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Abstract

The fabrication of Zr-2.5Nb alloy pressure tubes is quite complex and involves hot
deformation (forging and extrusion), heat treatment (} quenching, annealing, autoclaving etc)
and cold deformation (pilgering or drawing). In this research work, pressure tube material
fabricated through two distinct routes which are generically known as cold work route and
heat treated route, have been studied in detail. Hot extrusion stage is the most important step
in the fabrication of the pressure tube manufacturing. In the present thesis FEM simulation of

Hot extrusion process has been carried.

The influence of process parameters associated with hot deformation, heat treatments
and cold deformation have been systematically studied. In the cold deformation route six
distinct fabrication schedules were examined. These represented variations in (a)
methodology of breaking cast structure (b) hot extrusion parameters (c) conditions of cold
work and intermediate annealing. An optimized flow sheet could be developed on the basis of
detailed characterization of the microstructure, texture and mechanical properties. The
optimized process involved two stage forging followed by hot extrusion with higher extrusion
ratio (12.75:1) and single stage of cold work without any intermediate annealing. This
process resulted in desirable alpha morphology (1:10:70 aspect ratio) with a continuous
fibrous beta morphology. The tube produced with this route had transverse basal texture
component (f;) above 0.6. Both this microstructure and texture are desirable for better creep
resistance of the tube in reactor conditions. This route had also resulted in near elimination of

end to end variation of the properties of the final tube.

On the basis of the present study on quenched microstructure, cold deformed and
subsequent aged microstructure as a function of process parameters, optimized fabrication
flowsheet to manufacture heat treated Zr-2.5 Nb alloy tube could be established. The
optimized route included o+ quenching (840°C) followed by cold deformation by pilgering
and aging at 540°C for 24 Hrs. The resulting microstructure consisted of primary o in
conjunction with fine transformed lamellar o having dispersed equilibrium 3 globules inside
it. The texture was also significantly different from that of the cold worked pressure tube.

However the mechanical properties were comparable.

XVi



FEM simulation of hot extrusion process has been carried to understand role of
extrusion temperature, extrusion ratio, ram velocity and profile of die on the extrusion process
for obtaining desirable temperature, strain and strain rate distribution across the work piece.
The model could be successfully validated against measured load data of the extrusion of
actual pressure tube. The model could quantify the expected heterogeneity across thickness

and length of the work piece as a function of various processing parameters.
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Chapter 1

Introduction
1.1. Introduction

Pressurized Heavy Water Reactor (PHWR) also known as CANDU reactor uses
natural uranium oxide as fuel and heavy water as a moderator and coolant [1-5]. A schematic
diagram of the details of the reactor core is shown in Figure 1.1. The PHWR core essentially
consists of a cylindrical shape calandria which contains heavy water moderator maintained at
around 80°C. This has horizontal fuel channels whose numbers depends on the capacity of
the reactor (e.g. 392 fuel channels for 540 MWe reactor). The fuel channels consists of thin
wall seamless calandria tube, coolant or pressure tube separated by Zr-Nb-Cu garter springs
[6]. The pressure tube contains natural Uranium fuel bundles and hot pressurized heavy water
close to them. Thus the pressure tube, as shown in Fig. 1.2, which is nearly 6.4m long,
103mm inside diameter with 4.2mm wall thickness, acts as the pressure boundary. The cold
moderator is insulated from hot pressure tube by filling the annular gap between pressure and
calandria tubes with flowing CO,. The presence of moisture in the annulus gas due to any
leak in the pressure tube inside the reactor core is also detected. This enables detection of an
early stage of the formation of a sub-critical, through-wall crack in the pressure tube in
assuring leak-before-break of the tubes. The PHWR reactors have capability for online
fuelling in the horizontal fuel channels. This is enabled by having cold rolled joint between
pressure tubes and precipitation hardenable stainless steel end-fittings at each end of the
channel. These channels are connected to the heat transport system by carbon steel feeders

(Figure:1.2).

Zirconium base alloys are used as a structural material in the PHWR reactor because
of their very low neutron absorption cross section and superior corrosion resistance in water
at 300°C. They have excellent mechanical properties for the satisfactory performance of the
component during their service in the reactor. Zircaloy-4 is used as fuel cladding material and
calandria tube. Cold worked Zircaloy-2 or Zr-2.5Nb alloy is used as coolant or pressure tube
material [6-8]. In recent times, the Zr-2.5 Nb alloy material is being used in PHWRs due to
its better strength, creep properties, better corrosion properties and exceptionally low

hydrogen pick up. The pressure tube in reactor is exposed to high temperature of 300°C,
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pressure of 110 MPa, bending stresses due to weight of coolant and fuel bundles and
irradiation environment of high neutron flux. Thus integrity of the pressure tube material is of
paramount importance for safe and long life of the reactor [6, 9]. Hydriding, corrosion and
dimensional changes of the pressure tube are principle causes of its degradation limiting the
life in the reactor. The former two degradation processes are critical for safety of the reactor
but they are not life limiting factor in-service operation of pressure tubes [6, 10-13]. The
dimensional changes of pressure tube occur due to the combined effect of irradiation creep,
irradiation growth and thermal creep. However, contribution of thermal creep is not
substantial. Irradiation growth may compensate to some extent effect of the irradiation creep
due to a specific texture in pressure tube. Thus axial and diametral expansion of pressure

tube occurs mainly due to irradiation creep [14,15].

/— Calandria
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Figure 1.1Schematic showing the calandria vessel with important structural components of the PHWR.

The axial elongation is accommodated by providing the bellows at the end of the
coolant channels. However, diametral strain beyond certain limits (~4%) results in
unacceptable coolant bypass. Therefore, diametral creep is main factor dictating the life of

the pressure tube. In recent times, there has been a greater interest towards increasing the life

of
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Figure 1.2: Schematic showing the coolant channel assembly depicting various important components

pressure tubes in advanced reactors. Several studies have shown that irradiation creep
strongly depends on the microstructure and texture in addition to the operating environment

i.e., temperature, pressure and neutron flux.

The microstructural features includes nature of phase, its distribution, morphology,
grain shape and size, type of dislocations and dislocation density etc. [16,17]. The large
operating experience of pressure tube performance in PHWR reactors has helped in
establishing the correlation between the individual microstructural features with diametral
and axial creep. It is now relatively understood that in the cold worked Zr-2.5Nb alloy
pressure tube radial basal texture increases and transverse basal texture decreases the
diametral strain. In the earlier studies it has been reported that pressure tubes having higher
radial thickness of alpha grains, with large aspect ratio, and additionally consisting of larger
circumferential basal pole texture have shown better diametral dimensional stability. The
combined effect of these two is shown in a diagram in Figure 1.3. The alloy chemistry also
plays important role in irradiation creep behavior. The elements such as oxygen and niobium
which strengthens the material tend to modify the texture and hence their creep behavior [14].
Iron is an important alloying element which preferentially goes to the bec beta phase and

decreases axial creep to a greater extent. All the above factors affecting the creep
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Figure 1.3: The effect of radial grain thickness and radial basl pole texture on diametral creep of the pressure
tube in PHWR

behavior of the Zr-2.5Nb alloy to a large extent depends on the manufacturing route of the
process tube. The fabrication of pressure tubes involves a large number of thermomechanical
treatments, and the final microstructure and texture developed as a result of these fabrication
steps determines the long-term and short-term properties of these tubes. For example the
higher extrusion ratio during hot extrusion process results in higher transverse basal texture
and higher aspect ratio of the grains. The variability in the microstructure, texture and
mechanical properties introduced during fabrication also results in variable creep behaviour
which is of great concern for the PHWR reactor operators [18,19]. There has been a
continuous effort towards improving the resistance to irradiation induced creep and growth
through the modification of the microstructure of the pressure tube material to achieve longer
life of the pressure tube in next generation advanced reactors. In this study an effort has been
made to understand the influence of each of these fabrication steps on microstructure and

crystallographic texture in order to optimize the pressure tube fabrication. This forms the
basis and is the motivation for the present study.



Zr-2.5Nb alloy is a two phase alloy and there can be variety of phase transformations
produced from the high temperature beta phase by controlling the beta phase composition and
cooling rate. Thus, it is possible to generate a range of microstructures and textures by
suitable heat treatment methods. Many researchers have studied the change in microstructure
and its effect on the properties by altering the conventional route of pressure tube fabrication.
Generally, Zr-2.5Nb alloy pressure tubes in PHWR are used in cold drawn condition but they
have been used in heat treated conditions as well as in RBMK and FUGEN type of reactors.
Unlike cold worked pressure tube, in depth understanding about the mechanisms of
microstructural evolution during heat treatment processing steps of the materials is not
available. The objective of the present study is to optimize the fabrication processing
parameters with special reference to the quenching and aging treatments. The aim has been to
demonstrate a heat treatment route to produce pressure tube which is better than the cold-
worked tube, and that will have enhanced microstructural stability during high temperature

irradiation

Hot extrusion fabrication is the most critical stage in fabrication of pressure tube.
The microstructural features, texture and mechanical properties of the finished tube to a large
extent is determined by hot extrusion process [20]. The quality of the extruded product in
terms of variation from leading end to tailing end, surface cracks, ovality dictates the finished
tube quality. Hence a detailed knowledge of the role of process parameters such as billet
preheat temperature, extrusion speed, extrusion ratio etc on the temperature and stress
distribution during the hot extrusion process is desirable. However, to acquire such
information through experiments during hot extrusion process is rather difficult [21, 22].
Application of computational/numerical analysis of the extrusion process is the only way to
obtain the distribution of temperature, strain and strain rate throughout the work piece. Three-
dimensional finite element analysis of Zr based alloys seems to be rather limited in the open
literature, forming the motivation to present study. Some of the key parameters of the
extrusion process such as ram velocity, billet pre-heat temperature, fillet radius and reduction
ratio, have been studied for their role in determining the overall temperature distribution

during hot extrusion, requirement of ram force etc.

The brief description of the individual chapters of the thesis is outlined below.

The overview of the literature relevant to the objectives of the present research work has been

presented in the chapter 2. The chapter includes information with regard to microstructure,

5



phase transformation, deformation behaviour, texture and properties of zirconium and its
alloys. This chapter also presents the knowledge on the effect of various thermo-mechanical
treatments on microstructure and texture of Zr-2.5%Nb pressure tube material. The in-service
performance in terms of irradiation creep, irradiation growth in particular dimensional

stability in the reactor is reviewed in the present chapter.

The details of the experimental procedure adopted for various characterization
techniques in this research study have been detailed in chapter 3. In the present study the
industrial scale fabrication of pressure tube is also included. The details of the individual

process are also presented in this chapter.

The chapter 4 presents the scheme of the study to enhance and optimize the presently
followed fabrication route for cold worked tube. In this work, three major stages of the
fabrication schedule which are expected to have significant effect on the pressure tube
properties, in particular, its mechanical properties and microstructure have been studied.
These are mainly primary breakdown of the cast ingot, extrusion to tubular blank and cold
work subsequent to the extrusion to achieve final dimension of the pressure tube. The results
on full industrial scale (used for manufacturing 6.4m long pressure tube) are also presented.
The results on evolution of microstructure, texture and mechanical properties as a function of
the process parameters of different fabrication stages is presented in this chapter. Detailed
microstructural characterization was carried out at each step in all these trials to ascertain the
morphology of the alpha phase, distribution and composition of the beta phase and
crystallographic texture. Mechanical property evaluation has also been done to establish

structure-property relationship.

Chapter 5 describes studies related with development of the heat treated pressure tube.
Quenching dilatometer study was performed to establish the transus temperature for the alloy
used in this study. This chapter presents the optimization of fabrication parameters to
manufacture heat treated Zr-2.5 Nb alloy tube. It presents the results obtained from controlled
heat treatment in dilatometer on microstructure evolution at different soaking temperatures
and cooling rates. The result is also presented for the heat treated real dimension tube on the
basis of the results in quenching dilatometer. This chapter also presents results on the
quenched microstructure and further cold deformed and subsequent aged microstructure. The

results on mechanical properties of the finished heat treated pressure tube and bulk texture at



different stages of fabrication have been presented. The results have been compared with

conventionally fabricated cold work route.

In Chapter 6, FEM simulation of hot extrusion of Zr-2.5Nb alloy pressure tube has
been presented. The theoretical basis of hot extrusion model using 3D FEM method has been
described in this chapter. Hot extrusion simulation study in this chapter has brought out the
role of extrusion temperature, extrusion ratio, ram velocity and profile of die on the extrusion
process. The effect of these process parameters on the overall temperature distribution and
hence on the resulting microstructural and textural homogeneity has been discussed in this
part of thesis. This FEM analysis has effectively shown quantification of the extent of
differences in temperature distribution between leading and trailing ends and also across a

given cross section.

Chapter 7 presents the summary of the important findings of the present research
work. The results are compared with reference to knowledge available in the literature. The

future scope of the work is also outlined in the thesis.



Chapter 2

Review of the Relevant Literature

The overview of the published literature relevant to the objectives of the present
research work has been presented in this chapter. The chapter provides information available
in the literature pertaining to metallurgy of zirconium alloys and in particular to Zr-2.5 Nb
alloy which includes microstructure, phase transformation, deformation modes and basic
properties [6], [10]. This chapter also presents the knowledge on the effect of various
fabrication parameters on microstructure and texture of Zr-2.5%Nb pressure tube material.
The various factors affecting the dimensional stability in the reactor is reviewed in the present

chapter.
2.1. Zirconium and Zirconium alloys

Zirconium and its alloys are extensively used as structural materials in nuclear reactors,
because of their unique combination of good corrosion resistance in water near 300" C, good
mechanical properties and low capture cross section for thermal neutrons [1]. These
components are mostly used in the form of tubes of different size ranges for applications such
as fuel sheathing, guide tubes/calandria tubes, and pressure tubes [6, 10]. The designing of
zirconium alloys for nuclear applications requires that thermal neutron absorption cross-section
of pure zirconium does not increase significantly. Therefore, only relatively small amounts of
alloying elements are added. The alloying elements were added in zirconium alloys primarily
to improve the corrosion behaviour in water [10, 23-26]. For example tin was added to
counteract the detrimental action of nitrogen on corrosion resistance. Small amounts of iron,
chromium and nickel found to improve the corrosion resistance of zirconium-tin alloys due to
the formation of intermetallic second phase particles (SPPs). The size and distribution of the
SPPs is strongly correlated to the corrosion resistance. The zircaloys which contain about 1.5
wt% Sn and Fe, Ni, and O as alloying elements have two important derivatives; zircaloy-2 and
zircaloy-4. Zircaloy-4 is a nickel-free variant of Zircaloy-2 with similar oxidation behaviour, but
different level of affinity with hydrogen [23-24]. Zirconium-niobium alloys showing better
strength and improved corrosion resistance have been used for reactor components, the

zircaloys, are widely used in both pressurised water and boiling water reactors as fuel cladding



materials In PHWRs, they are used as fuel cladding, calandria tube in the early stages [27,28],

cold-worked Zircaloy pressure tubes were used

Russians were the first one to report that an alloy of zirconium containing 1-5% niobium
has superior mechanical strength and adequate corrosion resistance in comparison to Zircaloys.
Subsequently Zr-2.5%Nb alloy as a pressure tube material and the Zr-1.0%Nb as a fuel
cladding material have been found to be attractive because of their high strengths at the
operating temperature [29]. This permits the use of thinner components, reducing the loss of
neutrons by parasitic absorption with an accompanying improvement in corrosion resistance.
Since 1967 CANDU reactor started using cold-worked Zr-2.5Nb as pressure tube material and
subsequently all such PHWR reactors were using this material as pressure tube due to its higher
strength, creep and fracture strength [1, 6, 7]. It was reported that in comparison to cold-worked
Zircaloy-2, cold-worked Zr-2.5Nb has extraordinarily low deuterium absorption and good
corrosion resistance [6, 9]. In the same study it was shown that the corrosion of Zr-2.5Nb tubes
was about one-third of that in Zircaloy-2 under similar operating conditions, and the deuterium

uptake was only 2%~4% of that measured for Zircaloy-2 [11]
2.2. Physical metallurgy of Zr alloys

Zirconium based alloys are stable in the alpha phase (a), zirconium, with a hexagonal
close-packed (hcp) structure at temperatures below 800°C (Figure 2.1 (a)) [24, 30-32]. The
typical values of the ‘a’ and ‘c’ parameters are ~3.232A and ~5.147A respectively. The main
crystallographic planes in this structure are the basal (0002) and two types of prismatic planes
(11-20) and (10-10) which are shown in Figure 2.1(b). In zirconium the c/a ratio is ~1.598,
which is less than the ideal sphere packing (c/a=1.633).

