)/B transus temperature. Now, for the Zr-2.5%Nb alloy containing 930+26 ppmw
of ‘O’ and 650 ppmw of ‘Fe’ the eq. (1) gives Tg= 893-(0.041 x 650)=867°C. If the ‘O’ content
in this alloy is increased from 930 to 1137 ppmw then, according to eq.(2) Tg should increase by
(13.5/100) x 207= 27°C. Therefore, for the Zr-2.5%Nb alloy containing 1137 ppmw of ‘O’ and
650 ppmw of ‘Fe’ the b-transus temperature is Tg= 867+27=894°C. This result is close to 891°C
established for the alloy with the same composition as described in section 4.3. This study has
provided valuable input on the effects of ‘Fe’ and ‘O’ on the (a+)/B phase boundary essential

for determining parameters for thermomechanical treatments of the pressure tube alloy.
7.3  Effect of ‘Fe’ and ‘O’ on the thermal creep behavior of Zr-2.5%Nb alloy

Although the mechanisms involved in irradiation creep of a pressure tube are complex,
understanding of irradiation creep in Zr-2.5%Nb pressure tubes can be improved by a thorough
understanding of its thermal creep behaviour, because these two phenomena are closely related
[4-6]. Therefore, the objective of present work was to study the effect of ‘Fe’ and ‘O’ content
variations, (within the range of specification) on the thermal creep behavior of the alloy
particularly at temperatures close to reactor operation. Such data would be useful for modeling
and predicting the irradiation behavior of the pressure tubes. The experimental part of thermal

creep study carried out using the miniature techniques has been described in section 3.8 and 3.9.

184



7.3.1 Impression creep tests on the Zr-2.5%Nb alloy samples with varying ‘Fe’ contents

0.25
= =. (Fe165ppmw) @
1 ececece (Fe 472 ppmw) ., .
a——  (Fe 1566 ppmw .
0.20 ( ppmw) ,
’
P .
L4
L4 0
~~ P4 s
£ 0.154
£
“ .
o) 7.
= 0.10 Ll
e o
0.05

0.00

T T T T T T T T T T T T T T
0 100000 200000 300000 400000 500000 600000 700000

Time, sec
~ = =" (Fe 165 ppmw) ¢'=2.683E-7/s (®)
0154 °°ccce (Fe 472 ppmw) P .
— (Fe 1566 ppmw) L7 e
| e=DOP/(punch dia) L° 7 e
s’ 7 e ¢'=2.008E-7/s
0.10 Phe

¢'=1.192E-7/s

slope=¢’'= dé&/dt (/s)

0.05 Impression creep rate

0.00

Impression Creep Strain ¢ (mm/mm)

54+ - - . .
0 100000 200000 300000 400000 500000 600000 700000
Time, sec

Fig. 7.3 Impression creep test results in the form of (a) Depth Of Penetration (DOP) vs. time
and (b) creep stain (€)vs. time

Fig. 7.3 (a) shows the basic output of impression creep tests in the form of DOP () vs. time (¢)
for the three samples listed in Table-3.4 (a). The stress and strain parameters between impression

creep test and conventional uniaxial tensile creep test are related by relations in eq. (3), (4), (5)

[7-11].
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o = 10 (3)
£=DOP/d=DOP/a 4)

&= de/dt (5)

In eq. (3), the punching stress defined as o= Load/ cross sectional area of the flat punch, is
related to the corresponding conventional uniaxial tensile stress ‘cy’ through a constant ‘c;’
known as conversion factor. The previous studies by Sastry and co-workers [7, 12] have
established the value of ¢; to be 3 for the isotropic materials and between 3.5 and 4 for the
anisotropic materials. Since, Zr-2.5%Nb alloy is an anisotropic material with predominantly
transverse texture, the conversion factor c¢; has been taken as 3.5 for evaluation of o; in the
present work. Therefore, for the punching stress value of o; = 400 MPa and ¢;=3.5, o; value of
114 MPa results from eq. (3), which is close to the operating stress level in the hoops direction of
the pressure tube. In eq.(4), ‘d’ is the depth of plastic zone beneath the punch, which is nearly
equal to the diameter of the punch ‘a’ as established from the metallographic investigations by
Yang et.al [13]. Using this value in relationships in eq. (4) the basic output of impression creep
test were converted to creep strain gvs. ¢t which is shown in Fig. 7.3 (b). Therefore, the
impression strain rate ¢ at the test temperature of 400°C is the slope of € vs. ¢ curves in Fig. 7.3
(b) 1.e. é&=de/dt. The Fig. 7.4 (a) presents the plot of steady state impression creep rate (é=de&/dt)
vs. ‘Fe’ content in the alloy samples which shows decreasing trend with the increase in ‘Fe’
content. Fig. 7.4 (b) presents the in-reactor axial creep rate (¢;) data for the corresponding
operating pressure tubes with their ‘Fe’ content. It is seen that the &; vs. Fe content also shows a
decreasing trend. This irradiation creep data corresponds to the operating conditions of 300°C
and has been normalised with average peak fluence of the respective channel after 3340 effective
full power days (EFPDs) of operation [14].

It is known that the potential factors that influence the creep deformation in a polycrystalline
anisotropic alloy are the texture, the metallurgical variables such as distribution of different
phases, the grain size, shape and their morphologies, the pre-existing dislocation structure, the
extent of alloying additions and also impurity levels, in addition to the test parameters such as
stress level and test temperature [1, 4, 6, 15]. The microstructural study on some of the

representative samples used in the thermal creep study was carried out using Transmission
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Electron Microscopy (TEM). Figs.7.5 (a-c) show micrographs of the microstructures of these
samples. The distribution of o and 3 phases in these microstructures is similar to those of Zr-
2.5%Nb pressure tubes of CANDU PHWRs discussed by Li [4] in the author’s thermal creep
study and also by Cai [16]. Fig. 7.5 (a-c) show that microstructural features such as grain size,
distribution and morphologies of az: and Bz phases in these samples are similar. The width of oy,
plates is observed to be in the range of 200-300 nm with thin filaments of 3z present around it in
all the three microstructures. Therefore, it can be stated that the ‘Fe’ and ‘O’ content variation
within range studied has not caused significant change in the microstructure. Table-3.4 (a) and
7.2 (b), show, the texture parameters and dislocation density determined for these sample
materials. These tables show that the texture parameters for all these samples varied in a small
range. The dislocation density evaluated using X-ray line profile analysis for the crystallographic

planes [112 0] exhibited no specific trend as a function of ‘Fe’ and ‘O’ contents in the alloy. The

sample to sample variation in dislocation densities had a standard deviation of 3.45x10'° at a
mean value of 6.83x10'® m™? for the ‘Fe’ variation set of samples (Table-3.4 (a)). Similarly for
the ‘O’ variation set of samples the dislocation density had a standard deviation of 1.15x10'° at a
mean value of 7.91x10'® m™ (Table-7.2 (b)). Therefore, it can be reasonably assumed that the
microstructure, texture and dislocation densities in these samples have similar effect on the creep
behaviour. Hence the observed trends in the thermal creep results have been discussed in relation
to the effect of variation in minor alloying elements ‘Fe’ and ‘O’ contents in the alloy.

In addition to the microstructural parameters, the alloying elements such as ‘Nb’, ‘Fe’ and ‘O’
are also expected to influence the thermal creep behavior of the alloy strongly [2, 17]. Generally,
the 2.5% overall ‘Nb’ content in the as fabricated alloy is partitioned mainly between the oz, and
Bz: phases such that the az; phase has ~0.6wt% ‘Nb’, while the B-phase contain ~20wt% Nb [16].
After autoclaving at 400°C, the metastable Bz phase partially transforms towards the equilibrium
oz and Pnp that contain ~95wt%Nb and combination of ‘Nb’ depleted o phase (a metastable
hexagonal phase of intermediate ‘Nb’ content) and Bz with enriched ‘Nb’ content at ~50wt%
[16]. Thus, all the ‘Nb’ content in the pressure tube alloy is in solution with both az and Bz
phases. Oxygen is another alloying element whose maximum solubility in oz phase is 6.75 wt.%

(29 at.%) in a wider range of temperature [18]. At reactor operating temperatures and at test
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temperatures in the present study, ‘O’ is mainly concentrated in the ayz phase in the form of
interstitial solute and is depleted in Bz phase [16, 19]. On the other hand, iron being a 8 phase
stabiliser, it is mainly concentrated in the B-phase. ‘Fe’ is also found at the a—a grain boundaries

in the form of fine precipitates [19].
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Fig. 7.5(a-c) typical microstructure of te 0 cut samples used for the thermal creep study
indicating similar distribution and features of oz and [z phases

The maximum solubility of iron in oz phase below monotectoid temperature is only 0.02wt%
[20, 21], while in Bz it is between 0.2 wt% and 0.5wt% [20]. Hence, all the ‘Fe’ content in the
dual phased Zr-2.5%Nb alloy is expected to be partitioned between B and o phases limiting

maximum up to the solubility limits at the test temperature. Thus, in the present study the
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concentration levels of ‘Nb’, ‘Fe’ and ‘O’ belonged to the solute range of the alloy system and
influenced the thermal creep behavior of the alloy accordingly. The effect of “Nb’ on the thermal
creep behaviour of the samples has been considered similar for all the samples as its
concentration has varied in a narrow range. Hence, the observed change in thermal creep
behaviour has been mainly related to the effect of independent variation in ‘Fe’ and ‘O’ contents
in the alloy. In the following, the deformation mechanisms being discussed have been mainly
related to the microstructural aspects of the hexagonal close packed ay phase as it constitutes

over ~90% of the volume [4, 16].

Effect of iron content on the creep behavior of Zr-2.5%Nb pressure tube alloy

In all the three impression creep curves presented in Fig. 7.3 (b), it was observed that, after an
initial transient condition, where the creep rate ¢ decreased with time, a steady state was attained.
This initial decrease in strain-rate is generally attributed to the formation of well-defined
dislocation network, and thus a more creep-resistant substructure is developed [4, 5]. The steady
state part of the creep curve (see Fig. 7.3 (b)), can be attributed to a balance between two
competing processes i.e. strain hardening and recovery processes that extend over a long period
of time. The deformation process leads to strain hardening effect due to increased resistance to
the dislocation movements by crystal interfaces, lattice imperfections such as interstitial and
substitutional atoms, precipitates, in addition to the interaction between dislocations from
different slip systems of different orientations. On the other hand, the recovery processes at the
given test temperature involves thermally activated annihilation of dislocations and defects and
facilitate further deformation. The steady state region of the impression creep represented by the
linear part of £ vs ¢ curves (Fig. 7.3 (b)) are generally correlated with the steady state creep rate &
of the conventional uniaxial creep test through a conversion factor ¢, as expressed in eq. (6).

& =cré=cy (de/dt) (6)

However, in the present study, since the comparison of impression creep strain rate & was
sufficient to explain the effect of iron content in the alloy on the thermal creep behaviour of the
alloy, the extensive study involving evaluation of conversion factors has not been attempted.
Although creep deformation under a constant stress occurs at all temperature, it only becomes

important for temperatures greater than about 0.4 T, (T, = absolute melting temperature) where
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diffusion of species in the alloy become significant and contribute to the deformation process [5].
At different levels of stress and temperature, different mechanisms may operate in creep
deformation [4]. The dominant deformation mechanism prevalent under the given test conditions
are generally described by the deformation maps for the given alloy.

Li [4] studied thermal creep behavior of Zr-2.5%Nb pressure tube alloy under transverse stresses
of 100~325MPa at 300~400°C and indicated that dislocation creep is the likely dominant
mechanism at these testing conditions. In another work, Kim et.al [17] studied the effect of the
alloying elements ‘Cu’, ‘Fe’ and ‘Nb’ on the thermal creep behavior of Zr-alloys in the
temperature range between 280°C and 330°C and stress level range of 100 to 140 MPa who also
referred dislocation climb and glide as the likely mechanism under the testing conditions
selected. In another systematic study by Murty et. al [22] on Zr-1Nb-1Sn-0.2Fe alloy the authors
established different regimes of deformation mechanisms depending on the stress and
temperature, which has been taken as reference to identify the dominant deformation mechanism
in the present study. According to Murty et. al [22], for test temperature 400°C and the
impression stress level ;=400 MPa (i.e. 6=114 MPa) used in the present work would
correspond to the regime of dislocation glide plus climb as the rate-controlling mechanism [17].
Further, Zr-2.5%Nb alloy samples studied is regarded as Class A alloy (i.e. solid solution alloys)
as all the alloying elements, ‘Fe’, ‘O’ and ‘Nb’ are in solid solution with oz, and Bz phases [17].
The alloying element ‘Nb’ in Zr-2.5%Nb alloy is known to increase the creep strength [17]
significantly. Since the ‘Nb’ and oxygen content in the alloy samples have varied in a small
range, their effect on thermal creep behavior has been considered identical in these samples.
Hence, the observed change in creep behavior of these samples has been attributed to variation in
‘Fe’ content in the alloy.

As discussed before, creep behavior in these alloy samples is governed by the rate of dislocation
glide, which is controlled by the rate of diffusion of solute atoms. At the test temperature of
400°C, the thermally activated movements of solute atoms can cause rearrangement in the lattice
which eventually may lead to de-pinning effect on the dislocations on the active slip systems.
This kind of creep mechanism is usually referred as viscous glide [17]. On the basis of these

theories, it can be hypothesised that the solute atoms iron, oxygen are expected to be locked on

191



to (pin down) the dislocation glide and climb systems and thermally activated solute atom
rearrangements might cause de-pinning effect which can be the rate controlling factor for the
creep deformation in the present study.

Since, ‘Fe’ is present as interstitial solute in the oy, lattice [20], the increase in overall ‘Fe’
content in the alloy, would increase the interstitial ‘Fe’ content in the o, lattice limiting to the
Terminal Solid Solubility (TSS) at the test temperature of 400°C. The, increased interstitial ‘Fe’
is expected to provide increased resistance to dislocation movement due to pinning effect on the
active slip systems in the oz lattice. In addition, the increase in ‘Fe’ content in the Bz phase
(that is present around the oz phase) would make it stronger and hence would act as strong
barrier for the movement of dislocations at the oz, grain boundaries. Thus, the observed decrease
in creep rate as a function of ‘Fe’ content (Figs. 7.3 (b) and 7.4 (a)) in the alloy can be attributed
to increased solute strengthening effect on oz, and Bz phases.

The effect of ‘Fe’ content on the in-reactor axial creep rates of the pressure tubes is also showing
clear decrease with the increase in ‘Fe’ content in the alloy as seen in (Fig. 7.4 (b)). This result is
similar to the observation by Holt [1]. Although the mechanism by which the irradiation creep is
influenced due to ‘Fe’ content in the alloy is not clearly established, Holt [1] proposed that, if
‘Fe’ concentration is more than the solubility limit in the alloy it may result in fine ‘Fe’ bearing
precipitates which might provide sites for recombination of vacancies and the self interstitials
produced during neutron irradiation. Thus, the presence of higher amounts of ‘Fe’ may retard
such damage rate and hence decrease the irradiation creep rate. Zou et.al [23] in their SIMS
study on the Z-2.5%Nb alloy material found excess ‘Fe’ in the oz matrix more than the TSS
limit. Zou et.al [23] explained that, this excess of ‘Fe’ can be simply the property of more
complex alloys formed locally, or it may be possible that ‘Fe’ is finely distributed in some
complex state in the oz matrix. However, no such evidence of complex states or precipitates
could be established by the authors Zou et.al [23] in their Transmission Electron Microscopy
(TEM) studies. Further, Zou et.al [23] interpreted from the previous work on Zr-Fe systems that
extended annealing of the Zr-2.5%Nb alloy material may result in a continuous reduction of
residual ‘Fe’ by diffusion to adjacent free surfaces such as a-grain boundaries and may form

Zr;Fe precipitates. These precipitates can play an important role of recombination sites and
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retard the irradiation creep [1, 23]. Zou et.al [23] also made a reference of positron annihilation
spectroscopic (PAS) measurements by Eldrup et. al [24], who proposed that the vacancies and
self-interstitials formed during irradiation, may interact with ‘Fe’ in the bulk a-lattice. This may
result in formation of highly mobile ‘Fe’ and vacancy defects. The interaction of ‘Fe’ and
vacancies would accelerate and control net vacancy migration in a given direction during
irradiation. Thus on the basis of these theories it can be stated that ‘Fe’ in some form in the oz,
lattice might be playing an important role in providing increased recombination sites with the
increase in ‘Fe’ content and retard the in-reactor deformation rates.