Alloying elements in zirconium alloys can be classified into a-stabilisers and -
stabilisers. Aluminium, tin, hafnium, nitrogen and oxygen are important o stabilising
elements. Phase diagrams for many of the binary alloy systems for oa-stabilisers exhibit a
peritectic or a peritectoid reaction at the zirconium-rich end [33-35]. B-stabilisers include
iron, chromium, nickel, molybdenum and niobium. For binary alloys between zirconium and
these elements, there is usually a eutectoid reaction, and often a eutectic reaction at the
zirconium-rich end of the phase diagram. A number of B-stabilising elements such as iron,

nickel, chromium, and molybdenum have very little solubility in the a phase and they form



ordered intermetallic phases which are readily precipitated even in very dilute zirconium

alloys, resulting in precipitation hardening [33, 36].
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Figure 2.1: (a) Unit cell of hexagonal closed packed (hcp) crystal. (b) Some of the important planes and
directions of the hcp crystals



Figure 2.2 shows the Zr-Nb equilibrium diagram which provides the basis for studying
the equilibrium transformations. An analysis of the phase diagrams can be utilized in studying
the metastable steps in the sequence of transformation events in this system. This system is
characterized by complete solid solution in the 3 (bcc) phase at sufficiently high temperatures
and a tendency for phase separation in the B phase, as reflected in the miscibility gap, at

temperatures below about 970°C (B 7z + P np miscibility gap); the following monotectoid

reaction occurring at 610°C:
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Figure 2.2: The phase daiagram of binary Zr-2.5Nb alloy also showing the metastable phase transformations.

A variety of equilibrium and metastable phases can be obtained from the high
temperature  phase in zirconium rich Zr-Nb alloys. The B phase in the Zr-Nb system exhibits
tendencies for the f—a martensitic transformation, the B — displacive transformation and the
B — B z + P nv phase separation reaction in different composition and temperature domains.

This B phase instability is known to influence the sequence of phase transformations in
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zirconium (and titanium) alloys. Various possible phase transformations from the high
temperature beta phase is shown in a schematic diagram (Figure 2. 3). In dilute Zr-Nb alloys, it
is well established that the B phase, having the same composition as that of the alloy cannot be
retained at ambient temperatures even by very rapid quenching. In alloys containing upto 8% Nb
quenching from the B phase field rapidly through the equilibrium o+ B region results in a
martensitic structure. Beyond this composition and upto about 17% Nb, quenching from the f3
phase leads to the formation of an athermal ® phase dispersed in the § phase. The ® instability
disappears beyond 20% Nb, where the B phase is fully stabilized [37]. Less rapid cooling of
dilute Zr-Nb alloys from the 8 phase field results in formation of characteristic Widmanstatten o

plates by a nucleation and growth process. The approximate phase boundaries for the metastable

Phase Transformations in Zr-Nb Alloys
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Figure 2.3:Phase transformations from the high temperature beta phase

phase transformations are shown in phase diagram. The stabilized  phase in Zr-Nb alloys with
higher niobium contents can decompose on ageing either by a phase formation or by isothermal
® phase formation or by both these modes, depending upon the temperature of ageing and the
composition of alloy. In the niobium lean alloys where the 3 phase transforms martensitically to
o phase, the B phase can reappear on tempering the martensite either on the martensite plate

boundaries or within the martensite plates. In addition to the various possibilities of
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transformation of the B phase to athermal o, isothermal ®, o and o phases, it can undergo

hydride formation in alloys containing hydrogen [38-40].
2.3. Deformation of Zirconium and its alloys

Due to non symmetric hexagonal closed packed structure of Zirconium alloys they
exhibit limited number of slip systems. The main slip planes in an HCP structure are basal
{0001}, prism {101 0} and pyramidal {101-1}. The slip planes along with corresponding slip
directions are shown in Figure 2. 4. In zirconium alloys both slip and twinning mechanisms

play equally important role in the deformation [24, 32, 41-42].
2.3.1. Slip Modes

Slip is the usual plastic deformation for most metallic materials. Slip occurs when
shear stress exceeds a critical value for one definite slip plane. Slip occurs most readily in
specific directions on certain crystallographic planes. Slip operates on a plane and direction
for which critical resolved shear stress (CRSS) is the lowest. This is because of the fact that
the slip plane is the plane with highest atomic density and the slip direction is the direction
that contains the shortest Burgers vector. The slip plane together with the slip direction
establishes the slip system. Lattice constant ratio c/a varies from one HCP material to
another. Ratio c/a is one important parameter to describe the deformation behavior of HCP
material and determines the dominance of any particular slip system at a given temperature
and stress conditions [43]. The c/a value of the ideal sphere packing is 1.633. For a given hcp

material it can be larger than, equal to or smaller than ideal c/a value.

For HCP metal (Zn, Cd and Co ) with c/a ratio equal to or greater than 1.633, slip
occurs on the (0001) plane and in the (112 0) ,, direction. c/a for zirconium is 1.589 less than
ideal value of 1.633, its primary slip system at room temperature has found to be prism slip
on {1010} plane along (112 0) ,, direction. Slip has also been observed in the same direction
on the (0001) basal plane. In the HCP metals, the only plane with high atomic density is the
basal plane (0001) and it has three (112 0), close-packed directions. The HCP crystal
possesses three slip systems compared with possible 12 slip systems for FCC and 48 possible
slip systems for BCC, The limited number of slip systems is the reason for the ductility being

strong function of orientation in HCP materials. It is reported that that prism slip is more
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commonly observed in recrystallized zircaloy and basal slip in cold-worked zircaloy

materials.

This has been explained on the basis that dislocation hardening makes the slip on
basal plane easier in comparison to prism slip. The higher value of ductility of zirconium
alloys have been attributed to observation of prism slip with (c+a) type Burgers [44-46]. The
slip mode has been observed to change with temperature and slip on pyramidal planes {10-

11} and {11-21} in (c+a) directions is also observed.
2.3.2. Twinning

The second important deformation mechanism is the process known as twinning.
Twinning is one process during which a portion of the crystal moves with respect to the
adjacent zone. The interface between the twinning area and untwined area is called twinning
plane [47-50]. In a simple lattice, each atom in the twinned region moves by a homogeneous
shear and the distance is proportional to its distance from the twin plane. The lattice strains
produced by twinning configuration in a crystal are small, so that the amount of gross
deformation due to twinning is small. The important role of twinning is not only the
deformation coming from the twinning process, but also the orientation changes resulting
from twinning, which may place new slip system in a favorable orientation and additional
slips can take place [48, 51]. Thus, twinning is important in the overall deformation of metals
with a low number of slip systems, such as HCP materials. Grewen found that activation of
twinning system depends on the orientation of basal plane. At room temperature following
tension twins {10-12}<10-11>,and {11-21}<11-26> compression twin {11-22}<11-23> are
reported.

2.4. Texture in Zirconium alloys

In a polycrystalline material if all the crystals are randomly oriented with respect to
each other, then one would expect an isotropic nature of the product. The grain orientation in
polycrystals is usually different from that of its neighbors and certain grains (orientations)
prefer to cluster and orient in a specific direction this tendency is called preferred orientation
or crystallographic texture [43, 52-54]. Zirconium base alloys being anisotropic in nature it
results into preferential orientation of certain plane normals in certain direction during thermo

mechanical treatments which gives rise to the texture.
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Texture is measured for certain crystallographic directions aligned toward certain
specific direction of the sample geometry as shown in figure 2.5. Texture results in the
anisotropy in the properties of the product. This anisotropy can be seen in the mechanical
properties, irradiation creep, irradiation growth, hydriding behavior, oxidation and corrosion
behavior [13, 14, 55, 56]. Therefore it becomes important to understand the mechanism of
texture development as a function of thermo-mechanical parameters to obtain desired texture

in the product.
2.4.1 Texture Characterization

There are different techniques which are available to quantify textures, but mostly
diffraction based techniques such as X-ray diffraction, EBSD and neutron diffraction
techniques [57-62] are used for texture characterization. But texture evaluation by X-ray
diffraction techniques is the most widely used techniques as it is the most reliable and easily

available technique for the quantitative analysis of the texture.

Neutron diffraction is used to measure crystallographic texture in a similar way to that
of x-rays. Compared to the x-ray diffraction there are much lower absorption and much
higher penetration depth for neutron in the material. However, the low availability of the
neutron source is the biggest disadvantage. In case of electron diffraction, as electrons are
charged particles, its penetration depth is small so it allows diffraction only from individual
grains rather than bigger volume as in the case of x-ray and neutron diffraction. Electron
diffraction can be obtained in Transmission electron microscope (TEM) and scanning
electron microscope (SEM) [63-65]. The advantage here is that both diffraction as well as
image of the same region can be obtained concurrently. In X-ray diffraction bulk texture of a
volume of materials is obtained by measuring the intensities of diffraction of individual

diffracting planes.
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Figure 2.4: The various deformation modes observed in the hcp zirconium alloys.
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EBSD is a technique based on measurement of local crystallographic orientation [57].
In these technique very small volumes of material at specific points on the surface of a
sample is probed by using electron diffraction in an electron microscope. This technique
enables us to relate the crystal orientation to the microstructure. The orientation of a single
point in a sample can be distinguished and orientation distribution as a function of sample
location can be obtained. In EBSD orientation maps can be constructed with spatial
resolution, in most modern systems as small as 0.05um. In one of the report Manikrishna et al

have compared these texture characterization techniques for Zirconium alloy products.
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Figure 2.5: The three principle direction of relevant for the texture and mechanical properties the zirconium
alloy tubular product

The crystallographic texture is normally presented as orientation distribution of
crystallographic planes either in specimen reference frame or in crystal reference frame. Pole
figures, inverse pole figures and orientation distribution functions (ODF) are normally used
to represent crystallographic. Both direct and inverse pole figures are the representation of
crystallographic texture on two dimensional scales, and ODF describes the three dimensional
distribution of the grain orientations [66]. In the specimen reference frame, it is called direct

pole figure (DPF), which shows the relative intensity of all diffracting planes along a
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particular sample direction such as basal pole figure (0001), prismatic pole figure (01-10) and
pyramidal pole figure (101-2) respectively. In the crystal reference frame, the distribution of
the crystallographic intensity is called inverse pole figure, which shows the variation in pole
density of one particular set of crystallographic planes in axial direction, hoop direction or
radial direction of the sample. Complete quantitative description of the texture is obtained in
crystallite orientation distribution function (CODF) [25], this gives the probability that a
grain lies within a certain range of orientations with respect to a coordinate system (e.g. three
orthogonal specimen directions rolling direction, transverse direction and normal direction
are chosen as the specified coordinate system (Figure 2. 5). Normally for zirconium alloys
ODF is created using basal (0002), pyramidal {10-11} and prismatic {10-10} pole figures
[25].

2.4.2. Kearns Factor

Other numerical parameters have been developed, such as the Kearns factor [67]. However,
within the zirconium community, the Kearns factor has become widely used and accepted.
The Kearns factor describes the effective fraction of hexagonal crystals with the basal pole

aligned along a particular sample axes. The value is given by [68]:

£ =? -_|.“_| I(c, B)sin’ (& )eos?(B)dSda
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2.4.3. Development of texture in Zirconium alloys during thermo mechanical processing

Apart from materials variables such as crystal structure and associated phase transformation,
the processing variables which affect the development of texture include the temperature and
stress system applied during mechanical deformation. This include amount of deformation
area-reduction, strain ratio Q, strain path, deformation temperature, intermediate and final

annealing conditions.

During cold rolling HCP materials show strong tendency for basal poles to be
oriented around the normal direction. The tilt of the basal poles from the normal direction

depends on the c/a ratio of the materials. For materials like zirconium base alloys (c/a <
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1.633), the basal poles tilt of 20 to 40° from normal direction toward transverse direction is

observed with [10-10] direction lying parallel to the rolling direction.

The process stress and strain vary according to the different fabrication techniques
used for shaping of material. In the tube reduction process such as Pilger milling it involves
triaxial stresses and strains. During cold deformation the two major factor i.e. the initial
texture and the area reduction, wall thickness reduction, and the applied strain path decides
the final texture as shown in the schematic diagram by Tenkohoff [24] (Figure 2.6). The first
one is determined by the previous thermomechanical process, and the second one depends on
the characteristics of deformation process. The two parameters area-reduction factor, Rs and
the other strain ratio factor O-factor gives rise to different deformation texture after a given
deformation pass. In a schematic in the figure Technoff, have described development of

texture as a function of above two parameters during tube reduction process.
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2.5. Material degradation

The pressure tube is exposed to the coolant having temperature 520-580K and coolant
pressure of 10 MPa. It also bears the weight of coolant and fuel bundles. The pressure tubes
experiences a biaxial stress state condition corresponding to thin-wall condition. This load
and the water pressure results in the hoop stress of approximately 65 Mpa in circumferential
(transverse) direction and approximately 122 Mpa in axial (longitudinal) direction. Pressure
tubes also experiences irradiation damage due to irradiation by fast neutron flux. A typical
distribution of temperature and neutron flux from inlet to the outlet of the pressure tube is
shown in Figure.2.7. This results in irradiation induced deformation by both irradiation creep
and irradiation growth. As a result, during in service reactor operation, the combined effects
of temperature, stress and irradiation the dimensions of the pressure tubes changes. The
dimensional changes are observed due to the net effect of thermal creep, irradiation creep and
irradiation growth [14-16]. However, the contribution of thermal creep is of much lesser
extent. Dimensional change in the pressure tube is the principle factor for restricting their

reactor life to typical 25-30 years.
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Figure 2.7: A typical distribution of temperature and neutron flux from inlet to the outlet of the pressure tube in
a PHWR reactor
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The various dimension changes in pressure tube that happen are:

i) Diametral expansion: The diameter of the pressure tube increases with time mainly due to
irradiation creep under the action of the hoop stress resulting from the pressurized coolant.
The irradiation growth contribution is mostly restricted to the central region of the pressure
tube where the neutron flux is high. The reported diametral strain observed along the length
of the pressure tube is shown in Figure 2. 8. However, it is reported that due to a specific
texture and microtexture of pressure tube irradiation growth has a negative component and

this decrease the total amount of diametral expansion.

i1) Axial elongation: Due to a combination effect of irradiation creep and irradiation growth

the pressure tube elongates. Total elongation increases with accumulated fast neutron fluence.

iii) Sag: The pressure tube undergoes sag mainly by irradiation creep from the weight of the
fuel bundles and the heavy water. A typical observed value of the sag along the length of the

pressure tube is shown in Figure 2. 9.

iv) Wall thinning: As creep and growth occurs at constant volume, the increase in diameter

and length result in a reduction in the wall thickness of the pressure tube.

The service life of the pressure tube in the reactor is managed by controlling the
different degradation processes such as dimensional changes, irradiation induced material
property changes, corrosion and hydrogen ingress [14, 68-69]. However, hydrogen pick up in
Zr-2.5Nb alloy being significantly low, it is the deformation of pressure tubes mainly

determines fuel channel life.