Further, if it is believed that the fine ‘Fe’ bearing precipitates are formed locally as described by
Zou et al.[23], then the observed decrease in thermal creep rate with increase in ‘Fe’ content in
the alloy can be attributed to the precipitation strengthening effect. Thus the study has indicated
that increasing amounts of ‘Fe’ in the Zr-2.5%Nb alloy decrease both thermal and in-reactor

creep rates.
7.3.2 Hot hardness tests on the Zr-2.5%Nb alloy samples with varying ‘O’ contents

The study of effect of oxygen on thermal creep of the alloy was carried out in two steps. In the
first step a number of Zr-2.5%Nb alloy samples listed in Table-7.2 (a) were subjected to Vicker’s
micro-hardness measurements at room temperature to understand the effect of oxygen on the
mechanical behavior of the alloy. In the next step, three of these samples with oxygen content
variation covering entire range as listed in Table-7.2 (b) were subjected to time dependent
constant load hardness tests at two test temperatures, namely 300°C and 400°C using the
Vicker’s hot hardness measuring equipment. The Table-7.2 (b) also provides the texture and
dislocation density determined using X-ray diffraction method. It is seen from this table that the
texture has varied in a small range while the dislocation density had a small sample to sample
variation with a standard deviation 1.15x10'® at a mean value of 7.91x10'°. This indicates that
these parameters had similar influence on the thermal creep behaviour and hence the observed
trend in the results has been discussed in relation to the effect of variation in ‘O’ content in the
alloy. Fig. 7.6 shows the room temperature VHN as a function of oxygen content for the alloy

samples listed in Table-7.2 (a).
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Table-7.2 (a): Zr-2.5%Nb pressure tube samples with oxygen variation and the room
temperature hardness values by Vicker’s

Sample] O’ ppmw (Std. Dav. of 'O’ |[Vicker’s Hardness (VHN) kgf/mm’at room temperature
1D measurement 6 x10” ppmw) (Average of 3 measurements)
1* 1587 264
2 1288 262
3 980 253
4 974 242
5* 929 240
6 893 241
7* 743 235

* Samples chosen for the indentation creep studies

The result shows a clear increase in Vicker’s Hardness number hardness (VHN) with the
increase in oxygen content in the alloy. Fig. 7.7 (a) and (b) show the time dependent micro-
hardness data for the test temperatures, 300°C and 400°C, respectively, plotted as In(H) vs. In(t)
along with the linear fits for the three samples Table-7.2 (b). The In(H) vs. In(t) linear plots
showed different intercept values (intrinsic hardness) on the In(H) axis at both the test
temperature 300°C and 400°C which were proportional to the oxygen content in the alloy
samples. This indicated a clear strengthening effect of ‘O’ content on the mechanical behaviour
of the alloy. Therefore, it was observed that, the sample with 1587 ppmw of oxygen exhibited
higher hardness values at both the test temperatures 300°C and 400°C and at all the dwell times
studied, compared to the samples containing 929 of oxygen under the same test conditions.
Similarly, the In(H) vs. In(t) data for the sample containing 929 ppmw at both test temperatures
were placed higher compared to the same data for the sample containing 743 ppmw (Fig. 7.7 (a)
and (b)). The slopes of the linear fits at 300°C for all the samples were nearly same indicating
that the dominant deformation mechanisms are same. Similarly, slopes of the linear fits at 400°C
were also nearly same for all the samples, but were relatively higher compared to 300°C data as
seen in /n(H) vs. In(t) plots in Fig. 7.7 (a), (b) and Fig.7.8 (a-c).

In general the hardness can be related to the physical and mechanical properties of the materials
such as thermal conductivity, electrical resistivity, yield and ultimate tensile strengths, fatigue
strength, creep, and rupture properties [25]. At an elevated temperature, as the indenter sinks into

the test piece with increasing dwell time, the size of the indentation would increase (i.e decrease
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in hardness with dwell time) which is regarded as the measure of creep [8, 12, 25-32]. From, the
Mulheran and Tabor [33] relationship that relates the hardness, temperature and dwell time of the
indenter, if the test temperature T is maintained constant, the /n(H) vs. In(?) results in a linear fit
and the slope of the fit is related to (n+0.5). Generally, the /n(H) vs. In(t) linear fits in a given
temperature range may remain parallel if the mechanisms of deformation remains unchanged.
Conversely, at a given test temperature, the alloy samples with varying composition, can also
result in different linear fits depicting the effect of alloying elements on the hot hardness
behavior. Because, the hot hardness is also a sensitive method of identifying the change in
mechanical behavior of a material due to alloying addition [12, 25, 31, 34, 35]. In the present
study this particular approach has been adopted for the analysis of In(H) vs. In(?) linear fits as a
function of oxygen content in the samples.

Effect of oxygen on room temperature hardness

The increase in VHN values with the increase in oxygen content in the alloy as seen in Fig. 7.6 is
similar to the previously reported results by Kelly et al. [36]. The authors work showed that the
VHN values at room temperature varied linearly over a wide range of oxygen concentration from
350 to 5000 ppmw. The oxygen levels studied in the present work and that by Kelly et.al [36]
correspond to the solute range, as the solid solubility limit of oxygen in oz is much higher
(~6.75%) [1, 18]. Oxygen is less associated with the Bz phase and is mainly concentrated in the
oz phase in the octahedral interstitials [1, 36-38]. Being a dominant phase, the observed effect of
oxygen on the mechanical behavior of the Zr-2.5%Nb alloy is mainly related to the mechanical
response of the a7 phase. These octahedral sites are spherically symmetric when the axial ratio
is ideally of 1.633 [38]. Although in ayz;, the c/a ratio (1.593) being less than ideal value [5, 6,
16, 39, 40], the stress field induced by the presence of oxygen in the oy lattice is spherically
symmetric in a crude approximation. The increase of oxygen in the lattice does not alter this
situation considerably, since c¢/a remains almost constant even with increasing alloying additions
[38]. According to Dasgupta et.al [38], in spite of almost symmetrical distortion in the oz lattice
due to insertion of oxygen, the volume change produced in the lattice must be interacting
strongly with the stress field of dislocations. This expected phenomenon was considered to be

responsible for high value of activation energy (as oxygen concentration increased) as observed
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by Dasgupta et.al [38]. Therefore, it is likely that, the oxygen in the oz lattice would pin the
dislocations strongly [38] and result in increase in hardness with increase in oxygen content at all
test temperatures studied. Thus, it can be concluded that the observed increase in hardness of Zr-
2.5%Nb alloy at room temperature with the increase in oxygen content can be attributed to
increased solute hardening effect.

According to the another model proposed by Kelly et.al, [36] a single oxygen occupying the
octahedral site in oz lattice would produce symmetric distortion, as a consequence, there is no
first order reaction between solitary interstitial oxygen and the screw dislocations. Therefore, the
single oxygen in the oy, lattice cannot explain the observed hardening behavior of the alloy in
the study by Kelly et.al [36]. However, according to the mechanism proposed by Kelly et.al, the
interstitial pair is assumed to be formed with a probability that oxygen ions occupy adjacent sites
in the ay; lattice. This theory is based on the fact that, the pair of interstitials can produce an
asymmetric or “tetragonal” distortion in the ay lattice [36] and the strength of the alloy is
linearly related on the square root of the interstitial concentration (i.e. oxygen concentration).
Thus, in the present study the interstitial pair theory can also explain the observed hardening as a
function of oxygen concentration, through its asymmetric distortion in oy, lattice [36].

Effect of oxygen on time dependent hot hardness

Although creep deformation under a constant stress occurs at all temperature, it only becomes
important for temperatures greater than about 0.4 T, (Tn= melting temperature of the test
material on absolute scale) where diffusion of atoms in the alloy becomes significant and
contributes to the deformation process [5]. The test temperatures 300 and 400°C selected for the
study correspond to the homologous temperature of <0.36=T/T,, where T is the test temperature
on absolute scale. Dasgupta et.al [38] proposed that, increasing the temperature, it is possible
that, dislocations get unpinned from some pinning centers through thermal activation alone and
can overcome the energy barrier at much lower stresses [38]. On the other hand, increase in
oxygen content in the alloy, would increase the pinning centers on more lattice points of oz,
phase. It can therefore be argued based on Dasgupta et.al [38] findings the sample containing

1587 ppmw of ‘O’ is expected to have relatively higher number of lattice points (in a-Zr lattice)
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at which pinning effect would occur as compared with the sample containing 929 ppmw of ‘O’ at

both test temperatures.

Table-7.2 (b): Description and microstructures of Zr-2.5% Nb pressure tube samples with ‘O’

content variation used for thermal creep study by indentation creep test method.

Sample | ‘O’ ppmw Vicker’s Hardness Number| £ | £ | fi |Dislocation density (m?)
ID  |Std. deviation: kgf/mm’ at room determined from X-ray
6 x 10 ppmw) | temperature (Average of 3 line profile analysis
measurements) Plane: [1 13 0] Std. Devi.
*] 1587 264 0.50/0.34[ 0.11| 7.91x 10" | 1.15x 10"
*5 929 240 0.51{0.37( 0.10
*7 743 235 0.53(0.36 0.09
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Fig. 7.6 Room temperature Vicker’s Hardness of Zr-2.5%Nb alloy samples showing increasing
trend with oxygen content in the range 743 to 1587 ppmw
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Fig. 7.7 In(H) vs. In(t) showing decrease in hardness with dwell time for all the three
Zr-2.5%Nb alloy samples at the test temperature (a) 300°C, (b) 400°C
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Fig. 7.8 In (H) vs. In (1) plot showing decrease in hardness with time at the test temperatures
300°C and 400°C for the Zr-2.5%Nb alloy sample containing (a) 1587 ppmw of oxygen and
(b) 929 ppmw of oxygen.
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Fig. 7.8 In (H) vs. In (t) plot showing decrease in hardness with time at the test temperatures
300°C and 400°C for the Zr-2.5%Nb alloy sample containing (c) 743 ppmw of oxygen

Increased pinning centers would increase the resistance to the dislocation movements resulting in
higher strength and hardness in general. Therefore, at the test temperatures 300 and 400°C, the
sample with 1587 ppmw of ‘O’ has exhibited higher hardness at all the dwell times studied
compared to the sample containing 929 ppmw of ‘O’. Exactly the same analogy can be applied
to explain the observed higher hardness values for the sample containing 929 ppmw ‘O’
compared to the one containing 743 ppmw of ‘O’. The results in Fig.7.7 (a) and (b) also show
that, slope of In(H) vs In(t) is relatively lower for the test at 300°C compared to the slope at
400°C test for the given sample. Figs. 7.8 (a-c) also show this observation for each of the
samples studied. This relative small increase in slope (-ve) indicates that the material is
becoming relatively softer at 400°C. This can be attributed to the increased thermally activated
recovery processes at 400°C compared to the condition at 300°C, which might be leading to
increased annihilation of dislocations from the pinning centers in the oz lattice [38]. Thus, the
hot hardness study has shown that oxygen plays an important role in improving creep resistance
through solute strengthening effect. The strong interaction of distortion in oy, lattice due to
insertion of oxygen with the stress field of the dislocations at all test temperatures is responsible

for such solute strengthening effect. The in-reactor axial creep rates for the operating pressure
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tubes corresponding to these samples exhibited marginal variation at the mean value of 1.485
x10™'"/s with a standard deviation of 4.08x107'%/s. This result indicates that, ‘O’ content variation
within the specification range has lesser role in influencing the irradiation creep behaviour of the
pressure tube alloy unlike the case of effect of ‘Fe’ variation, where decrease in irradiation creep

rates were quite significant (see Fig. 7.4).

7.4 Effect of ‘Fe’ and ‘O’ on CTE and texture of Zr-2.5%Nb pressure tube alloy
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Fig.7.9 Typical experimental CTE curves (up to 400°C) for the axial and circumferential directions of

Zr-2.5%Nb pressure tube samples (a) as fabricated showing large difference slopes indicating texture

effects, (b) heat treated ([-quenched from 1063°C) showing similar slopes indicating similar texture
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The as-fabricated Zr-2.5%Nb alloy pressure tube is anisotropic in nature, which is largely
attributed to the pronounced preferred orientation of oz phase resulting from manufacturing
schedules [1, 16, 39- 43]. As a result, not only mechanical properties such as yield strength (YS),
ultimate tensile strength (UTS) and ductility are anisotropic, the physical properties such as CTE,
thermal conductivity, electrical resistivity and elastic modulii are also anisotropic [44, 45]. It has
been observed that the strong (0002) transverse texture of typical PHWR pressure tube results in
good transverse tensile strength and low circumferential strain due to irradiation creep [4, 46]
during the service. However, such texture has been observed to exhibit higher axial elongation
rates [4, 46]. Thus, texture is one of the controlling factors for the in-reactor deformation
behavior of the Zr-2.5%Nb pressure tube alloy. The texture parameter and CTE in a given
principal direction of an anisotropic component is expected to correlate [47]. Further, the
alloying additions can also influence the CTE of the alloy. Hence, it was of interest to study the
inter-correlation of CTE, texture parameters, the in-reactor deformation rates and the iron and
oxygen contents in the pressure tube alloy. The literature review indicated that, no such detailed
interrelation study has been reported in the open literature, which was the main motive in
initiation of this work.

Thus the, objective of this part of the work was to study the effect of independent variation in
‘Fe’ and ‘O’ contents (within the specification range) on the CTE and texture parameters of the
as fabricated Zr-2.5%NDb pressure tube samples and also correlate with the in-reactor axial
deformation rates. The inter-correlation study presented in this section can provide inputs for

predicting and modeling the alloy behavior under irradiation.
74.1 CTE, texture measurements and microstructural examination

Fig. 7.9 (a) shows typical CTE curves for the axial and circumferential directions for one of the
off cut samples studied. The circumferential CTE curves show higher values and also higher
slope compared to the axial direction CTE curves. Similarly, Fig. 7.9 (b) shows the CTE curves
for the axial and circumferential direction of the Zr-2.5%Nb pressure tube sample subjected to 3-
quenching from 1063°C. The average CTE between 100 and 400°C has been determined as per
ASTM E228 [48] and has been used as representative value (see subsection 3.1.8).
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Microstructures

Fig. 7.10 (a ﬁ T yplcal microstructure of the off cut samples used forthe thermal expansion
studies indicating similar distribution and features of the oz and [z phases
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Fig. 7.11 Effect of increasing ‘Fe’ content in Zr-2.5%Nb alloy showing (a) increasing trend in
axial direction CTE, (b) decreasing trend in circumferential direction CTE. This plot also shows
nearly similar values of CTE for both axial and circumferential directions for a sample
containing 579 ppmw of ‘Fe’ after heat treatment at 880°C in the (a+f)phase field followed by
quenching at ~150°C/s.
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Fig. 7.11(c) Correlation of axial texture parameter (f,) with ‘Fe’ content of as fabricated Zr-
2.5%Nb pressure tube samples, (d) Correlation of circumferential texture parameter (f) with
‘Fe’ content of as fabricated Zr-2.5%Nb pressure tube samples