The irradiation enhanced changes in shape and dimensions in cold-worked Zr-2.5Nb
pressure tubes in service in PHWR reactors due to the irradiation creep and irradiation growth
has been reviewed extensively [16]. The effect of microstructure and texture of the tubes on
irradiation creep and growth has been especially investigated in detail. Both irradiation creep
and growth are strong functions of microstructural features which include the shape, the size
and the size distribution of the grains, the distribution of various phases, the interfacial
structure, dislocation density, and the crystallographic texture. In the earlier studies it has

been reported that pressure tubes having higher radial thickness of alpha grains, with large
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aspect ratio, and additionally consisting of larger circumferential basal pole texture have
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Figure 2.8: Diametral strain observed along the length of the pressure tube in a PHWR reactor for two
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Figure 2.9: A typical observed value of the sag along the length of the pressure tube.

22



shown better diametral dimensional stability. The strain rate measured during in service
operation of pressure tube having different Ft-Fr value is shown in Figure 2. 10. Higher the
Ft-Fr value lower is the diametral creep rate. From the reactor operations it is found with
increase in the grain thickness the diametral strain was found to decrease as shown in Figure
2. 11. The combined effect of the grain thickness along with the texture on diametral starin is
shown in the Figure 2.12. It can be seen that diametral strain is considerably lower for the
pressure tubes which have higher grain thickness and lower Fr values. These microstructural
and textural features essentially depend on the manufacturing process of the alloy. The
variability in the microstructure and texture along the length of the pressure tube introduced
during their fabrication leads to the variability in the dimensional change during service of

the tube [7, 9, 16].

It is also reported that thermal decomposition of the Bz phase is a key factor in total
dimensional change in the pressure tube. The alloy chemistry and trace elements content have
been also found to play important role on the mechanical properties and life of the tube. In
Zr-2,5 Nb alloy, Nb has low diffusivity rate and high solubility which is expected to enhances
the creep resistance of the alloy. Oxygen and iron are two important elements in the alloy.
Oxygen segregates in the 3 phase and increases the hardness of the material and improves the
creep resistance. It was reported that Fe was largely associated with the B-phase and it
influences significantly self-diffusion coefficients in o zirconium matrix. It I s observed that

Fe decreases the axial creep rate.

The variability of irradiation creep and irradiation growth during the service of the
pressure tube has been also a major subject of interest due to its immense effect on the
operational limitations. The effect of this variability can be seen in the figure 2. 8. The
corrosion resistance of the pressure tube, mainly hydriding and oxidation rate, also depends

strongly on the microstructure and texture of the tube [10, 69].

The individual effect of the three deformation mechanism has been relatively
understood. However, study of the combined effect of stress, neutron flux and fluence,
temperature, and the microstructure of the material is much more complex. There have been
several efforts to model the dimensional changes of the pressure tube. Some of the earlier

work has predicted the in-reactor behaviors for irradiation creep and growth [14]. However,
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this model could not predict accurately as with aging the material properties and stress
conditions changes continuously in the reactor. These models have been shown to be accurate
for narrow range of textures and microstructures corresponding to certain stage of the

pressure tubes presently in reactor.
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Figure 2.10: The strain rate measured during in service operation of pressure tube having different Ft-Fr value.
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Figure 2.11: Variation of diametral strain with grain thickness of the alpha phase.
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There has been continuous efforts towards improving the resistance to irradiation
induced creep and growth through the modification of the microstructure of the pressure tube
material to achieve longer life of the pressure tube in next generation reactors. Many

researchers have studied the change in microstructure and its effect on the properties by
altering the conventional route of pressure tube fabrication.

2.6. Fabrication of Zr-2.5Nb alloy Pressure tube

Generally, Zr-2.5 Nb alloy is used in cold worked condition in CANDU type

pressurized heavy water reactor. However, in RBMK and FUGEN type reactors, Zr-2.5Nb
alloy pressure tube is used in heat treated condition [8].

The typical fabrication routes employed by Canadian and Indian pressure tube
manufactures are shown in a schematic Figures 2.13. and figure 2.14 respectively. Zr-2.5Nb
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Figure 2.12: The combines effect of the grain thickness alongwith the texture on diametral strain
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alloy ingots are made by a quadruple arc-melting process from Zr sponge and master alloys
by vacuum arc melting. In Canadian route the cast structure is broken by two steps forging
process first press forging is carried out after preheating ingot in beta phase at 1015°C
temperature from 590mm dia to 360mm dia and Second rotary forging is carried out in two
phase region by preheating to 800°C to 210mm dia billet size. The Indian route was
following single stage extrusion process in two phase region (800°C) from 360mm dia cast
ingot to 210 mm dia billet. These billets are machined to make hollow billets which are
subsequently water quenched from the temperature 1015°C. The beta quenching is done to
obtain homogenization with respect to composition, texture and microstructure. In Canadian
route the quenched billets are hot extruded with an extrusion ratio of 10.5:1 at about 815°C
where as Indian route was following lower extrusion ratio of 7.5:1 at about 815°C. In the
CANDU route the tubes are cold drawn in two stages giving 25-30% cold work to achieve
the final dimensions [6]. In Indian route instead of cold drawing, two stage pilgering with
intermediate annealing was carried out to achieve the final dimensions. In the first stage of
pilgering 55% cold work is given and after annealing at 550°C for 3h in the second stage of
pilgering 20-25% cold work is given. In the final stage of fabrication autoclaving at 400°C for

24 h is carried out to form an adherent oxide layer and also to relieve residual stresses.

In these reactors it was shown that desired properties could be achieved through proper
heat treatment of Zr-2.5Nb alloy tubes. However, it generally involves a relatively complex heat
treatment process (Figure 2.14) which some time makes them difficult to achieve specified
properties uniformally. It requires precise control of solute temperature and cooling rate during
quenching or ageing process. Therefore, the heat treated pressure tubes have not been used
extensively in PHWR reactors. TMT-2 material also had good diametral creep resistance in-
reactor, attributed to both its texture and grain structure. The other three materials had similar

creep resistance controlled mostly by their texture.

The typical manufacturing process of heat treated pressure tubes of the RBMK and
Fugen reactor is shown in Figure 2.15. RBMK 1500, Ignalina 1 had used process (TMT-1)
where material was quenched from the (a+f)-Zr phase into water follow by cold-working
consists of a'-phase and between 10 and 20 % of untransformed a-phase where as RBMK 1500,
Ignalina 2 used process (TMT-2) where material quenched from the (a + )-phase into argon-
helium gas mixture followed by cold-working consists of Widmanstitten o-phase and

untransformed a-phase.
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Sponge Zirconium

! !
Quadruple-arc melt to ingot (590mm diameter
!

Press forge at 1015° C (360mm diameter polygons) ‘
!
Rotary forge at 800° C (210mm round logs)
!
Machine hollow billets
!
B- quench
!

Extrude with ratio of 10.5:1 at -815° C

!
Cold draw 25-30%

!
Autoclave 24 hours at 400° C

Figure 2.13: The fabrication flowsheet for manufacturing of CANDU PHWR pressure tubes
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Figure 2.14: The fabrication flowsheet for manufacturing of Indian PHWR pressure tubes

The billet of Zr-2.5 wt% Nb is extruded in a horizontal extrusion press, cold-drawn and then
solution-heat treated by quenching the material from the heating furnace (887°C) into water.
This solution heat treated pressure tubes are called heat-treated (HT) pressure tubes. After the
solution heat treatment the material is cold drawn up to the cold working degree of 5-15%. Then
the material is aged in a vacuum furnace at 500°C for 24 h. The typical dimension of the Fugen

pressure tube is with inner diameter of 117.8 mm, thickness 4.3 mm and length about 5500 mm.
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The chemical composition of HT Zr-2.5 wt% Nb pressure tube is given in Table 2.1.

| Double melt ingot |

| Water quench from 1050°C |

L d
Anneal 580°C for 5 h

! 7 (Cold Roll 23% \

| TIVIT-1 | | THIT-2 |

Figure 2.15: Fabrication flow sheet for manufacturing of pressure tube by heat treatment route(a) TMT1 (b)
TMT2.
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2.6.1. Evolution of microstructure during manufacture of Zr-2.5Nb pressure tubes

The fabrication of pressure tubes involves a large number of thermo-mechanical treatments,
and the final microstructure thus developed determines the long-term and short-term
properties of these tubes [6, 7, 70-72]. The evolution of microstructure and texture in Zr-2.5
Nb alloy pressure tube as a function of thermo-mechanical treatment and during their
fabrication has been studied by several workers in great detail [6, 30, 71]. Therefore, it is
important to understand the influence of each of these fabrication steps on crystallographic
texture and microstructure in order to optimize the pressure tube fabrication flow sheet. There
has been continuous effort towards improving the resistance to irradiation induced creep and

growth, through the modification of the microstructure of the pressure tube material [6, 16].

Table 2.1: Typical Composition of Zr-2,5Nb alloy pressure tube

Element Composition (wt%)
Nb 2.5-2.8%
O 1100-1400 ppm
Fe 900-1300 ppm (alloying element)
C 40-80 ppm (alloying element)

Microstructure of cold worked Zr-2.5Nb pressure tubes

The Specific detail of the evolution of microstructure during their fabrication has been
presented in this section. The forged or extruded billet microstructure normally show coarse
o widmanstatten type of microstructure in which 3 phase is present at o/a interfaces. The -
quenched structure in Zr-2.5 pct Nb tubes consists of lath as well as plate martensites in
which three distinct types of morphologies exist. These are large primary martensite plates
which are occasionally internally twinned, fine secondary martensite plates arranged in self-
accommodating groups, and martensite laths stacked almost parallel within a packet. Similar

microstructure is reported for both types of fabrication routes [6, 52, 73].
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Figure 2.16: The evolution of microstructure during fabrication of Indian PHWR tube.

A typical microstructure of the extruded Zr-2.5Nb consists of about 90% ozr and
~10% Pzr. Nb content is partitioned between the phases such that the predominant o phase
has a Nb content less than 1wt%, while the P-phase contains ~20wt% Nb. The volume
fraction of the B phase is higher and the niobium content is less in case of Indian route.
During hot extrusion, the o and f phases dynamically recrystallizes and gives rise to thin
and platelet-like shaped o grains that are mostly elongated in the axial direction and
flattened in the radial direction with an aspect ratio in the range of 1:5-10:20-40 in the radial,
transverse and axial axes of the tubes, respectively. The aspect ratios of both phases are
much smaller in case of tubes produced by Indian fabrication route. The B phase is
sandwiched between a stringers. The ®-phase precipitates within the § during cooling of the

hot-extruded tubes following either processing route.

In Canadian route during cold drawing o grains gets further elongated and increases
the dislocation densities substantially. <a>, <c> and <c+a> type have been reported. Griffiths
et al. [7, 8] reported that the finished tubes produced by Canadian route usually contain a
mixture of <a> and <c> component and dislocations density of the order of 1x10"m?

respectively.
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In the Indian route the first pilgering operation further elongates both o and
microstructures and aspect ratio of the o grain increases marginally. Fragmentation of the
stringers also occurred due to the heavy cold deformation. TEM observations revealed a very
high dislocation density within the a stringers. The purpose of the intermediate annealing
treatment prior to the second pilgering in Indian route was to annihilate all the cold work
introduced in the first pilgering step. During the annealing treatment, static recrystallization
of the two phases occurs. Additionally, in several regions continuous stingers of 3 phase gets
globulized. It is found that optimum annealing treatment (550°C ~ for 6 hours) retains the
elongated morphology of the two phases produced in the hot extrusion step. 20 to 25% cold
work introduced in the final stage of fabrication produces a dislocation density of about
2.5x10"/m?. Figure 2.16 shows the evolution of microstructure during different stages of the

fabrication of the pressure tube.

Autoclaving of the tube decomposes Pzr further towards the equilibrium oz and Pnob
increasing Nb content. In final pressure tube, the predominant o phase retains it lamellar
shape while the [ phase is distributed more or less continuously between the o

microstructure of the pressure tube material grains [74].

Figure 2.17: : The final microstructure of the Indian and CANDU pressure tube material
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Similar observations have been made in the tube produced by Indian route however, [ phase
is discontinuous in many regions and spherical 3 phase is observed showing much higher Nb
content. The a phase is also not as lamellar and aspect ratio is also smaller in the finished
pressure microstructure. The final microstructure of the Indian and CANDU pressure tube is
shown in Fig. 16. Formation of the ® phase within the 3 phase has also been reported in the

final autoclaved tube.
Zr-2.5% Nb alloy heat treated Pressure Tube

Heat-treated 2r-2.5 Nb pressure tubes are water quenched from the o+f phase, cold worked
about 12% and then aged at 500°C. This produces a microstructure that consists of about
90% martensitic a'and 10% equilibrium o grains. After the water quench, the martensitic o'
is supersaturated in Nb. The subsequent cold work and aging treatment results in a small
amount of recrystallization and small BNb precipitates are formed. The martensitic &' has a
relatively random crystallographic texture and hence the properties of heat treated tubes are

much more isotropic than cold worked tubes.

Compared to cold worked tubes, there is much less information on heat-treated
pressure tubes that have been tested after service in reactors. In general, their tensile strength
is higher, their ductility, corrosion and hydriding, fracture toughness and susceptibility to
DHC are similar, their axial elongation is much less but their diametral expansion is slightly

higher.

Wolsong PT

Maximum 12

Figure 2.18: A typical basal pole texture obtained in the cold worked pressure tube
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2.6.2. Evolution of crystallographic texture in Zr-2.5Nb pressure tubes

A typical basal plane (0002) pole figure of CANDU pressure tube is shown in Figure 2. 18.
It shows majority of {0002}, {1120} and {1010} basal plane normals oriented in the

transverse, radial and axial direction respectively of the tube. The CW and TMT-2 tubes have
a higher proportion of grains with basal plane normals in the transverse direction, F' of 0.52 to
0.57, than in the radial direction, FR of 0.38, while quenched and annealed materials (TMT-1

and CW-A) have similar values of F' and FX, about 0.38 in quenched materials and 0.41 in

annealed materials.
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Figure 2.19: The evolution of texture during different stages of pressure tube fabrication (Cross sections Rolling
Plane (RP), Long Transverse (LT) and Short Transverse (ST)

The strong (0002) texture of typical CANDU pressure tubes results in good transverse
tensile strength and low circumferential strain due to irradiation creep [16]. It is reported that

such texture however shows higher axial irradiation creep and growth and not favourable for

delayed hydride cracking (DHC) [75-77].
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The final crystallographic texture of cold work pressure tubes is predominantly
established during extrusion [52, 78]. The subsequent cold drawing and stress relieving in
the Canadian route does not modify texture significantly. Kiran Kumar et al have measured
the texture at different stages of fabrication of the pressure tube and have shown that tubes
produced by Indian route show marginal modification in texture both after pilgering as well
as intermediate annealing [70, 79] (Figure 2.19). Earlier they have shown that in Zr-2.5Nb,
two phase material, majority of deformation during cold working is experienced by the beta
phase and no effective deformation occurs in the o phase Figure 2.20. The a plates

experiences only in plane rigid body rotation align itself in the rolling direction [42].

Figure 2.20: Development of lattice strain in the alpha in presence of beta phase

The influence of extrusion parameters on the development of texture of Zr-2.5Nb
tubes Extruded in the o+ phase field has been reported by Holt et al [52], [80], [81].. There
study has shown that increase in extrusion ratio decrease basal pole intensities in radial
direction and increases in the transverse and axial direction (Figure 2.21(a)). The increase in
extrusion temperature also results in increase in basal pole texture to larger extent in
transverse direction and to lesser extent in the axial direction at the expense of the radial basal

pole texture (Figure 2.21(b)).
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Holt and co-workers have explained mechanism of texture development as a function
of extrusion temperature and extrusion ratio [78]. The volume fraction of the o and  phase
and the operating deformation mechanisms in different temperature regime and state of
stresses  influences development of texture in aZr and bulk textures of Zr-2.5Nb extruded

tubes. This in turn decides the dominant texture in the extruded product.