Fig.7.10 (a-f) show TEM micrographs of microstructures of some of the Zr-2.5%Nb alloy off cut
samples used in this study. These micrographs show similar microstructural features such as
distribution and morphologies of the oz and Bz phases. Therefore it can be assumed that small

variations in Fe and O contents have not lead to significant change in microstructure.
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CTE and texture measurements

Fig.7.11 (a) and (b) show the average CTE values for axial and circumferential directions as a
function of ‘Fe’ content in the pressure tube samples. The axial CTE values exhibited increasing
trend (Fig. 7.11 (a)) while circumferential CTE exhibited decreasing trend (Fig. 7.11 (b)) with
the increase in ‘Fe’ content in the alloy. The plot 7.11 (b) also shows the average values of axial
and circumferential CTE for the samples heat treated at 880°C in the (a+f) phase field and
quenched at ~150°C/s which were 6.3 and 6.9 x 10°%/°C respectively. This result also shows a
clear effect of heat treatment on the CTE which can be attributed to the modification in the
texture and microstructure. Similarly, Figs. 7.11 (¢) and (d) show the measured texture
parameters f, and f; values for few of the selected samples (texture data taken from the internal

reference [49]), as a function of ‘Fe’ content which were also studied for CTE.
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The f, values in Fig. 7.11 (c) and f values in Fig. 7.11 (d) also exhibited increasing and
decreasing trends respectively with the increase in ‘Fe’ content in the alloy similar to the trends
exhibited by axial and circumferential CTE in Figs. 6 (a) and (b) respectively. A good linear

relationship has also been observed between texture parameters (fi.u..s) and corresponding CTE

206



as seen in Fig. 7.11 (e). This result is similar to the one reported by Kearn’s [47] for oz, phase of
the Zircalloy-4. In this part of the study the axial and circumferential CTE values had standard
deviations of 0.08/°C and 0.26/°C respectively, whereas texture parameter measurements had a
standard deviation of 0.02. Unlike the effect of ‘Fe’ content variation on the CTE and texture
parameters of the alloy, the variation in oxygen content in the alloy did not show any definite

correlation with either CTE or with texture parameters as seen in Fig.7.12 (a-c).
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To understand the possible reasons for such scatter in the results, the axial CTE data for these
samples were plotted against their corresponding ‘Fe’ content, although it varied in a small range
of 322 ppmw + 16 ppmw as seen in Fig. 7.12 (d). The plot showed a weaker but relatively better
correlation with ‘Fe’ content as compared to the effect of oxygen content variation seen in Fig.
7.12 (a-b). Fig. 7.13 shows the correlation of CTE vs. texture parameters (fyaes) measured for a
number of randomly selected samples (texture data taken from the internal reference [49]). A
regression analysis of the data points in Fig. 7.13 provided a linear fit with a regression

coefficient of R>=0.94 indicating a good correlation between these two parameters.

The CTE is described as thermo-elastic property that shows response of the material geometry
when the temperature is changed and hence is an important physical property of the solids in
design and engineering. From the view point of material science, it is fundamental. Therefore it
is worth studying its relation with the microstructure and texture of anisotropic solid materials
[50] like the Zr-2.5%Nb pressure tube alloy. The thermal expansion of a solid is a property
arising strictly due to the anharmonicity of the lattice vibration [45, 51]. As an example, with the

increasing temperature, the lattice constant ‘a’ of crystalline material usually increases (provided
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no phase transformation occurs), because the lattice separation becomes wider, producing a

positive thermal expansion in most materials (see Fig.7.14).

At the crystalline level, the linear thermal expansion coefficient of a solid material is defined as
ar= (4a/a,)/ AT, where ‘a,’ is the lattice parameter at 293K and Aa is the change in lattice
parameter due to change in temperature A7 of the solid [52]. In the case of anisotropic materials
like ‘Zr’, ‘Ti’, ‘Mg’, ‘Cd’ etc the ‘a7 is strongly dependent on crystallographic directions,
where the intratomic separations (i.e. lattice parameters) and hence anharmonicity of vibration
are different with rising temperature. It is well known fact that in the Zr-2.5%Nb pressure tube
alloy, the dominant oy, (hcp) phase is crystallographically anisotropic with lattice parameters
a=0.323 nm and ¢=0.515 nm [53]. Therefore, CTE in the ‘a’ and ‘¢’ directions of the oz, lattice
must be considerably different attributing to large difference in lattice separation in these two
directions [47, 53, 54]. Tomé¢ et.al [55] has reported the CTE in the ‘@’ and ‘c’ directions of the
oz, lattice as aa=5.8x10'6/°C and ac=10.3X10'6/°C respectively. This implies that, if the
concentration of basal pole orientations (i.e. (0002) texture) of the oy crystallites varies in a
given direction in different pressure tube samples, the CTE for these samples in that direction

must also reflect the corresponding change.
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Conversely, the linear thermal expansion coefficient ‘a7 i.e CTE measured in some direction of
the component is often used as a criterion for information on the degree of preferred orientation
of a phase in the material [56]. The typical axial and circumferential CTE results presented in
Fig. 7.9 (a) clearly show the effect of such preferred orientation with strong transverse texture
which generally exists in the as fabricated (cold worked route) Zr-2.5%Nb alloy pressure tubes.
The higher CTE and higher slope of circumferential CTE vs. Temperature curves can be
attributed to the higher concentration of basal pole orientations ((0002) texture) in the
circumferential direction of the pressure tube. In contrast, the negligible slope of CTE vs.
Temperature curves observed in the axial direction clearly indicates much less concentration of
basal poles in that direction which is generally the case with as-fabricated pressure tubes. On the
other hand it can be seen in Fig.7.9 (b) that the slopes of the CTE curves for the axial and
circumferential directions of the (o+f3) heat treated samples are similar. This result shows a clear
effect of heat treatment and observed similar CTE behavior can be attributed to the
microstructural and textural changes. This result also indicated that CTE is sensitive to the
microstructural changes produced due to heat treatments. Nevertheless, the results in Fig.7.9 (a),
(b) explain that the variation in slope of CTE vs. Temperature curves can be a measure of

variation in texture parameters in the corresponding directions of the pressure tube.
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7.4.2  Effect of ‘Fe’ content on CTE and texture of Zr-2.5%Nb pressure tube alloy

The results presented in Figs. 7.11 (a-d) indicate that, ‘Fe’ in Zr-2.5%Nb pressure tube alloy has
definite role in influencing both CTE and texture parameters. It is well known that ‘Fe’ is a -
phase stabilizer and is mainly concentrated in the B-phase [17, 57]. Perovic et.a/ [19] and Hood
[20] have indicated that the maximum solubility of ‘Fe’ in oz phase below monotectoid
temperature of Zr-2.5%Nb alloy is only 0.02wt%, whereas in [z phase it is between 0.2 wt%
and 0.5wt% [19, 20]. Hence, all the ‘Fe’ in the alloy is expected to be partitioned mainly
between o and [ phases limiting maximum up to the terminal solubility (TSS) at the test
temperatures. Upon increasing the ‘Fe’ content in the alloy, its concentration both in oz and Bz,
phases are expected to increase. Further, it is to be noted here that, ‘Zr’ belongs to group of IVB
elements of the periodic table which characterises az to be an ‘open’ metal, due to its unusually
larger ratio of ionic to atomic radii as compared with other ‘normal’ Acp metals such as ‘Mg’,
‘Zn’ and ‘Cd’ in the same group.

Thus, in open metals, the elements with smaller atomic radii such as ‘Fe’, which normally
occupy substitutional sites, are able to dissolve interstitially because of larger size difference [20,
58- 59]. Hood [20] has shown that ‘Fe’ has slightly bigger atomic diameter than the spherical
octahedral site of the ayz lattice [20]. Hence, in Zr-2.5%Nb alloy, ‘Fe’ forms interstitial solid
solution with the oz lattice [20], while in Bz (bcc structure) ‘Fe’ is expected to form
substitutional solid solution.