During extrusion temperature drop occurs from the start to finish of the tube. The
radial basal texture increases and axial basal texture decreases from the front end to the back
end. As well, the grain size gradually decreases from the front to the back end. The variation
in texture along the tube results in variation in properties and in-reactor performance of the
tube [82]. There have been several efforts to modify the manufacturing process to eliminate

or minimize the variation in texture in the tube.
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Figure 2.21: The change in the transverse texture with increase in (a) extrusion ratio (b) extrusion temperature
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The microstructural features such as a grain morphology and the dislocation structure
and density also plays important role in the development of the texture in Zr-2.5Nb alloy

tubes.
2.7. FEM Simulation of Hot extrusion of Zr-2.5Nb alloy pressure tube

The morphology and distribution of the alpha and beta phase get greatly influenced during
this hot extrusion stage [21, 22]. These microstructural and textural features are influenced by
the actual temperature and stress distribution during the hot extrusion process. In addition,
extruded product quality in terms of variation from leading end to tailing end, surface cracks,
ovality, etc also depend on the presence of steep temperature gradients during the hot
extrusion [78, 83]. Hence a detailed knowledge of the role of process parameters such as
billet preheat temperature, extrusion speed, extrusion ratio etc on the temperature and stress
distribution during the hot extrusion process can help tailor the process. However, the design
and control of the experiments to acquire such information during hot extrusion process is
rather difficult. An alternative approach could be application of computational / numerical
analysis of the extrusion process for the process optimization. In the recent past the three-
dimensional finite element analysis for hot extrusion is being pursued in case of aluminium
based materials [84-86]. Such studies in case of the Zr based alloys seem to be rather limited

in the open literature, forming the motivation to present study.

Arbitrary Lagrangian Eulerian FE formulation and 8 noded Hexahedron types of
elements, which have shown great potential in the finite element methodology of metal
forming, were used for the current study. Some of the key parameter of the extrusion process
such as ram velocity, billet pre-heat temperature, fillet radius and reduction ratio, have been
studied for their role in determining the overall temperature distribution during hot extrusion,

requirement of ram force etc.
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Chapter 3

Experimental Methods

3.1. Thermo-mechanical Process for Fabrication of Pressure Tubes

3.1.1 .Melting of Zr-2.5 Wt% Nb Alloy:

Zr-2.5 wt% Nb alloy ingots were prepared by consumable vacuum arc melting
process (VAR) [87, 88]. The entire ingot making includes- compaction of sponge along with
alloying elements in desired proportion, preparation of consumable electrodes using electron
beam welding technique and finally vacuum arc melting. Zirconium sponge being the major
input material for melting, desired chemistry of sponge was selected in terms of Hf, C and O
content. Zirconium sponge was mixed with major and minor alloying elements as Nb and
minor Fe respective in required proportion. Oxygen (1100-1400 ppm) being another major
alloying element in the Zr-2.5 wt% Nb alloy was mainly achieved by selection of Zr- sponge

itself with relatively high oxygen content.

Figure 3.1: Quadruple melted Ingot by VAR melting method

For better homogeneity, reduced surface and subsurface defects and most importantly
to remove critical gaseous impurities particularly ( H< 5 ppm, CI< 0.5ppm, P<10 ppm)
quadruple melting was carried out. The sufficient numbers of cylindrical compacts are made
of sponge and alloying elements were stacked together and welded along the length and used

as consumable electrode in the VAR. The primary melted electrodes were assembled, welded
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together and remelted into bigger diameter crucible. Finally, the quadruple melted Zr-2.5wt%
ingot of 350 @ mm and 5500 mm was produced (Figure 3.1). The ingots were subjected to
ultrasonic testing on complete volume [89]. Also, the samples from ends of the ingot were

collected in the form of turnings for comprehensive chemical analysis (table 3.1)

Table 3.1: Typical composition of the Zr-2.5Nb alloy ingot

Element 350 O mm (Wt%) 550 @ mm ingot
(Wt%)
Niobium 2.50 2.72
Oxygen 1126 ppm 1238
[ron 645 ppm 1130
C 60 71

3.1.2. Forging of Zr-2.5wt%Nb Ingots:
Forging process was used in primary breakdown of cast structure in the quadruple melted
?350mm and 550mm ingots. Further two different forging methodologies [90] were
employed for forging of ingots viz. press forging and radial forging. Both these processes are
essentially open die forging however defer in state of applied stress due to application of
single or multiple dies during forging. Forgings were carried out to achieve rods of final
diameter of 230mm. the selection of final forging diameter was based on the possibility to
produce hollow billets for pressure tube blank production. Ingots were preheated in a 70KW
resistance heating furnace under the controlled atmosphere to minimize surface oxidation.
Press Forging

A PAHNKE make two pull down type 1500 T hydraulic forging press was used for
press forging of starting ingots of @ 350mm and 550mm. The forging process was essentially
completed by holding the preheated work piece in a manipulator jaw and placing it on the
stationary curved anvil. The upper die moves up and down at a predetermined speed
imparting controlled deformation on outer diameter on each downward stroke. During the
each upward stroke the manipulator rotates the ingot essentially to cover deformation the

entire cross section.
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The 350 mm dia was preheated at 950° C and soaked for 4-5 Hrs before press forged
to 230 mm dia with overall forging ratio of 2.3:1 in a number of forging passes without any
intermediate reheating. The conversion of @550mm diameter to @ 230 mm was carried out in
two stages of forging with an intermediate reheating. The first stage press forging from
?550mm to O 350mm with forging ratio of 2.5:1 was carried out on preheated ingot soaked
at 1015° C for 5-6 Hrs. In the second stage the same ingot was reheated to 815°C for 4-5 h
before forging to final diameter of 230mm.

The forging was carried out at a forging speed of about 100mm/sec with reduction per
pass varying from 30 mm/pass in initial stages to 20 mm/pass in final stages of forging. The
strain rate throughout the press forging was maintained in the range of 0.30 to 0.40 per sec.
Radial Forging

The present radial forging were carried out on a GFM SX-65 type machine with a
capacity of 1540T as shown in figure 3.2. The deformation in radial forging results from a
large number of short strokes at high speed by four hammer dies arranged radially around the
work piece. In addition, during forging the work piece was rotated to obtain a forged product

with good surface finish.

Figure 0.2: Radial forge press machine used to forge from (i) 550 dia to 330 mm dia and (ii) 350 dia to 230 dia
billet

Radial forging were only carried out for ingots of @550mm. Similar to the press
forging mentioned above, here also the two stages radial forging was carried out essentially

maintaining the corresponding temperature for preheating and soaking time as well as
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reduction ratio( i.e 1% stage forging to @350mm and 2" stage forging to @ 230 mm, figure
3.3). The overall forging ratio in case of double forging was equal to 5.7:1. The mean
effective strain rate was varied from 0.2 to 0.85 per sec in the deformation zone of the dies
based on the input diameter in each deformation pass.

Finally all the forged ingots of 230 mm diameter were cut into equal length and
subjected to OD machining and deep hole drilling to provide inner diameter of 30mm
followed by hot expansion to obtain requisite dimension of hollow billets. Expansion was
carried out on 1200T vertical hydraulic expansion Press (VEP) where a preheated billet to
750 - 800°C and moved inside vertical container. A nose cone tool was passed through the ID
to enlarge to 104 mm. During the process the OD essentially remained constant while length
increased in proportion to maintain the volume constancy. The schematic of the expansion
process has been shown in fig 3.4.

Beta quenched billets were then machined on OD and ID surfaces upto @ 217mm and
O 112mm respectively to remove surface oxide and imperfections. This was followed by

ultrasonic testing for flaw detection.

Figure 3.3: 230 mm diameter double stage radially forged zr-2.5Nb alloy ingots

3.1.3. Extrusion of Zr-2.5Nb alloys

In this study process of extrusion was used primarily for two purposes. First extrusion was
employed as a primary breakdown of ingots and secondly for producing tubular blanks which
were used as preform for fabrication of final Zr-2.5Nb pressure tubes.

The ingot was preheated at 800° C for 3 h and extruded with an equivalent extrusion
ratio of 2.3:1 and mean strain rate of 1.2 to 1.5 per sec. The copper coated ingots were placed
into the preheated extrusion container and forced through the conical die (semi die angle 60°)
of 230mm ID. Primary breakdown of the ingot was carried out on 3780T hydraulic horizontal
extrusion press shown in Figure. 3.5 (a) (HEP) [21, 22].

In case of hollow extrusion, the hollow beta quenched billets were jacketed in seamless Cu

tube. These billets were preheated and soaked at 815°C for 2.5 to 3 h before final extrusion to
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blanks. In the present study extrusion into tubular blanks were carried out for two different

extrusion ratios. Tubular extrusion of 133mm OD X 9mm Wall thick tube

PIERCING
OPERATION

N | | Ll
Figure 3.4: Schematic of Piercing Operation of the billet for extrusion of blanks

was carried out with extrusion ratio of 7.3:1 whereas ER of 12.75:1 was employed for
extrusion to 119mm OD X 6mm Wall thick tube (Figure 3.5 (b). Extrusion ram speed was
maintained in the range of 40-50mm/sec. Tubular extrusions were also carried out in a
conical die with half die angle of 45° to avoid the formation of dead metal zone in the
container which could lead to shearing and tearing of Cu jacket. Cu -jacketing from the

extruded tubular blanks were removed thoroughly by dissolving into 60% conc. HNOs.

3.1.4. Heat Treatments

S Quenching

All the hollow billets prior to hot extrusion were subjected to  quenching. The billets were
heated at 1000°C temperature for 30 min followed by quenching into water.

Stress-Relief annealing

The hot extruded blanks were stress relieved in Horizontal Vacuum Annealing Furnace at

480°C for 3 hrs (figure.3.6).
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a+f quenching
During fabrication of heat treated pressure tube a+f quenching was performed on hot
extruded blanks. The blanks were soaked in a+f region in vacuum at 860°C to 890°C for 30

min and subsequently they were either gas quenched or water quenched.

Figure 3.5: (a) Horizontal hot extrusion press (b) Hot extruded Zr-2.5Nb alloy blanks

Ageing treatment

The a+f quenched and further cold deformed samples were aged at 420°C and 450°C for
different duration in a vacuum furnace.

Intermediate vacuum annealing

In the case of fabrication of cold worked pressure tube an intermediate vacuum annealing was
performed at 550°C/6h between the two successive pilgering passes. The aim of this
annealing was to restore the ductility of the tube.

Autoclaving

Pilgered pressure tubes were autoclaved in an enclosed chamber having pure steam
atmosphere completely free of air maintained at 400°C (+/-15°C) for a period of 36 h. The
autoclaving of the tubes were aimed to achieve a continuously uniform black or dark gray

impervious and adherent oxide layer.
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Figure 3.6: Horizontal Vacuum Annealing Furnace and its Schematic representation

3.1.5. Cold Pilgering

In the present study pilgering was employed as cold working method for reduction of OD and
WT of tubular blank preforms produced by hot extrusion. These blanks after stress relieving
were pilgered on 150 VMR pilger mill. The outside diameters, inside diameter and wall
thickness of tubes were simultaneously reduced over the working length under a pair of dies
with semi-circular tapered grooves cut on them. A tapered mandrel, with a matching contour
with the dies, was placed centrally between the grooves, which determined the wall thickness
of the reduced tube along the working length.

The effect of cold working was carried out with two different starting size of the
extruded blanks and achieving the finished pressure tube dimension of 112.8 mm OD X
103.4 mm ID X4.7 mm Wt. Wherever the input tubular blanks of 133mm OD X 9mm Wt
(ER=7.3:1) tubes were taken, final dimension of the pressure tube was achieved in two stage
pilgering. The stage pilgering was employed with 55% cross sectional area reduction to
achieve an intermediate tube of dimension of 119 mm OD x 6mm Wt. This intermediate tube
was given a second and final stage pilgering of 20% cold sectional area reduction to
manufacture the finished pressure tube. However an intermediates vacuum annealing at 550°

C/ 6h between the two successive pilgering passes was also done with the aim to restore the

ductility of the tube.
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3.2. Characterization techniques

3.2.1. Sample Preparation for Microscopy

Preparation of Specimens for Optical Microscopy

Appropriately heat treated specimens were first ground on successive grades of silicon carbides
paper down to 600 grade. After cleaning the samples were chemically polished and/or etched in
a solution containing 50 parts of water, 40 to 45 parts of nitric acid and 5 to 10 parts of
hydrofluoric acid. It was noticed that the etching was very uniform with 6 to 7 parts of the
hydrofluoric acid.

Samples prepared for optical microscopy could be used directly for X-ray diffraction
investigations for phase identification and analysis [61]. The same samples could also be used
for scanning electron microscopy studies using the back scattered electron and the secondary
electron modes of imaging.

Preparation of Specimens for Scanning Electron Microscopy

Specimens for secondary electron imaging were prepared in a similar manner as that for the
optical microscopy specimens. After mechanical polishing samples were chemically polished
and/or etched in a solution containing 50 parts of water, 40 to 45 parts of nitric acid and 5 to 10
parts of hydrofluoric acid. In case of back scattered imaging specimens were only polished to
the mirror finish by using both mechanical and chemical methods [65].

Preparation of Specimens for Orientation Imaging Microscopy

Coarse grinding was used to produce flat surface for examination and it started with 240 upto
1200 grit SiC. Polishing is used to remove any deformation introduced earlier during grinding
and it is done by alumina abrasives and diamond solutions for harder materials. Alumina is
used as final polishing medium, however for good EBSD pattern quality colloidal silica was
used. Mechanical polishing alone is not enough to produce good EBSD patterns and
subsequently electropolishing was used [58].

Preparation of Specimens for Transmission Electron Microscopy

For preparing specimens for transmission electron microscopy (TEM) [63] slices of thickness of
about 0.5 mm were cut with a low speed diamond saw from appropriately treated specimens of
different alloys. When required, theses slices were subjected to the desired heat treatments.
These slices and strips were ultrasonically cleaned, ground on both sides with 320 grit silicon
carbide abrasive paper until they were 100-150 um thick, and then ultrasonically cleaned again.
Disc specimens of 3 mm diameter were punched out from the sliced and ground material,

followed by thinning by dual jet electropolishing in a Tenupol dual jet electropolisher, using an
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electrolyte consisting of perchloric acid (30 parts), n butanol (170) parts, and methanol (300
parts). The thinning was carried out by maintaining the electrolyte temperature at around -40°C
and using a voltage of 20 V. Immediately after perforation the discs were removed from the

electrolyte and thoroughly rinsed with methanol.

3.2.2. Microscopy Examination of the Specimen
Optical microscopy investigations of the heat treated samples were performed using Carl zeiss
and Leika microscopes. Bright field as well as polarized light images were examined.

SEM and OIM were carried out in FEI and JEOL microscopes [91]. Both secondary and
back scattered images were obtained in SEM mode. The OIM patterns were obtained by EBSD
technique and the patterns were analysed using HKL softwares.

Some of the TEM thin foils were examined in a JEOL 3010 microscope and some others
JEOL-2000-FX microscopes operating at 200 kV and 300 kV respectively. Standard electron
microscopy techniques like bright and high resolution dark field microscopy, selected area
diffraction (SAD), weak beam imaging, etc. were employed. A series of reciprocal lattice
sections and standard stereographic projections corresponding to the a(hcp, with a c/a ratio of
1.59) and the B(bcc) phases were prepared in order to facilitate the analysis of the observed
diffraction patterns and microstructural features. In a limited number of specimens the
composition analysis of the o and the B phases was carried out by energy dispersive

spectroscopy (EDS) in a JEOL microscope.

3.2.3. Quantitative metallography

The volume fractions of the a and the 3 phases as well as the thicknesses and the aspect ratios of
the crystals of the two phases were estimated by using a digital image processor. The
micrographs obtained by various microscopy techniques were grabbed by a solid state video
camera and subsequently these images were digitized. For a given micrograph each feature was
then assigned a specific grey level. The line intercept method was used to count the different
features. The volume fractions of the individual phases were determined on the basis of their
differential grey levels.

3.2.4. Sample Preparation and texture analysis by X-ray diffraction technique

The specimens from three principal directions (transverse, radial and axial) of the pressure
tube were obtained as shown in Figure.3.7 (a). As the wall thickness of the tube was <4 mm

composite samples were prepared, for the transverse and axial directions. For each direction a
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specimen surface area of ~15 mm x 10 mm was prepared. It was ensured that the surfaces of
the specimens extracted in three principal directions were perpendicular to the respective
reference directions.

The sample pieces obtained from a selected direction were placed closely and
mounted using araldite. These mounted specimens were then subjected to metallographic
preparation upto the 1000 grit size emery paper using standard procedure and then
mechanically polished using diamond paste of 3um particle size. As a final step these
specimen surfaces were chemically polished in 45% HNO;, 5% HF and 50% H,O which
dissolved a thin layer of ~0.05 mm thickness to produce stress free sample surfaces for XRD
studies.

X-ray diffraction [92] studies were conducted for phase identification and analysis by
using a monochromated copper K, radiation in conjunction with a Bruker and a JEOL models.
In the present study the crystallographic texture measurements of Zr-2.5%Nb alloy pressure
tube samples was determined by Kearns method. The diffraction scans were recorded from
the sample surface with 20 angles ranging from 30°. The step size was kept at 0.05°. X-ray
diffraction scans for a a-zirconium powder sample (containing randomly oriented particles)
was also recorded in the identical manner. Diffraction patterns were corrected for background
using the software and the integrated intensity from the 19 reflecting planes as shown in
Figure. 3.8 was recorded. The texture parameter fjg; for the selected direction was

determined all the three principal directions.
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Figure 3.7: 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
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3.2.5. Mechanical Testing of Pressure Tube:
Samples were cut from leading end and also from trailing end for mechanical testing. The
tensile properties of the pressure tubes from longitudinal sections were determined by using

servo hydraulic Instron tensile testing machine.
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Figure 3.8: Standard Projection of Diffracting Planes of Alpha Zirconium, c/a = 1.59 showing 17 main peaks
used for kearns parameter determinations
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Chapter 4

Development of New Fabrication Process Route for
Zx2.5% NDb Pressure Tube

Zr-2.5 wt.% Nb alloy pressure tubes for the Indian pressurized heavy water reactors
(PHWRs) are currently fabricated by hot extrusion and two-stage pilgering [30, 79, 93, 94]
with an intermediate annealing treatment. The pressure tubes undergo irradiation enhanced
changes in shape and dimensions due to the irradiation creep and irradiation growth, which
limits their in-service performance and life [14, 55, 56]. The dimensional instabilities viz.,
tube axial elongation, diametral creep, and creep sag in pressure tubes are strongly dependent
on the tube microstructure, texture and mechanical properties. These microstructural and
textural features are essentially governed by the manufacturing process of the pressure tube.
Fabrication trials involving variation in three important stages of pressure tube manufacturing
were undertaken with an objective of improving the resistance to irradiation induced creep
and growth through microstructural and textural modifications [9, 14, 55]. The variations
were with respect to the mode (forging versus extrusion) and steps of primary breakdown of
the cast structure of the ingot, the hot extrusion ratio to produce tubular blank, and the
number of subsequent cold work stages to achieve the specified dimension of the finished
tube. The salient feature of this campaign is that, the reported fabrication trials are actually
performed on full industrial scale (as used for manufacturing 6.4 meter long pressure tube).
In-depth microstructural characterization through different techniques was carried out at each
step of these trials to ascertain the morphology of the alpha phase, distribution and
composition of the beta phase, and crystallographic texture. Mechanical property evaluation
has also been done to establish the structure—property relationship [8]. This chapter presents a
summary of the detailed characterization of each step of the various fabrication routes that

were employed and reveals the role of each stage on the final microstructure and properties.

4.1. Fabrication methodologies

On the basis of the identified variables in each of the stages, a total of six processing
routes (including the current route) have been selected for the present study keeping in mind
the manufacturing resources available (Figure 4.1). The major variations in the

manufacturing routes adopted were basically: (i) method (extrusion or forging) and number
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of stages (single or double) for breaking the cast structure, (ii) tube blank production with two

different extrusion ratios, and (iii) single or double pass pilgering with intermediate

annealing. In all the above fabrication routes the extruded blank was stress relieved at 480 °C

for 3 h.

Route A Route B Route C Route D Route E Route F
Ingot Ingot Ingot Ingot Ingot Ingot
(350mm) (350mm) (350mm) (550mm) (550mm) (350mm)

Press Radial
forging forging
Pre§s Pre.ss Extrusion (350mm) (350mm) Extrusion
forging forging
(230mm) (230mm) (230mm) Pre§s Rac!lal (230mm)
forging forging
(230mm) (230mm)

p B B p B p
quenching quenching quenching quenching quenching quenching
Extrusion Extrusion Extrusion Extrusion Extrusion Extrusion

(7.3:1) (12.75:1) (12.75:1) (12.75:1) (12.75:1) (7.3:1)
Stress Stress Stress Stress Stress Stress
relieving relieving relieving relieving relieving relieving
I pilgering I pilgering
(55%) (55%)
Annealing Pilgering Pilgering Pilgering Pilgering Annealing
T (20%) (20%) (20%) (20%) T
pilgering pilgering
(20%) (20%)
Autoclaving Autoclaving Autoclaving Autoclaving Autoclaving Autoclaving

Figure 4.1: Different fabrication trials

The composition of the starting ingots is given in table 4.1. For the single stage
extrusion routes (routes C and F), the primary breakdown of the ingot was obtained at a
temperature of 815°C by employing an extrusion ratio of 2.3:1 and strain rate of 1.2—-1.5 per
sec using a 3780T horizontal extrusion press. For the single press forging routes (routes A
and B), the same amount of reduction was obtained by open die forging of the ingot using a
1500T forging press. Forging for the single forging route was carried out at a temperature of
950°C and a forging speed of about 100 mm/s. Conversion of the ingot from 350 mm O to the
final 230 mm O was completed in a number of forging passes with reduction per pass varying
from 30 mm/pass in the initial stages to 20 mm/pass in the final stages of forging. The strain
rate throughout the press forging was estimated to be in the range of 0.30—0.40 per sec.

Table 4.1: Chemical compositions of Zr-2.5Nb alloy Pressure tube
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Elements
Routes
Nb (wt%) O (ppm) Fe (ppm) C (ppm)
Route(A,B,C&F)

2.5 1126 645 60

3500 mm Starting Ingot
Route(D&E)

2.72 1238 1130 71

5500 mm Starting Ingot

During the ingot processing campaign another variation in terms of the primary
breakdown of the ingot was employed by carrying out forging in two stages starting with
0¥550 mm arc melted ingot. Two different methods of forging were tried out, viz., press
forging and radial forging [90, 95] (routes D and E respectively). In the latter case,
deformation was imparted through closed die forging. The current radial forging trials were
carried out on a GFM SX-65 type machine with a capacity of 1540T. The deformation in
radial forging results from a large number of short strokes at high speed by 4 hammer dies
arranged radially around the work piece. In addition, during forging the work piece is rotated
to obtain a forged surface with an acceptable surface finish. In both the stages of forging the
total deformation was achieved in multiple forging passes maintaining a mean effective strain

rate of 0.2—0.85 per sec in the deformation zone of the dies.

4.2. Results and discussion
In essence the focus of the present study is to address the following issues pertaining to
pressure tube fabrication:
e Forging versus extrusion during breaking of the cast structure and to reveal the
effect of breaking the cast structure in single versus double step forging.
e Effect of high versus low extrusion ratio on the microstructure and texture.
e The effect of single pass pilgering against double pass pilgering with
intermediate annealing.

Since the changes brought by a particular step are best understood by examining the
microstructure immediately after it, the present investigation compares the different routes by
studying the respective microstructures that results after each of the three major processing
variables considered in the present study, viz., extrusion versus forging (single and double)

for breaking the cast structure, high versus low extrusion ratio in the blank extrusion, single
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vs double pilgering subsequent to extrusion. Since these variables cannot be studied in
isolation, a holistic comparative analysis is presented by taking into account all the routes

together at each stage as follows.

4.2.1. Microstructural characterization

The microstructures developed in the different processing routes (A-F) have been
characterized through SEM and TEM at three distinct stages viz., (i) after breaking of the as-
cast structure, (ii) after extrusion of  quenched-hollow billet, and (iii) after final cold work.

These are described in detail in the following sections.

Microstructure subsequent to cast structure breaking

The SEM and TEM [65, 96] micrographs given in Figure 4. 2a—d and Figure 4. 3a—d
respectively show the microstructures obtained after the final breakage of the as-cast structure
in all the routes, i.e., in an ingot of 230 mm @. In case of all the forging routes viz., single
press forging, double press forging and double radial forging, the microstructure was found to
be coarser in comparison to that of extrusion. It may be noted that the term ‘‘coarseness’ is
being used in this work with respect to the width of the o lamellae (i.e., dimension along
transverse direction of the tube).
Figure 4. 2 and 4.3, when seen in combination, clearly reveal that forging in general lead to
coarse a grains, while double forging further enhanced the coarseness of the o phase (see
Figure 4. 3 in particular). For example, the average width of the o lamellae was around 2-3
pm in case of double radial forged route (route E), whereas, in case of extrusion and single
press forging routes the value of the same are in the range of 1.5-2 pum (for routes A, B, C
and F). Similarly, TEM investigation revealed that the width of the B phase is higher in the
double radial forged route (route E) as compared to extrusion and single press forge routes
(routes A, B, C and F), compare Figure 4.3¢ with figure 4.3a and d. All of these observations
could be attributed to the higher temperatures employed in the forging routes. For single press
forging, the working was carried out at 950°C, i.e., just in the B region. In double forging
routes, the first stage reduction from 550 mm @ ingot (forging ratio — 2.5:1) was carried out at
1015 °C and the second stage reduction from 350 mm @ to 230 mm @ was accomplished at a
lower temperature of 815°C in the two phase region consisting of both o and B phases. Since

the starting diameter of the ingot was 550 mm (considerably larger than the 350 mm ingot
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Figure 4.2: SEM micrographs after final breaking of cast structure (at 230 mm dia stage); (a) Single press forge
routes (routes A and B), (b) Double press forge route (route D), (c) Double radial forge route (route E), (d)
Single extrusion routes (routes C and F)
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size in the single stage process routes), a higher temperature of 1050°C, as employed
elsewhere, was used for the first forging stage. This ensured processing of the ingot entirely

in the B phase region of the Zr-2.5Nb alloy thereby lowering the deformation load along with
the added advantage of homogeneous distribution of all the alloying elements. However, the
coarseness introduced in the microstructure during the first forging stage seems to be retained
even after further processing in the o + 3 region during the second forging step and this could
be the reason for exhibiting coarser microstructure as compared to the single forged routes (A
and B). However, for all forging routes the microstructure was more uniform in terms of the
aspect ratio of the o phase and distribution of the B phase in between o/o filaments
throughout the length of the tube. SEM and TEM micrographs of the forged ingots clearly
show the higher width of  phase sandwiched between relatively longer o/a interfaces, which
has been found to be desirable from a diametral creep point of view. Moreover, the final
microstructure developed after radial forging, as observed in Figure 4. 2¢ and 4.3 c, clearly

indicated the homogeneity of deformation, i.e., uniformity with respect to the extent of the
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mechanical work both along the length and across the cross-section, as well as equal
interspacing of the  phase in the o phase matrix as compared to microstructures developed
by other trial routes. It may be noted that this particular observation regarding homogeneity
of the microstructure is based more on the SEM micrographs (Figure 4. 2) which represent a
much larger area compared to the TEM micrographs (Figure 4.3). Radial forging leading to
an improvement in microstructural uniformity has also been reported elsewhere [97-99]. For
breaking of the cast structure by extrusion, noticeable differences could be observed in the
morphology (thickness, aspect ratio) of the o phase (Figure 4. 3 d) compared to that of forged
microstructures. This suggests relatively higher deformation heterogeneity in the extrusion

process in comparison to the forging mode of deformation.

Microstructure after hot extrusion of hollow billet

Once the cast structure was completely broken, the Zr—2.5Nb solid billets underwent
deep hole drilling followed by expansion to obtain the desired size of hollows. The expansion
is essentially a back extrusion process carried out at elevated temperature to expand a smaller
hole in the billet made by deep hole drilling. Pre-heated billets are placed into a vertical
container and the inner diameter is expanded by passing a nose cone tool under the hydraulic
pressure. The diameter of the nose cone determines the final inner diameter of the hollows.
Volume constancy is maintained by an increase in length of the actual preheated billet.
Further, the hollows were B-quenched from 1000°C to achieve randomization of texture and
homogenization in terms of chemical composition. The B quenched samples showed fully
martensitic microstructure consisting of both internally twinned (Figure 4. 4 a) as well as
internally slipped martensites (Figure 4. 4 b) throughout the cross-section of the hollow billet
as observed in other studies of Zr—2.5Nb alloy.
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Figure 4.3:: TEM micrographs after final breaking of cast structure (at 230 mm dia stage) in transverse direction
(centre); (a) Single forge routes (Route A and B), (b) Double press forge route ( Route D), (¢) Double radial
forge route (Route E), (d) Single extrusion
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Figure 4.4: Bright field TEM micrographs of beta quenched hollow billets of Zr-2.5Nb alloy showing fully
martensitic microstructures; (a) internally twinned martensites and (b) internally slipped martensites.

For routes A and F, extrusion was carried out in the two phase field (o + ) at 800 °C
and at the lower extrusion ratio (ER) of 7.3:1, whereas for routes B, C, D and E tube,
extrusion was carried out at 815°C and at a higher extrusion ratio of 12.75:1. The higher ER
is expected to modify microstructure and texture strongly.

The SEM micrographs given in figure 4.5 represent the microstructures of the
extruded blanks following the different fabrication trials. It may be observed that deformation
imparted during the extrusion of hollow billets resulted in blanks with microstructures having
dispersion of long and thin o and 3 phases in lamellar morphology. Air cooling of the blank
after extrusion transforms the [ phase to o phase by growth on the existing o grains and the
remaining  phase becomes enriched in Nb. In general, extrusion of billet with the lower ER
of 7.3:1 resulted in a variation of the microstructure in the blank from the leading to the
trailing end (routes A and F) (Figure 4. 5a and b). The microstructure at the trailing end was
found to be much finer, lamellar and homogeneous. This indicates that extrusion plays a
major role in generating the tube microstructure. The primary cause of such grain size
variation and/or texture variation (discussed in next section) along the length of the tube is
the temperature change during the extrusion process [21, 22]. This can be rationalized by
noting that billets are much hotter than the extrusion chamber and cool during the extrusion

process.
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Figure 4.5: Secondary electron SEM micrographs of extruded blanks; (a) and (b) leading and trailing ends
respectively of the longitudinal section of tube blank extruded with low ER (7.3:1) (cast structure broken by
single extrusion, routes A and F ), (¢) and (d) leading and trailing ends respectively of the longitudinal section of
tube blank extruded with high ER (12.75:1) (cast structure broken by double press forging, route D), (e) and (f)
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leading and trailing ends respectively of the longitudinal section of tube blank extruded with high ER (12.75:1)
(cast structure broken by double radial forging, route E), (g) and (h) transverse section of (e) and (f)
respectively. The blanks extruded with low ER are showing larger variation along the tube length in comparison
to the blanks extruded with higher ER value.