Theoretically, the presence of any alloying element in the lattice of a host material either in
substitutions or in interstitials is expected to cause dilatation in the parent lattice and hence can
influence the thermal expansion characteristics [60]. The extent to which the CTE is influenced
depends on the extent and nature of interaction of alloying additions with the host lattice [60].
However, this cannot conclusively explain the opposing trends observed in axial and
circumferential CTE and texture parameters with the increase in ‘Fe’ content of the alloy (Figs.
7.11 (a-d)).

These observed trends in (Fig. 7.11 (a-d)) may be related to the mechanical behavior of the alloy

during thermomechanical treatments, similar to the one observed in the case of a-Ti (hcp) alloys
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[61], because, oz (hcp) also has similar crystallographic characteristics as a-Ti. It has been
shown in a-Ti alloys that, addition of Al (substitutional) reduced the stacking fault energies [61],
thereby enhancing twinning ability of the alloy. Similarly, Wang et.al [62, 63] study has also
reported the influence of impurities on twinning behavior of ‘Mg’ alloys (hcp). According to
these authors [61- 63], the stacking fault energy, ysr is an important property that dictates the
deformation mechanisms in the Acp alloys. Wang et.al [62, 63] found that, alloying was an
efficient way to improve the ductility of ‘Mg’ alloys. Alloying provided additional deformation
modes, such as non-basal slip in ‘Mg’ and mechanical twinning through reduction in stacking
fault energies yy [62, 63]. It is well understood from the extensive study on deformation texture
by Tenckhoff [64] that, twinning invariably results in considerable texture modifications in the
Z1-2.5%ND alloy. In the case of Zr-2.5%Nb alloy, one of the most prevalent twinning systems in
oz (hep) is {1012} <101 1> which is known as tensile twin [37, 64, 65]. Activation of such

twinning systems or other favorable twinning systems through addition of alloying elements may
result in considerable reorientation of basal poles (rotation by 85.2 degrees) during
thermomechanical treatments leading to modification in texture [64].

Presently there are no reported literature on the effect of ‘Fe’ content on the stacking fault
energies of oz, lattice and its consequent effect on twinning behaviour and texture modifications.
Therefore, it is assumed here that, interstitial ‘Fe’ might be playing a role in reducing the
stacking fault energies of the dominant o lattice and might be promoting the twinning activity
on some twinning systems of the alloy during thermomechanical treatments similar to the one
observed in the case of a-Ti alloys. Thus, increased interstitial ‘Fe’ in the oz, lattice might be
increasing the twinning activity during thermomechanical treatments, leading to increased
reorientation of basal poles [37, 64, 65]. Such reorientation might be causing axial component f,
to increase, as a consequence the circumferential component f; might decrease with the increase
in ‘Fe’ content as seen in Figs. 7.11 (c-d) because f, +f; +f=1 [47]. The linear correlation
presented in Fig. 7.11 (e) and the overall results in Figs. 7.11 (a-d) together show a good

interrelationship between CTE, texture parameters f, and f; and ‘Fe’ content in the alloy.
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7.4.3  Correlation of ‘O’ content with CTE and texture of Zr-2.5%Nb alloy

Oxygen is known to be a a-phase stabiliser in the Zr-Nb system and is mainly concentrated in
the octahedral interstitials of the ayz (hcp) lattice [66]. The presence of ‘O’ in the oz can cause
lattice dilation, and hence can influence the thermal expansion behavior of the given alloy [60].
The previous study by Conrad [67] on the lattice parameters of a-Ti (hcp) has shown that the
presence of ‘O’ in the a-Ti lattice would produce a volume dilation of ~0.13 A’/per at% of
oxygen through an increase in lattice parameters a, and c,. It is known that such lattice dilation
should influence the CTE along crystallographic directions of the alloy. In the present study, the
analysis of axial and circumferential CTE data as a function of ‘O’ content in the Zr-2.5%Nb
alloy samples did not reveal any systematic trend as seen in (Fig.7.12 (a-b)) which is unlike the
observed effect of ‘Fe’ content variation. However, it was observed that, the axial CTE values of
these samples when correlated with their ‘Fe’ contents, although it varied in much smaller range
of 322 +16 ppmw, exhibited a weaker but reasonably better correlation as seen in Fig. 7.12 (d).
This finding indicates that, although ‘O’ content varied in a wider range, its effect on the CTE
was suppressed, possibly by much stronger influence of ‘Fe’ and other impurities.

Similarly, the plot of texture parameter f, as a function of oxygen content as seen in Fig. 7.12 (¢)
also showed considerable scatter as compared with much stronger effect of ‘Fe’ content variation
as seen in Fig. 7.11 (c). This observed scatter of f, values as a function of ‘O’ content may also
be explained in relation with twinning behaviour of the alloy similar to the case of effect of ‘Fe’
as discussed in the previous section. It has been reported that, increasing addition of ‘O’ to a-Ti
alloy suppressed the twinning ability of the alloy [37, 58]. This is because 'O' in the interstitials
restricts the sites for shuffling of atoms that is necessary for twinning to occur [37]. On the basis
of this observation it can be argued here that, in the case of ay as well which has similar
crystallographic characteristics, the interstitial ‘O’ might be suppressing the twinning ability and
therefore might be restricting the texture modification during thermomechanical treatments.
Hence, the observed scatter in the f, values as a function of ‘O’ content in Fig. 7.12 (c) can be

reasonably attributed to the decreasing twinning ability of the az,.
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7.4.4  Correlation of CTE and texture parameters

The texture parameters f, and f; values and the corresponding CTE values in the Fig.7.13 and also
in Fig. 7.11 (e) (for Fe variation set of samples) have exhibited a good linear correlation for the
Z1-2.5%ND pressure tube samples. Although Zr-2.5%Nb pressure tube is a dual phase alloy with
predominantly oz and with relatively smaller fraction of Bz phase [4, 16, 40] the linear
correlation obtained in Fig.7.13 and Fig. 7.11 (e) corroborate with the previously work on oy,
phase of Zircaloy-4 reported by Kearn’s [47]. The observed linear correlation of fianes from the
two directions with the corresponding CTE values in Fig.7.13 and Fig. 7.11 (e) can be attributed
to the systematic change in effective fraction of basal poles of the oz phase in these directions of
the pressure tube [16, 47, 53]. Relatively higher scatter observed in the axial direction fiaes (i.€.
fa values) vs. CTE plot in Fig.7.13 can be attributed to the influence of small variations in
manufacturing parameters that generally exist and also errors associated with texture parameter
measurement. The liner expression in Fig.7.13 with a regression coefficient of R? = 0.94 is an
important result in this work, as it can be used for evaluation of texture parameters, f, and f;
values, if the CTE values in the respective directions are known with reasonably good accuracy.
According to Kearn’s [47], on substituting f =1 in the liner relationship of fiaes vs. CTE (see
Fig.7.11 (e) and Fig.7.13) the CTE value must correspond to the c-axis of the single crystal of
oz.. It was observed that the CTE values of 10.29 x 10°%/°C and 10.02 x 107%/°C were obtained on
substituting /=1 in the linear relationships presented in (see Fig.7.11 (e) and Fig.7.13). These
results are in very good agreement with the CTE value for the c-axis of the oz, phase reported by
Tomé et.al [55]. Thus, these results validate the accuracy of CTE measurement and also the
linear relationship of fyanes vs. CTE established in the present study.