Hence the material that is coming out first (leading end) will have a lesser temperature drop
on account of a shorter residence time in the extrusion chamber. On the other hand the
trailing end experiences comparatively higher heat loss due to longer contact with the
relatively cold extrusion chamber. This results in higher grain size in the leading end as
compared to the trailing end [21]. This variation in as-fabricated microstructure could be
responsible for the usually observed variation in the in-pile deformation behavior of pressure
tubes [30, 71, 79]. For blanks extruded with the higher ER of 12.75:1 the variation in
microstructure between the two ends was found to be lower (routes B-E) ( Figure 4. 5 c-h);
the leading and the trailing end samples from as extruded blank show nearly the same grain
morphology and grain sizes. Since a higher ER implies a relatively larger amount of plastic
work, the fraction of deformation heat generation also increases which can, to some extent,
compensate the heat loss at trailing end. This can lower the temperature difference between
the leading and the trailing ends and is evident from the results shown. Further, it may be
observed that the higher ER resulted in o grains with larger aspect ratio, see Table 4. 2. The
variation from leading to trailing end of the blank appears to have been further reduced in the
case of double radial forging (Figure 4. Se—h).

The B phase between two o lamellae, although apparently continuous in the SEM
images from all routes, is actually discrete in nature when imaged with TEM (Figure 4. 6).
The TEM micrographs of the extruded blanks indicated dynamic recrystallization of the o
phase during hot extrusion in all of the routes (Figure 4. 6 a). Presence of equiaxed grains
with high angle boundaries within the o lamallea showing very low dislocations densities in
conjunction with few grains bearing significant signatures deformation is a clear indication of
the process of dynamic recrystallization occurring during the hot extrusion step. All these
features can be easily seen in Figure 4. 6a. The chemical composition of the o and B phases ,
as determined by TEM—-EDS analysis, is ~ 1 wt.% Nb and 17 wt.% Nb respectively. In
addition, TEM further corroborated the SEM finding with regard to the significance of ER in
controlling the uniformity of the microstructure from the leading to the trailing end of the
tube and also the aspect ratio of the o phase, see Figure 4. 7. Moreover, TEM micrographs

indicated that higher ER lead to better continuity of the § phase in the extrusion direction.
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Figure 4.6: TEM analysis of the extruded pressure tube blank of Zr-2.5Nb alloy; (a) Bright field micrograph

showing fully dynamically recrystallized o and 3 microstructure, (b)-(c) TEM-EDS analysis showing
composition of o and B phases respectively.

This could be attributed to higher degree of deformation imparted during extrusion
with higher ER.

The comparison of microstructures from all routes at the extruded blank stage clearly
show that, the routes involving forging as the primary method of cast structure breaking yield

relatively larger grain structures in comparison to those which employ extrusion. This
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highlights the importance of the previous processing step in determining the microstructures

at the blank stage.

Microstructure at final cold work stage

The extruded blanks in all the trials were subjected to a stress relieving operation at
480 °C for 3 h, which did not bring any significant changes except removing the thermal
stresses introduced in the blanks during the quenching operation carried out after extrusion.
Extruded and stress relieved blanks were cold pilgered in single or double pass to achieve
final dimensions (i.e., outer diameter and wall thickness) of the pressure tube. Routes A and F
include two stages of cross-sectional area reductions of 55% and 20% (with an annealing in
between) starting from a tubular blank extruded with the low ER. Whereas for routes B, C, D
and E final dimension of pressure tube was achieved by a single pass 20% cross sectional
area reduction starting from a tubular blank extruded with the high ER.

The pilgering process, be it single pass or double pass, increased the dislocation
density in the extruded microstructure and a complex network of dislocations could be seen
within the o phase, typical of a heavily cold worked structure. However, the lamellar nature
of the a and the 3 phase is largely unchanged by the pilgering process (see Figure 4. 8). The
intermediate annealing carried out at 550 °C for 6 h between the first and second pass
pilgering operations (routes A and F) resulted in recovery and/or partial recrystallization.
Moreover, the B phase had undergone substantial modification during the annealing treatment
and was present as globular precipitate in certain locations both within the o grain and at the
o/a. interfaces. TEM—EDS analysis showed niobium content in the p phase at the o/o
interface of 14 and 44 wt.% respectively as stringers and as a globular precipitates (Figure 4.
8). This shows heterogeneity of the [ phase both in terms of morphology as well as
composition after intermediate annealing.

The SEM (Figure 4. 9 and 4.10) and TEM micrographs (Figure 4. 11) depict the
typical microstructures obtained after the final pilgering operation in routes employing single
and double pass pilgering. Aspect ratios of the o phase in final autoclaved pressure tube
manufactured by different trial routes has been tabulated and presented in Table 4. 2. It can
seen from Table 4. 2 that a substantial reduction in o grain thickness has occurred from that

of the as-extruded blanks after the pilgering operation.
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Figure 4.7: Bright field TEM micrographs of pressure tube blanks extruded with different extrusion ratios; (a)
leading end and (b) trailing end of tube extruded with ER 7.3:1(route F), (c) leading end and (d) trailing end of
tube extruded with ER 12.75:1(route E).
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In general, all the single pass pilgered blanks, as compared to double pass pilgered
blanks, exhibited a predominant increase in the length of the o filaments (Length of o
filament in this paper refers to the dimension of o filament along the axial direction of the
tube) together with a continuous B film along the o/a interfaces. Moreover, single pass
pilgering resulted in more homogenous and predominantly lamellar microstructure from
leading end to trailing end as compared to two-pass pilgering with intermediate annealing. In
addition, the beta phase could be seen to be present in a more continuous manner at the o/o
interfaces as opposed to a globular distribution noticed for the routes with two stages of cold
work. Extrusion at a high ratio followed by single pass pilgering in routes D and E, where
double stage press and radial forging were employed respectively for breaking of the as-cast
structure, led to a significant increase in both the width and the length of the o grains thereby
resulting in a very high aspect ratio. In fact, tubes produced using route E not only exhibited
the highest aspect ratio of the alpha phase (~1:10:70) but also showed minimum

microstructural variation along the length of the tube.

For route F, i.e., the route which is presently being followed at NFC for manufacturing of
cold worked Zr-2.5Nb pressure tubes, o grains were not lamellar in all the regions.
Moreover, the length and width of the o filaments were also found to be smaller amongst all
the fabrication trials. The B phase was not found to be continuous in many regions; instead it
had globulized both at the /ot interface as well as within the o grains. The Nb content in the
B phase varied from 15 to 45 wt.%. It was noticed that the coarseness introduced during the
forging step was carried forward through subsequent processing steps resulting in relatively
coarser grain structure in the final cold worked state of the pressure tube. This is expected to
be beneficial in terms of reducing diametrical creep strain [9, 100], particularly at the back
end (or trailing end) of the pressure tube. This has been rationalized in terms of the non-linear

effect of grain size, i.e., greater dependence of the diametrical creep at small grain thickness

[17].
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Figure 4.8: Bright field TEM micrographs of Zr-2.5%Nb alloy pressure tube after intermediate annealing

Zr
Nb
Zr
12=.90 16‘.90
Elements Wt% At%
Zr 55.9 56.3
Nb 441 43.7

showing 3 phase (a) as stringer between o/a interface and (b) as globulized particles and their composition from
EDS analysis in (c) and (d) respectively.
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Table 4.2: Morphological features of a grains

o Length o Thickness
Route Location Aspect Ratio
(v (v
As extruded pressure tube condition
Leading 1:4:30 6-15 0.2-1.0
A (low ER)
Trailing 1:4:40 10-20 0.2-0.6
Leading 1:5:40 15-22 0.2-0.5
B (High ER)
Trailing 1:6:55 15-23 0.2-0.4
Final pressure tube condition (autoclaved)
Double pass pilgered

Leading 1:4:35 5-12 0.2-0.4
A

Trailing 1:5:40 8-13 0.1-0.3

Leading 1:4:30 8-10 0.1-0.3
F

Trailing 1;5:45 6-11 0.1-0.3

Single pass pilgered

Leading 1:6:55 12-18 0.2-0.4
B

Trailing 1:5:45 14-22 0.1-0.4

Leading 1:6:60 10-14 0.2-0.5
C

Trailing 1:5:50 12-19 0.1-0.4

Leading 1:5:50 14-21 0.2-0.5
D

Trailing 1:5:60 12-20 0.2-0.6

Leading 1:10:65 25-30 0.4-0.5
E

Trailing 1:10:70 25-32 0.35-0.45
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Figure 4.9: Secondary electron SEM micrographs of pressure tube after double radial forging,

blank with extrusion ratio (12.75:1) and 20%

trailing ends respectively of longitudinal section (c) and (d) are transverse sections of (a) and (b) respectively.
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Figure 4.10: (a) and (b) Secondary electron SEM micrographs of leading and trailing ends of pressure tube after

breaking of cast structure by single extrusion.

(c) and (d) Secondary electron SEM

with intermediate annealing followed by autoclaving ( route F),

by double radial forging, tube blank extrusion with high ER (12.75:1), single pass pilgering followed by

micrographs of leading and trailing ends of longitudinal section of pressure tube after breaking of cast structure
autoclaving (route E),

(e) and (f) transverse section of (c) and (d) respectively.
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Figure 4.11: Bright field TEM micrographs; (a) leading and (b) trailing end of pressure tube manufactured

through double pass pilgering with intermediate annealing(route F), (c) leading and (d) trailing end of pressure
tube manufactured through single pass pilgering (route E).
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Textural evolution
The texture components of the pressure tubes manufactured with different routes are

presented in Table 4. 3. The salient observations are summarized below:

Table 4.3: Basal pole texture variations between the leading and trailing ends of Zr-2.5%Nb pressure tube
manufactured from various routes.

Fabrication .
Location f, f; f, f. —f,
Route
Double pass pilgered

Leading 0.33 0.62 0.05 0.29
F

Trailing 0.36 0.59 0.05 0.23

Leading 0.34 0.62 0.04 0.28
A

Trailing 0.35 0.61 0.04 0.26

Single pass pilgered

Leading 0.27 0.68 0.05 0.41
B

Trailing 0.26 0.71 0.03 0.45

Leading 0.29 0.61 0.10 0.32
o

Trailing 0.28 0.66 0.06 0.38

Leading 0.26 0.69 0.05 0.43
D

Trailing 0.25 0.69 0.06 0.44

Leading 0.26 0.68 0.06 0.42
E

Trailing 0.28 0.68 0.04 0.40

In general all routes have yielded a similar textural distribution (on a gross scale) with
the majority component being f, and the minority component being f,. Such texture is
expected when the majority of the deformation occurs in the hexagonal alpha phase. Basal
plane normals tend to align themselves parallel to principal compressive stresses during the

deformation of the o phase, thus making the 7, component very small. The fact that the gross
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textural distribution is very similar in all of the cases, agrees with the earlier observations that
texture of the pressure tube is governed chiefly by the texture developed during the hot
extrusion step (subsequent to the  quenching operation) [52, 79]. It may be noted that all of
the routes considered in the present study did involve one common hot extrusion step
subsequent to 3 quenching. The final textures observed are essentially determined during this
particular hot extrusion stage only. The routes that involved a higher ER (routes B, C, D and
E) and the single cold stage of deformation, however, showed relatively higher f; values com-
pared to the routes having the lower ER and two stages of cold work (routes A and F). This
observation agrees well with earlier work which reported higher f; values as the extrusion
ratio is increased. Some of the chief mechanisms attributed for the high f; component during
the extrusion are (a) rapid growth of appropriately oriented o grains which can make basal
pole normals to rotate along the transverse direction during the hot extrusion, and (b) a
combination of phase boundary sliding and stress induced phase transformation (f—o).
Phase transformation, if it takes place without the constraints of the external stress and
neighboring grains, in general leads to weakening of texture (in the present context, increases
the £, component). Since, in the present case, high external stresses are active during the hot
extrusion, a considerable degree of variant selection is expected and the results indicate that
those variants, which result in the basal pole normal aligning in the transverse direction, are
getting favoured during the phase transformation.

Cold work subsequent to hot extrusion did bring about some subtle changes in the
texture although the gross nature of texture produced during the hot extrusion was retained.
Single pass (pilgering) route was found to give significantly high f; and f; — f. values in
comparison to the routes involving double pass pilgering. In other words, changes in texture
from the hot extrusion stage were minimal when only one pass of cold pilgering was
involved. It may be pointed out that such a texture (with high 7; and lower f,) is expected to be
beneficial from the point of view of diametrical creep during the service life [9, 24].

Double pass pilgering, with one additional intermediate annealing however, resulted
in the decreased f;, component in the final texture. This observation is also in line with the
known understanding that annealing results in the rotation of basal poles.

The differences in texture values from leading end to trailing end seem to be less
pronounced for routes that had forging as their principal step for breaking the cast structure.
This may be attributed to better homogeneity of deformation and efficient break up of cast

structure achieved in forging than the extrusion process. In addition, routes involving the
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higher ER were found to have minimal differences in texture along the length of the tubes.
The reason for this increased textural homogeneity at the higher extrusion ratio can be

expected due to increased temperature homogeneity at the higher ER.

Mechanical properties

Table 4. 4 shows the mechanical properties of the tubes produced from the various
fabrication routes after the autoclaving operation. In essence the variation in the mechanical
properties among tubes produced from different routes is not found to be significant.
However, it can be noticed that the forging route samples are showing slightly higher
ductility. The rest of the properties were nearly the same in all the pressure tubes produced
with the different routes. Further, the properties obtained by modified routes do meet the
existing specifications for the pressure tube. Based on these observations of satisfactory
mechanical properties, and improved microstructural and textural properties, of the double
radial forged route with higher extrusion ratio followed with single cold reduction by
pilgering (route E) seems to be a promising modification to the existing practice of pressure

tube manufacturing at NFC.
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Table 4.4: Mechanical properties of pressure tubes produced with different fabrication routes

Room Temperature 300°C
Routes uTsS YS uTsS YS
% EL % EL
(KSI) (KSI) (KSI) (KSI)
SPECIFICATION 67 47 '
- <85 - . . 14 min)
(540 MWe PHWR) (min) | (min)

Double pilgered

A 114.4 81.4 18.0 76.4 57.4 18.0

F 111.6 79.8 18.1 78.6 56.9 22.0

Single pilgered

B 106.8 76.3 20.0 72.7 54.6 213
C 106.7 78.7 18.0 72.9 61.4 18.4
D 119.1 86.0 15.5 80.5 62.8 19.1
E 115.0 89.0 16.0 84.3 62.8 20.7

4.3. Conclusions

e The forging process, in particular double radial forging, resulted in more
effective and uniform breakage of cast structure in comparison to the extrusion
process.

e The higher extrusion ratio (followed by single pass pilgering) results in longer
o grains with a higher aspect ratio and a relatively more continuous 3 phase
along the o/a interface. The microstructure and texture is more uniform from
leading end to trailing end. In addition, the higher extrusion ratio was observed

to result in higher f; and f; — f, values.
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The intermediate annealing in the double pass pilgering route results in
globulization and discontinuous beta phase and these are enriched with
niobium up to 45 wt.%.

In general, mechanical properties were very similar among all the routes that
were employed in the present study.

In general, the double radial forging based route led to a better (i)
homogeneity in microstructure and texture along the entire length i.e., from
the leading to the trailing end of the tube, (ii) higher aspect ratio of the alpha
grain which is reported to be beneficial for diametral creep, and (iii) moreover,
it led to a substantial increase in the ft and ft—fr values of the basal pole

texture.
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Chapter 5
Microstructural Studies of Heat Treated Zr-2.5 Nb Alloy

for Pressure Tube Applications

5.1. Introduction:

As explained in the previous chapters, irradiation creep and irradiation growth are two
important limiting factors for the life of the pressure tube in PHWR reactors. These
phenomena are known to depend on the initial microstructure, texture of the pressure tube.
Hence, there has been continuous efforts towards improving the resistance to irradiation
induced creep and growth through the modification of the microstructure of the pressure tube
material to achieve longer life of the pressure tube in next generation reactors [8]. Many
researchers have studied the change in microstructure and its effect on the properties by
altering the conventional route of pressure tube fabrication.

The fabrication of pressure tubes involves a large number of thermomechanical
treatments, and the final microstructure developed as a result of these fabrication steps
determines the long-term and short-term properties of these tubes. It is important to
understand the influence of each of these fabrication steps on microstructure and
crystallographic texture in order to optimize the pressure tube fabrication. This requires an in
depth understanding of the mechanisms of microstructural evolution during these processing
steps of the materials. In this study, an attempt is being made to develop heat treated
(quenched and aged) pressure tube with improved properties in comparison to the
conventional fabrication route adopted for the cold worked (pilgered) route, practiced in
Nuclear Fuel complex, Hyderabad. The aim is to develop a heat treatment route that produces
operating temperature mechanical properties that are better than those of current pressure
tubing, which is in the cold-worked plus stress-relieved condition, and that will have
enhanced microstructural stability during high temperature irradiation

The objective of the present part of the thesis is to optimize the fabrication processing
parameters with special reference to the quenching and aging treatments. In this study the
microstructural evolution at different stages of fabrication as a function of fabrication
parameters have been characterized. The mechanical properties and texture of relevant

samples have been evaluated.

73



5.2. Experimental:

Zr-2.5 Nb alloy ingots of 350mm diameter were produced in a consumable vacuum arc
melting furnace. The quadruple melting was carried out to reduce the impurity elements
(mainly interstitials such as hydrogen, chlorine and phosphorus). The chemical composition
of the alloy is given in Table 5.1. In order to break the cast structure, these ingots were
further extruded to billets of 230 mm diameter size. Hollow machined billets were
subsequently water quenched to achieve compositional and microstructural homogeneity.
The quenched billets were soaked at 800°C for 1hr followed by extrusion with an extrusion
ratio of 7.3:1. The hot extruded blank of Zr-2.5 Nb alloy was further subjected to cold
deformation of 41% by pilgering. This pilgered tube formed the starting material in the
present study for various heat treatments in a+f3 phase field as detailed in the Figure 5.1. The
heat treatment conditions were determined after establishing the B/B+a continuous cooling
transus temperature for this composition. In the present study, a quenching dilatometer has
been used for this purpose. The temperature measurement in the dilatometer was calibrated
using the curie temperature of pure Nickel. Samples were initially soaked at 400°C for 30
minutes in dilatometer to relieve the residual stresses. On the basis of the quenching
dilatometer studies, various heat treatment conditions (Soaking temperature and cooling rate)

were selected.

Quadruple vacuum arc melt ingot (6350 mm)

v

t .
1 Extrusion

v

2™ Extrusion, ER=7.3:1, & Stress relieved at 480°C

v

1 Pass Pilgering ( 41%CW)

a + B quenching

v

2" Pass Pilgering ( 23%CW)

¥

Ageing at 515° C / 540° C for 24 hrs

v

Autoclaving (290° C for 120 hrs)

Figure 5.1: Fabrication flow sheet for Heat Treated Pressure Tube
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Samples subjected to various quenching treatments were further cold worked to the
extent of 23% by pilgering. These samples were finally given ageing treatment at two
different temperatures (540 and 515°C) for duration of 24 hrs. These samples were then
autoclaved at 290°C for 120Hrs.

Table 5.1: Chemical Composition of material used for the trials

Element Wt. % / ppm
Niobium 2.68
Oxygen 1137
Nitrogen 28
Iron 650
Tin 25

5.3. Results and Discussion

5.3.1 Determination of B >a+Bz, continuous cooling transus temperature

In order to determine the heat treatment temperature to achieve the desirable phases with
appropriate composition and volume fraction, it is important to know the accurate phase
transition temperatures.  —>o+Pz continuous cooling transus temperature is known to
depend on the concentration of oxygen content in addition to the niobium concentration in the
alloy [101]. In the present study p —>a+Pz continuous cooling transus temperature was
determined using quenching dilatometer. The samples were cooled from the beta phase field
at different cooling rates. The variation in the slope of the change in length (Al) vs
temperature curve indicates the phase transition event (temperature). The first and second
inflection points of the cooling curves (Al vs temperature) correspond to  >o+Bz and
Bz = a+Pnp transition temperatures. Figure 5.2 shows the trace of such points for Zr-2.5%Nb
pressure tube material of the present investigation. From this study, B, (a0 + Bz) and (o + Bb)
phase fields have been demarcated and shown in Figure 5.2. It can be observed that the (o +
Bz:) regime starts at 891°C for the sample cooled at the slowest cooling rate. Thus the highest
B >o+Pz: continuous cooling transus temperature, 891°C, for this alloy has been taken as the
transition temperature. Therefore, heat treatment temperature was selected above and below

this temperature for quenching from § and o+ B phase field respectively.
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Figure 5.2: Cooling curve obtained from quenching dilatometer
5.3.2 Microstructural evolution
Microstructure after 1° extrusion
The extrusion process was performed at 800°C with an extrusion ratio of 2.3:1 to break the
cast structure of the ingot and achieve homogeneity in structure and composition. 350mm dia
ingot was reduced to 230 mm dia size billet. The resulting microstructure is shown in
Figure5.3. Optical micrograph obtained from the longitudinal and transverse section of the
extruded billet exhibited packets of lamellar o grains randomly oriented in all direction
similar to those observed in the widmanstatten structure. The average width of the alpha grain
was 1.5-2 micron and average length of a grain along axial-circumferential section was 200-
300 p and 100-150 p in section defined by radial and circumferential directions. Beta phase
was present at the o/a interface. TEM micrographs obtained at higher magnification showed
B phase distribution more clearly. Microstructure also suggested dynamic recrystallization of
the o grain. Refined and uniform microstructure suggested that cast structure was completely
removed during hot extrusion process.
P quenched microstructure
Zr-2.5Nb alloy billets were heated at 1000°C and quenched in water to obtain fine o grain
and homogeneity in composition, microstructure and texture. Optical micrograph showed fine
needle like structure within the prior beta grains (Figure 5.4). Bright field TEM micrograph
showed martensitic microstructure consisting of coarse lath martensites (Figure 5.4). The

laths were oriented in certain crystallographic directions as observed in earlier studies [33,
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71, 72]. The microstructure obtained confirmed that beta quenching achieved the objectives

of this fabrication step.

Figure 5.4: Microstructures after beta quenching (a) optical (b) TEM
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Microstructure after second hot extrusion

Zr-2.5 Nb alloy tube is extruded at 800°C, with an extrusion ratio of 7.3:1, from the billet in
this fabrication step. The secondary electron micrograph images obtained from the
longitudinal and transverse section in SEM is shown in Figure 5.5. During the extrusion
process, the o grains become elongated in the axial direction of the tube and gets thinned in
the radial direction. The longitudinal section exhibited o phase of lamellar morphology
aligned along the extrusion direction. Transverse section exhibited o lamellae, whose width
and thickness were not same. The average length, width and thickness of a lamellae were in
the range of 15-20pum, 1-2.5um and 0.3-0.5um respectively. Beta phase was present as thin
wafer between two o lamellae having average thickness of 0.02-0.05 pm. TEM micrograph
of the longitudinal section revealed further finer details of microstructure (Figure 5.5). The a

lamellae were found to consist of dynamically recrystallized o grains stacked in the extrusion

direction.

Figure 5.5: Microstructures after second extrusion (a) SEM-longitudinal (b) SEM-transverse (c) TEM-
longitudinal
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Microstructure after first cold deformation

The aim of this process was to reduce the wall thickness as well as OD (outer diameter) of the
tube. Pilgering was used to impart 41% of cold work. SEM micrographs of the two cross
sections of the tube are shown in Figure 5.6. Due to high amount of deformation, the
microstructure could not be revealed clearly. However lamellar structure of the phase is still
retained. The TEM micrograph also revealed presence of high dislocation density after this

operation.

Figure 5.6: Microstructures after first pilgering (a) SEM-longitudinal (b) SEM-transverse (c) TEM-longitudinal

o+ quenched microstructure

One of the aims of the present study was to investigate the influence of quenching rate in
determining the nature of transformation (diffusional and/or displacive) and resulting
morphology of the products. Quenching treatments were carried out in a controlled fashion,
using quenching dilatometer, to study the evolution of microstructures as a function of
different cooling rates. It may be noted that, transformation from [ phase field at different
cooling rates has been reported in literature by many workers [33, 71, 101]. However,

systematic studies on transformation from o+f phase field as a function of cooling rate are
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far from being extensive in the open literature. In addition to cooling rate, effect of soaking
temperature in the o+ phase field has been also examined in the present study.

The bright field TEM micrographs of samples cooled from 883°C at different cooling
rates in argon are shown in Figure 5.7. All the samples showed primary o and transformed 3
phases. Samples cooled at the rate of 100°C/ sec and 50°C/sec showed predominantly
martensitic transformation. At higher cooling rate of 100°C/sec, internally twinned martensite
plates were observed, where as 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 a phase. The martensite plates were seen to have formed in self accommodating

morphologies (see Figure 5.7), thus reducing the transformation strain energies.

Figure 5.7: Microstructures after (o+p gas quenching from 883°C (soaked for 30 min) and quenching with
cooling rates (a) 100°C/sec (b) 50°C/sec (c) 25°C/sec and (d) 10°C/sec

Below this cooling rate, transformed [ product was observed to be Widmanstatten

o +B. The B phase was present between the Widmanstatten lamellae. With decrease in the
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cooling rate the width of the Widmanstatten plates became larger and their morphology
progressively changed from being sharp straight lamellae to more irregular shaped lamellae.

The morphological features are summarized in Table 5.2.

Table5.2: function of cooling rate (when cooled from 883°C)

Cooling rate phase Microstructural features
(°C/sec)

100 o + Internally twinned martensite | (sample quenched at 100°C/sec)

50 o +Internally slipped martensite Grain size prior § ~10-15 um

Grain size Da ~1-3 um
Primary o percentage ~ 3%

Martensite plates 0.5-3 pm

0.5

25 o +Widmanstatten (sample quenched at 0.06°C/sec)
10 o +Widmanstatten Grain size prior  ~10 pm
o +Widmanstatten Grain size oo ~1-3 um

Primary a percentage = 5-8%
Widmanstatten plates dimensions : Length

=10to 20um Width ~1-2um

Figure 5.8 shows various microstructures obtained from gas quenching at 870°C. As
expected, the volume fraction of primary o phase increased with the lowering of soaking
temperature. This effect was more pronounced in samples cooled with lower cooling rate.
Comparison of Figure 5.7 and Figure 5.8 reveal that the probability of martensitic
transformation is higher with lowering of soaking temperature for a given cooling rate. This
may be attributed to higher Nb content in the B phase at the lower soaking temperatures
which increases the driving force for the martensitic transformation. Martensite could be
obtained even at 25°C/sec cooling rate. This is also true for observation of higher incidence of
internally twinned martensite. Since martensite was forming at lower temperature matrix
became stronger and hence promoted the formation of internally twinned martensite. The
widmanstatten o plates became finer with lower soaking temperature and all the other
observations were similar to those observed at 883°C. The summary of microstructural

observations is given in table 5.3. On the basis of these observations it may be concluded that
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in order to obtain primary oo and martensitic microstructure after a+3 quenching, a minimum
cooling rate is required which is a function of soaking temperature.

It was shown in earlier reports [7, 8, 29] that the properties of fabricated tube
(crystallographic texture, mechanical etc) are strong functions of the amount of primary o
(after quenching treatment) phase present in the microstructure, which in turn is dependent on
the soaking temperature in the o+ phase field. In the present study, amount of primary or
retained o phase has been determined through SEM in the gas quenched and water quenched

samples, after soaking at different temperatures and the details are given in Table 5.2 and 5.3.

Figure 5.8: Microstructures after (o+f) gas quenching from 870°C (soaking for 30min) and quenching with
cooling rates (a) 100°C/sec (b) 50°C/sec (c¢) 25°C/sec and (d) 10°C/sec
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Table 5.3: Microstructure details as a function of cooling rate (when cooled from 870°C)

Cooling rate phase o vol. frac (%)
(°C/sec)
100 o + Internally twinned martensite 15-20
50 a +Internally slipped martensite 15-20
25 o, + slipped martensite 15-20
10 o, +Widmanstatten 15-25

On the basis of the results obtained during controlled heat treatment performed
in quenching dilatometer, 883°C was selected as soaking temperature and water as quenching
medium for a+p quenching operation for large dimension tube (100 mm OD X 4.5 mm WT
X 500 mm length). Quenching was performed after heating in a horizontal furnace. The SEM
and TEM micrographs of the quenched sample are shown in Figure 5.9. From SEM
micrograph the primary o volume fraction was found in the range of 20-25%. The primary
alpha volume fraction was expected to be around 5% under controlled quenching conditions
as per the dilatometer study. However, the observed higher values can be attributed to the
larger volume of material compared to the sample size in dilatometer and also longer transfer
time from the furnace to the quenching medium resulting in lowering of quenching
temperature. TEM micrographs obtained at higher magnification revealed the transformed
B microstructure. It could be seen that all [ phase has transformed to the lath martensite.
o+p quenched microstructure consisting of fine martensite phase along with 20-25% primary
o volume fraction were used for further processing as described in the fabrication flow chart

(Figure 5.1).

Figure 5.9: Microstructures after (a+f3) quenching of first pass pilgered Tubes (a) SEM micrograph and (b)
TEM micrograph
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Microstructure after 2" stage deformation

The o+p quenched samples were cold deformed (by pilgering) to the extent of 23%. The
objective of this cold deformation process was to achieve the final dimension of the tube of
acceptable quality. Additionally during this fabrication stage a complex network of
dislocations is introduced in both primary o and martensitic phases in o + quenched sample.

TEM micrograph revealed the presence of such defect structure (Figure 5.10).

Figure 5.10: TEM longitudinal micrograph after second pass pilgering

Microstructural evolution during aging

One of the consequences of above two thermomechanical treatments (quenching and
deformation) is the creation of a large number of nucleation sites for fine precipitation of By
phase. Interfaces of fine martensitic microstructure provided large volume fraction of
nucleation sites. Cold deformation of martensitic microstructure resulted in considerable
increase in the dislocation density and dislocation substructure. These resulted in dislocation
enhanced diffusion by pipe diffusion mechanism, thus leading to precipitation of Byp, from the
supersaturated martensitic phase during subsequent aging process. Therefore an ageing
treatment was given below monotectoid temperature (610°C) to obtain fine B precipitates
having composition close to equilibrium along with retained primary o. Two different ageing
temperatures (540°C and 515° C) below the recrystallization temperature were used in the
present study after the ond pilgering operation (See Figure 5.1). The microstructures are
presented in figure 5.11 and 5.12. Some of the salient observations from theses
microstructures are (a) no recrystallization of the microstructure at 515 as well as 540° C (b)
Fully recovered structure at 540°C for 24h where as only partial recovery (60 to 70%) at
515°C for 24h (c) complete tempering of martensite at 540°C, while partial tempering of the
same at 515°C (d) in the case of sample aged at 515°C for 24h, small B precipitates (size less
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than 15nm) were observed only at the o/au lath interface (e) no appreciable precipitation of 3
particles within primary a at both aging temperatures of 540°C and 515°C.

Compositional analysis of the [ phase was carried out by Energy Dispersive
Spectroscopy (EDS) in TEM. The average composition in sample aged at 515°C was showing
40-50wt%Nb whereas, samples aged at 540°C was showing 75-80%Nb. This study thus
shows that a temperature of 540°C is required to attain equilibrium concentration of Nb
(85%) in B precipitates during aging for a period of 24Hrs. In other words, aging treatment at
515°C for 24 Hrs, may lead to higher probability of compositional and associated

microstructural changes under reactor operating conditions.