7.4.5 Inter-correlation of in-reactor axial creep rate, CTE, texture parameters, ‘Fe’ and

‘O’ contents in the alloy

The in-reactor axial creep rate (¢;) data for the pressure tubes presented in this study is
normalised with peak fluence of the respective channels after 3340 Effective Full Power Days
(EFPDs) of operation [14]. It is well known that the values of &; represent the combined effect of

irradiation creep, irradiation growth and thermal creep [4, 68]. Generally, under normal operating
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conditions the contribution of irradiation creep is about 70% of the total deformation, while
irradiation growth and thermal creep contribute to about 20% and 10%, respectively [4, 68].
Since the operating conditions of all these channels were similar the effect of thermal creep to
the total deformation has been considered similar and also negligible. Therefore, in the following
the variation in in-reactor axial creep rates being discussed in the present context of inter-
correlation study has been considered to involve mainly irradiation creep and irradiation growth.
The effect of ‘Fe’ content on the axial direction irradiation creep rate (€;) of the pressure tubes is
shown in the plot of &; vs. ‘Fe’ content in Fig. 7.15 (a). The plot shows a clear decreasing trend of
¢ with the increase in ‘Fe’ content of the pressure tubes. This result is similar to the previous
post irradiation observations on the reactor operated pressure tubes reported by Holt [1]. It is to
be noted here that, the plot of &; vs. axial CTE also exhibited a good correlation with a decreasing
trend (see Fig. 7.15 (b)), while £; vs. circumferential CTE exhibited increasing trend as seen in
Figs. 7.15 (c). Since, f vanes and CTE correlated linearly in Fig. 7.11 (e), for the 'Fe' variation set
of samples, it implies from Fig. 7.15 (b) and (c) that &; actually exhibit decreasing trend with f,
values and increasing trend that with f; values. The increasing trend of &; with circumferential
CTE in Fig. 7.15 (c) is the consequence of increase in f, causing corresponding decrease in f;
values as seen in Fig. 7.11 (d), because f, + f; + f; =1 [47].

In the previous studies, Roy et.al [69] and Holt [1] have indicated that, the direction which
shrinks during irradiation corresponds to the direction of highest thermal expansion coefficient
i.e. along basal pole direction. Thus, higher values of CTE in Fig.7.15 (b) or the higher £, values
as seen in Fig.7.11 (c) correspond to higher concentration of basal poles in the axial direction,
which might be responsible for some degree of shrinkage along the tube axis [4]. Thus, this
phenomenon may result in some degree of decrease in the axial creep rate which accounts for the
irradiation induced growth part [4, 68]. Although, the phenomenon by which ‘Fe’ content in the
oz lattice of the alloy can influence the remaining part of irradiation induced deformation is not
well established, the authors wish to describe probable mechanisms based on the reported post
irradiation observations. Holt [1] proposed that, if ‘Fe’ concentration is more than the solubility
limit in the alloy it may result in fine ‘Fe’ bearing precipitates. Such precipitates might provide

sites for recombination of vacancies and self interstitials produced during neutron irradiation and
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thus can retard the damage rate and consequently deformation rate. The authors Zou et.al [23] in
their SIMS study on the Z-2.5%Nb alloy material, found excess ‘Fe’ in the oz matrix, more than
the Terminal Solid Solubility (TSS) limit, which they explained that, it could be due to some ‘Fe’
bearing complexes formed locally. These ‘Fe’ bearing complexes within the ayz phase and also
the Zr;Fe precipitates that may be formed at the grain boundaries due to diffusion of ‘Fe’ to the
grain boundaries might serve as sites for recombination of both types of irradiation induced
defects and hence can retard the damage rate. Zou et.al [23], also made a reference of positron
annihilation spectroscopic (PAS) measurements by Eldrup et. al [24], who proposed that ‘Fe’ in
the o-lattice may control the net vacancy migration in a given direction (anisotropic) during
irradiation and aid in defect annihilation process and hence retard defect aided deformation
process. Thus the observed decreasing trend in in-reactor axial creep rates (&;) (Fig. 7.15 (a)), can
be attributed to the combined effect of decrease in effective damage rate caused by
recombination of defects at the ‘Fe’ bearing sites as well as due to the increase in f, values (see

Fig. 7.11 (c)) as the ‘Fe’ content increased.
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Fig. 7.16 (a) Effect of oxygen on (¢;) of Zr-2.5%Nb pressure tubes
Good correlations of & with the axial and circumferential CTE in Fig. 7.15 (b-c) indicate that
CTE can provide a good measure of in-reactor axial creep behavior as much as by texture

parameters. Thus, the results in Fig. 7.11 (a-e), Fig.7.15 (a-c) describe the significant effect of
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‘Fe’ content on CTE, texture parameters and ¢;. Thus, this part of the work has established that
CTE is sensitive to ‘Fe’ content when varied independently (within the specification range) in

the Zr-2.5%Nb pressure tube alloy.
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The correlation of ¢ with oxygen content in Fig. 7.16 (a), and CTE in Fig. 7.16 (b-c) also

exhibited no definite trend. This indicated that oxygen content variation within the specification

range has lesser role to play in influencing the irradiation creep behavior as compared to

contrasting effect of ‘Fe’ content variation in the alloy. The observed scatter can be attributed to

relatively stronger effect of other alloying elements and impurities. The correlations established

in this work between CTE, texture parameters, irradiation creep rates and ‘Fe’ content in the

alloy can be useful in modeling and prediction of in-reactor behaviour of the pressure tubes.

Further, this work has also established that the CTE measured in a given direction can provide a

good measure of the irradiation behaviour of the pressure tube through the inter-correlations

established in this study.

7.5

1.

Summary of the work

The effect of independent variation in minor alloying elements ‘Fe’ and ‘O’ within the
specification range on the (a+f)/B-transus temperature was studied using dilatometry
technique. The empirical relationships for the (a+)/B-transus temperature as a function
of ‘O’ content and also as a function of ‘Fe’ content in the alloy have been established.
The slopes of the linear relations indicated that the (o+)/B-transus temperature increased
by ~14°C/100 ppmw of oxygen and decreased by ~4°C/100 ppmw of iron in the Zr-
2.5%Nb alloy.

Effect of independent variation of ‘Fe’ and ‘O’ contents within the specification range on
the thermal creep behavior of Zr-2.5%Nb alloy has been studied using impression and
indentation techniques. Increasing ‘Fe’ content in the alloy showed decreasing trend in
impression creep rates at the test temperature 400°C which can be attributed mainly to the
solute strengthening effect. The in-reactor axial creep rates for the corresponding
operating channels also showed similar behavior for the reactor operating temperature of
300°C. This may be attributed to ‘Fe’ in solid solution might be influencing diffusion of
vacancies and as a precipitate it might be facilitating recombination of irradiation induced
defects.

The room temperature Vicker’s hardness of the Zr-2.5%Nb alloy samples showed a good

correlation with increasing trend with increasing oxygen content (within the specification
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range). The dwell time dependent micro-hardness data for all the three samples showed a
linear decrease in /n(H) vs. In(t) plots at both the test temperatures 300 and 400°C. A
distinct increase in hardness values with the increase in oxygen content (up to 1587
ppmw) at both the test temperatures and at any given dwell time studied indicated a clear
strong influence of oxygen on the high temperature deformation behavior. This can be
attributed to solute strengthening effect. The study has established that both iron and
oxygen content decrease the thermal creep rates of the Zr-2.5%Nb pressure tube alloy
similar to the one observed in irradiation creep rates.

The effect of ‘Fe’ and ‘O’ on the CTE and texture of the anisotropic Zr-2.5%Nb pressure
tube samples have been studied using dilatometry and XRD respectively. The axial and
circumferential CTE values exhibited opposing trends with the increasing ‘Fe’ content in
the alloy. Increase in ‘Fe’ content in the alloy showed increasing trend in f, values with a
corresponding decrease in the f; values. The observed trends in texture parameters may be
attributed to increased twinning ability due to increase in ‘Fe’ content in the oz, phase
during thermomechanical treatments.

The inter-correlationship between CTE, texture parameters, the variation in ‘Fe’ content
and the in-reactor deformation behavior has provided the base for prediction of

performance of the pressure tubes during their service.
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CHAPTER 8: Conclusions

A comprehensive heat treatment study has been carried out from the a+f phase field on the Zr-

2.5%Nb pressure tube samples using quenching dilatometry. The microstructural and textural

evolution that resulted from such heat treatments was investigated using electron microscopy
techniques. The heat treated dilatometry samples were further studied for structure and
mechanical property correlations using two miniature specimen testing techniques, the ABI and

SPT, after establishing correlations material specific correlations adopting standard

recommended procedures. The effects of independent variation in iron and oxygen content on the

o+p/PB phase boundary, the physical property such as CTE and mechanical properties such as the
thermal creep behavior of the Zr-2.5%Nb pressure tube material have been studied. Following
important conclusions could be drawn based on these works;

1. Partial CCT diagram for the Zr-2.5%Nb alloy containing 1137 ppmw oxygen and 650
ppmw of Fe has been determined using quenching dilatometry. It was established that the
B transus temperature i.e Bz~ (0+Pz) regime for the alloy starts below 891°C for all cooling
rates.

2. The transformation characteristics of the Zr-2.5% Nb alloy containing 1137 ppmw of
oxygen and 650 ppmw of ‘Fe” was ascertained during quenching from 883, 870, 863 and
840°C (£0.5°C) in the a+p phase field, at different rates using quenching dilatometry and
electron microscopy.

The specimens cooled from o+ Bz phase field at rates 25°C/s and slower, showed smooth
dilation curve particularly for the case of samples soaked close to B-transus temperature
such as 883°C indicating characteristic nucleation and growth type of transformation leading
to Widmanstétten type of product. For quenching rates >25°C/s multiple steps were
observed on the dilatograms for the case of samples soaked at lower temperatures in the
(a+p) phase field which may be attributed to successive generation of martensite formation.

3. For a given soaking temperature within o+ region, at cooling rates lower than 25°C/s,

predominantly Widmanstitten structure resulted. The morphology of Widmanstitten o

changed from finer and straight lamellae to wider and irregular shape with cooling rate

226



decreasing from 25°C/s. Mixed structures of finer Widmanstétten o and martensite were
observed at quenching rates 25°C/s. For quenching rates 50°C/s and 100°C/s the
microstructure was predominantly martensite along with primary a.

For a given quenching rate the probability of martensite formation increased with decreasing
soaking temperatures in the o +f3 region. This may be attributed to increased ‘Nb’ content in
Bz: providing the driving force at the lower soaking temperatures.

The microtextural study on the samples soaked close to P transus boundary within the
o+ phase field at 883°C indicated that the texture tended to randomise at higher cooling
rates such as 50°C/s and 100°C/s. Whereas, little change was seen at lower cooling rates.
The texture randomisation was attributed to low fraction of primary a and transformation of
large number of randomly oriented fine B grains yielding various variants of martensitic (o)
plates which had Burgers’ orientation relationship given by (0001),//(110)s and
[2171 0]//[111]p.

Empirical correlations for evaluation of basic mechanical properties 6y, and oyrs of
anisotropic Zr-2.5%Nb alloy have been established for SPT and ABI test techniques as a
function of loading direction using recommended procedure. In the case of ABI the
difference in yield strength off set constant b,,, between the two directions of testing namely
the axial and circumferential directions of the pressure tube, indicated intrinsic difference in

yield behavior attributing to effect of texture in the alloy.

The strength values obtained using tensile and ABI were higher for circumferential
compared to axial direction, whereas the strength representing values (Py/toz) and (Pu/to’) by
SPT showed opposite effect for the same sample conditions. This contradiction has been
rationalised on the basis of biaxial deformation of the disc specimen experiencing

orientation effects.

The oy and oyrs values by SPT, ABI and conventional tensile tests showed increasing trend

with the increase in cooling rates for both directions tests, which can be attributed to finer
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10.

1.

12.

morphology of Widmanstitten a and 3 phases and also predominantly martensitic structure

obtained at cooling rates greater than 50°C/s.

Comparison of ABI and SPT derived o, and oyrs data and the corresponding tensile data for
both direction tests showed a good agreement indicating proper empirical correlation
parameters have been arrived at for evaluation of mechanical properties of the alloy. The
overall study indicated that ABI and SPT techniques are sensitive to the changes in
mechanical properties due to microstructure and texture effects in the alloy. Thus these
techniques can be adopted for mechanical property characterisation of anisotropic Zr-

2.5%Nb alloy materials using direction specific correlation parameters.

The specimens of Zr-2.5%Nb alloy samples heat treated from the o+ phase field using
dilatometry were characterised for basic mechanical properties o, and cyrs using SPT and
ABI tests. In the case of SPT derived mechanical properties, higher strength values obtained
at lower soaking temperatures for a given cooling rate can be related to both solute-
strengthening effect by ‘Nb’ enriched B phase and increased effectiveness of the crystal
interfaces to the deformation fronts due to finer structures. This study has indicated that SPT
was more effective in capturing the changes in mechanical properties due to difference in
microstructures as compared to ABI.

The effect independent variation of minor alloying elements ‘Fe’ and ‘O’ contents within
the pressure tube specification range on the (a+f)/B-transus temperature was studied using
dilatometry technique. The empirical relationships for the (a+J)/B-transus temperature as a
function of ‘O’ content and also as a function of ‘Fe’ content in the alloy have been
established. The (+ve) slope of the linear relationship of Tg vs. ‘O’ content indicated that the
(o+P)/B-transus temperature increased by ~14°C/100 ppmw. Whereas the (-ve) slope of
linear relationship of Tp vs. ‘Fe’ content indicated that the (o+f)/B-transus temperature
decreased by ~4°C/100 ppmw of Fe in the Zr-2.5%Nb alloy.

Effect of independent variation of ‘Fe’ and ‘O’ contents within the specification range on
the thermal creep behavior of Zr-2.5%Nb alloy were studied using impression and

indentation techniques. Increasing the ‘Fe’ content in the alloy showed decreasing trend in
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impression creep rates at the test temperature 400°C, which can be attributed mainly to the
solute strengthening effect. The in-reactor axial creep rates for the corresponding operating
channels also showed similar behavior for the reactor operating temperature of 300°C. This
may be attributed to ‘Fe’ in solid solution might be influencing diffusion of vacancies.
Further if ‘Fe’ is present in the form of precipitates, it may facilitate recombination of both
kinds of irradiation induced defects.

The room temperature Vicker’s hardness of the Zr-2.5%Nb alloy samples showed a good
correlation with increasing trend with increasing oxygen content (within the specification
range). The dwell time dependent micro-hardness data for three of these samples showed a
linear decrease in In(H) vs. In(t) plots at both the test temperatures 300 and 400°C. A distinct
higher hardness values at higher oxygen content at both the test temperatures and at all
dwell times studied indicated a clear strong influence of oxygen content on the high
temperature deformation behavior. This can be attributed to strong solute strengthening
effect. The thermal creep study has established that both ‘Fe’ and ‘O’ contents decrease the
thermal creep rates of the Zr-2.5%Nb pressure tube alloy.

The effect of ‘Fe” and ‘O’ on the CTE and texture of the anisotropic Zr-2.5%Nb pressure
tube samples were studied using dilatometry and XRD respectively. The axial and
circumferential CTE values exhibited opposing trends with the increasing ‘Fe’ content in the
alloy. Increase in ‘Fe’ content in the alloy showed increasing trend in f, values with a
corresponding decrease in the f; values. The observed trends in texture parameters can be
attributed to increased twinning ability due to increase in ‘Fe’ content in the oy phase
during thermomechanical treatments.

The inter-correlationship between CTE, texture parameters, ‘Fe’ content in the alloy and the
in-reactor deformation behavior has provided the valuable input for modeling and also base
for prediction of performance of the pressure tubes during their service.

Unlike the case of effect of ‘Fe’ content on CTE and texture, the effect of ‘O’ content on
CTE and texture was insignificant. This may be attributed to increased oxygen content
might be increasingly suppressing the twinning ability of oz phase of the alloy during

thermomechanical treatments similar to the one observed in o-Ti alloys.
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FUTURE WORK

. Irradiation creep and thermal creep study of the Zr-2.5%Nb alloy pressure tube material

with different microstructure.

. Bulk mechanical properties of Zr-2.5%Nb pressure tube alloy with various

microstructures obtained from different heat treatment conditions.

. Development of complete CCT diagram for the Zr-2.5%Nb alloy with varying

compositions of oxygen and iron contents.

230



	Thesis-RVK-Title page-29-2-2016.pdf
	Thesis-RVK-C1234fff-29-2-2016.pdf
	Thesis-RVK-C5678fff-29-2-2016.pdf