Figure 5.11: Micrographs after water quenching from 883°C (soaked for 30 min) and aged at 515°C (24 hrs) (a)
SEM-longitudinal (b) SEM-transverse (c) TEM-longitudinal
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Figure 5.12: Micrographs after water quenching from 883°C (soaked for 30 min) and aged at 540°C (24 hrs) (a)
SEM-longitudinal (b) SEM-transverse (c) TEM-longitudinal

Finally autoclaving treatment was carried out at 290°C for 120 hrs, which did not

modify the microstructure to any noticeable extent (figure 5.13).
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Figure 5.13: TEM micrographs after Autoclaving (2900C/120 hrs)
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5.4. Mechanical properties

Table 5.4 shows the mechanical properties of the final tubes that were processed by water
quenching followed by cold work and ageing (Figure 5.1). The mechanical properties were
evaluated for the two ageing conditions. Comparing these with the cold worked pressure tube
(table 5.4), it can be seen that mechanical properties in all the three cases are nearly in the
same range. The only exception being the higher YS value at 300°C in the case of tube aged

at 540°C for 24hr.

Table 5.4: Mechanical Properties of Full Scale Heat Treated Pressure Tube Spools ( 90.25mm OD X 3.8mm
WT)

Tube UTS(MPa) YS(Mpa) % EL
Condition/Mech
RT HT RT HT RT HT
"
properties (300° C) (300° C) (300° C)
HT Ageing
883" | 540°C/24 h 749 494 581 468 10 18
C/30m
883" | 515°C/24h 770 497 560 377 13 18.5
C/30m
CWSR PRESSURE 735 502 553 383 16 23.8
TUBES (TYPICAL
VALUE)

In case of sample aged at 515°C the UTS value is noticeably higher than the sample
aged at 540° C. This observation may be explained in following manner. The aged
microstructure in both cases would have well dispersed dislocation structure in
both cases (though their density might be larger in case of partially recovered 515°C aged
sample) so that they are expected to have nearly similar YS at RT (room temperature) (which
indicates onset of plastic flow). However, the fine distribution of small B particles act as
effective dislocation sources in case of 515°C aged sample thus leading to higher work
hardening rate in comparison to 540°C sample and giving rise to higher UTS value.

At higher temperature (300°C), thermally assisted movement of dislocations
overcoming obstacles (P particles) would determine the mechanical properties. The resistance

to the movement would be weaker when the size of the particle is small. Thus, sample aged at
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515°C having smaller 3 particles would show lower YS. In the case of sample aged at 540°C
due to larger particle size and higher particle density, initial dislocation motion is rather
difficult thus accounting for the observed higher YS. However, for the similar reasons with
the progress of the deformation dislocation multiplication would become the dominant factor
in sample aged at 515°C. This would result in more strain hardening eventually leading to
similar UTS value as that of sample aged at 540°C.

Thus aim of the present study to produce fine grained microstructure with fine

precipitates of equilibrium PByp, phase with similar mechanical properties could be achieved.

5.5. Textural evolution

Table 5.5 lists the crystallographic textural evolution as characterized by Kearns orienation
parameter (f), which represents the fraction of basal poles of hep alpha phase oriented in a
given direction. The texture after second extrusion was predominantly basal poles oriented in
the transverse direction as reported in the earlier studies [53, 102, 103]. In the present study,
effect of quenching rate on the texture evolution has been examined. The tubes were soaked
at 883°C, and quenched using argon gas and water. Water quenching was performed in
horizontal as well as vertical type of furnaces. In the case of former, sample transfer time was
longer and effective cooling rate was lower than the vertical furnace. The texture results for

all the three differently quenched samples are given in table 5.5.

Table 5.5:Texture coefficient in three principle directions of the tube

Condition fr fr fi
After second extrusion 0.29 0.61 0.10
As (a+B) water quenched (883° C/30

(0+) 1 ( 0.30 0.33 0.37
Mins) (effective higher cooling rate)
As (a+B) water quenched (883° C/30

(oc+) 1 ( 0.38 0.49 0.13
Mins) (effective lower cooling rate)
As (0+pB) Argon quenched (883° C/30

(0c+P) Argon g ( 0.43 0.47 0.10
Mins)
As aged 540°C/24 Hrs, (after WQ) 0.36 0.50 0.14
As aged 515°C/24 Hrs, (after WQ) 0.37 0.51 0.12
Cold worked pressure tube 0.28-0.32 0.60-0.65 0.07-0.012
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In the case of gas quenched and water quenched tubes in the horizontal furnace it
could be seen that (a+f) quenching had resulted in some rotation of the basal poles about the
axial direction to make transverse and radial fraction of the basal poles nearly similar with
low fraction of the basal poles oriented along the axial direction. Considerable difference in
texture in the above two cases could not be observed. Lack of significant differences in the
textural developments between water (horizontal furnace) and gas quenched samples,
although the former one showed martensitic structure and later one showed Widmanstatten
structure, suggested that mode of transformation (displacive in case of water quenching and
largely diffusional in case of gas quenching) has minimum role in the determination of the
quenched texture. A recent study has shown that irrespective of the cooling rate, the
orientation relationship between parent [ and product o phase is strictly burgers[104]. Hence
it is expected that cooling rate alone may not affect the resulting texture. However, it can be
observed that tube quenched with higher effective cooling rate (quenched in vertical furnace)
exhibited nearly random texture. The major difference between the previous two cases and
this one is the volume fraction of the primary o phase (25 to 30%, in gas quenched and
horizontal furnace quenched and 5 to 10%, in water quenched in vertical furnace). This
observation shows that some degree of basal poles alignment along axial direction happens
during quenching with lower primary alpha volume fraction sample. This is equivalent to
quenching from higher soaking temperatures. This observation is in line with the results of
the previous study [80, 105]. This has been attributed to the presence of higher amount of 3
phase at the higher soaking temperature and subsequent to quenching produces randomly
oriented o’, giving rise to bulk random texture.

However, further deformation and aging treatments of the water quenched samples
(horizontal furnace) did not change the texture substantially. The tubes aged in two different
conditions (540°C and 515°C) exhibited nearly similar texture values. This suggested that

deformation as well as aging treatment did not modify texture significantly.

5.6. Conclusions

A modified heat treated fabrication route for the production of pressure tube was explored.
Effect of the process parameters on the microstructure was studied. Some of the important

conclusions reached in the present study are summarized below:
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The first extrusion process produces uniform structure and completely breaks the cast
structure. Second extrusion produces fine (o+f) lamellar structure.

During a+p quenching the soaking temperature determines the primary o volume
fraction. Required cooling rate to obtain martensitic microstructure increases with
soaking temperature.

Ageing at 540°C resulted in fine By, precipitates of equilibrium composition, whereas
the Pnp phase composition did not attain the equilibrium composition after ageing at
515°C.

Mechanical properties of the finished heat treated pressure tube (aged at 515C/24h)
produced with the present route were similar to the cold work pressure tube. Tube
produced with 540C/24h aging exhibited substantially higher YS value at reactor
operating temperature (300C)

The bulk texture at different stages of fabrication was evaluated. The effect of
quenching rate and the retained primary o volume fraction was studied. The effect of
the later was found to be more dominant. Further cold working and ageing resulted in

insignificant modification of texture of the pressure tube.
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Chapter 6
A numerical study of the effect of extrusion parameters on

the properties of extruded Zr-2.5Nb pressure tubes

6.1. Introduction

Typically, textural and microstructural control [10, 25, 26] in pressure tubes is achieved by
appropriate thermo- mechanical fabrication processing [5-11, 34, 56, 77, 106, 107]. In case
of Zr 2.5Nb pressure tubes fabrications, one of the most important fabrication steps that
has a high bearing on the final properties of the tube is hot extrusion [84, 108, 109].
Previous studies show that the crystallographic texture produced during the hot extrusion
stage largely remains unaltered even after further cold work [110]. In addition, morphology
and distribution of the alpha and beta phases also get greatly influenced during this hot
extrusion stage only. These microstructural and textural features are influenced by the
actual temperature and stress distribution during the hot extrusion process. In addition,
extruded product quality in terms of variation from leading end to tailing end, surface
cracks, ovality, etc also depend on the presence of steep temperature gradients during the
hot extrusion. Hence a detailed knowledge of the role of process parameters such as
billet preheat temperature, extrusion speed, extrusion ratio etc. on the temperature and
stress distribution during the hot extrusion process can help tailor the process [8, 24, 52,
78]. However, the design and control of the experiments to acquire such information during
hot extrusion process is rather difficult [78, 80, 81].

An alternative approach could be application of computational/numerical analysis
of the extrusion process for the process optimization. In the recent past the three-
dimensional finite element analysis for hot extrusion is being pursued in case of
aluminium based materials [111-115]. Such studies in case of the Zr based alloys seem to
be rather limited in the open literature, forming the motivation to present study. Some of
the key parameters of the extrusion process such as ram velocity, billet pre-heat
temperature, fillet radius and reduction ratio, have been studied for their role in
determining the overall temperature distribution during hot extrusion, requirement of ram

force etc.
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6.2. Hot extrusion model

The three main types of FE methods that are utilized in extrusion simulation are
Lagrangian, Eulerian and Arbitrary Lagrangian Eulerian (ALE). The ALE method is
essentially an arbitrary combination of the Lagrangian and Eulerian methods and
attempts to bring the advantages with both Lagrangian and Eulerian formulations together.
In an ALE formulation the displacements of material and mesh are decoupled and the
mesh can move independently of the material. The ALE formulation is ideally suited for
modeling of fluid-structure interaction and motion of free surfaces in fluid mechanics.
Since the heavy plastic deformation involved in extrusion resembles fluid flow, ALE
method is well suited for extrusion simulations. The present work uses HyperXtrude®, a
commercial simulation software module dedicated to simulation of extrusion process using
the ALE approach. The models were prepared using a structured mesh with appropriate
biasing to maintain accuracy and continuity across the faces of different elements. Figure
6. 1 shows the geometry of the model along with the various boundaries and the way
interactions with surrounding are modeled. As can be seen, the model is made up of
different zones representing the container portion, die cavity, die land and exit region. The
interaction of the billet material with the surroundings is modeled through appropriate
heat transfer and friction boundaries as show in the figure. Error in heat balance and mass
balance at successive simulation time steps were kept below 5% and 1% respectively in

order to achieve good convergence in a reasonable time  frame.

Convective heat transfer
B % Canical Die
to container and die, i

Coulomb friction

Symmetry
.
Convective heat transfer ’7‘

to mandrel, Coulomb
friction

Figure 6.1: Schematic explaining the meshing scheme, various components of the model geometry and various
interactions of the model with the bounding surfaces.
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6.2.1. Mathematical formulation

The fundamental equations that govern flow and heat transfer of incompressible viscous
fluids are derived from principles of conservation of mass, momentum, and energy. These
equations are written in terms of primitive variables (velocity, pressure, and temperature)
with reference to an Eulerian frame, i.e., a space-fixed system of coordinates through

which the fluid flows.

vU=0 (1a)
p(U -V)U=V- (o) (1b)
pCp U VI =V-q+0¢ (1c)

Where, U is the velocity vector, ¢ is the total stress tensor, T is the temperature, p is the

mass density, Cp is the specific heat of the fluid at constant pressure, q is the heat flux

vector, and @ represents internal heat generation rate due to viscous dissipation.
6.2.2. Constitutive model
For viscous incompressible fluids, the components of total stress tensor (), can be
represented as the sum of viscous stress tensor (the deviatoric part of the stress tensor)
(1), and a spherical hydrostatic pressure (P).
c=1t-P 2)
The material behavior is specified by the constitutive relations for the viscous stress

tensor, (t) and the heat flux vector (q) by the following equations [28].

T =2uy (3a)
v=[VU) + (V)] (3b)
q = —kVT (3¢)

In the above equations, p is the viscosity, and k is the isotropic thermal conductivity
of the material. This viscosity is a function of strain rate and temperature of the material

and described using sine-hyperbolic inverse relation:

(o

p= % (4a)
e= 20 (4b)

Where, o is the flow stress, and ¢ is the effective strain rate, a is stress multiplier, n
is stress component, Z is Zener-Hollomon parameter, Q is Activation Energy, R is
Universal Gas Constant and 0 is the temperature. The flow stress for any metal depends

on an internal state variable representing the material microstructure. An accurate
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description of the flow stress requires solving an evolution equation, which governs the

internal state variable. In case the flow stress values cannot be fit into a single constitutive

equation, as is the case for Zr-2.5Nb alloys, tabulated experimental data for flow stresses

at different temperatures, strains and strain rates has to be utilized as explained in section

6.2.3.

Following are the boundary conditions assigned to various regions of the

simulation model (see figure 6. 1):

Convective Heat Transfer boundary: All tool face boundaries are assigned
convective heat transfer boundary, i.e., heat removal from these faces is through
convection.
Friction Boundary: When shear stress over contact surfaces exceeds critical shear
stress, material starts to flow.
Inflow Boundary: A constant velocity and temperature boundary condition is
assigned at billet ram face.
Free Surface Boundary: Free surface boundary is assigned at profile surface. This
boundary is assigned an insulated boundary i.e. q (heat flux) = 0.
Outflow Boundary: This boundary is assigned to profile face.

Traction forces = 0 (as the extrudate is not pulled out of the die),

Displacement = 0 (as extrudate is free to expand),

Heat Flux = 0

Symmetric Boundary: This is assigned to symmetric faces.

Mathematically, these are expressed as:

Billet-Ram Interface :

U=URam:;T = TRam (6)
Billet-Container Interface :

g = uoN ; T = TContainer (7
Die Face :

s = C(U-Urool) 5 T = Tcontainer 5 ®)
Bearing Surface :

T3 = C(U-Urool) )
Free Surface :

c-n=0 (10)
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6.2.3. Material properties used for simulations

The accuracy of the results of numerical simulations is determined by the extent to which
the subject material and the environment are accurately represented in the model. The
main inputs to any deformation modeling code are material properties and boundary
conditions. As for the mechanical properties of the material, the flow stress data as a
function of strain, strain rate and temperature have to be introduced to the FEM software.
Conventionally, constitutive equations such as power law or sine-hyperbolic inverse law
are utilized by fitting the experimental flow property data to suitable equations[116]. In the
present case of Zr-2.5Nb alloys, flow stress values were experimentally determined for a
range of strains, strain rates and temperatures. However, these flow stress values could not
be fitted to any single constitutive equation. This is on account of the fact that, within the
range of temperatures of interest, complications due to phase transformation, variation of
relative amounts of phase with respect to temperature render fitting mechanical properties
to a single equation difficult. Hence, a Look-Up Table (LUT) was used which had
experimentally measured flow stress values for compression tests at a number of

temperatures, strains and strain rates (see table 6.1).

Table 6.1: Look-Up Table (LUT) showing different experimental flow stress values for different temperatures,
strains and strain rates. Flow stress values for only one strain value are shown here.

"Flow stress (MPa) at temperature (°C)

Strain | Strain rate | 650 700 750 800 850 900 950
0.001 72.7 | 50.3 33.5 15.1 13.8 10.9 8.1
0.01 1223 | 80.8 61.8 36.5 27.8 18.2 16
0.5 0.1 143 | 1184 75 66.4 442 30.2 25.8
1 332.8 | 180.1 129.7 92.7 60.4 45.7 39.3
10 303.1 | 234.6 179.6 120.5 88.1 78 70.7
100 286.3 | 264.1 2224 151.2 120 100.7 87.3

These experiments were carried out on a Gleeble Thermo-mechanical Simulator.

Uniaxial compression tests on homogenized cylindrical samples were conducted over a

range of temperatures 650-950°C (with a step of 50°C) and strain rates 0.001-100 s~ 1
using a compression test rig. The compression rig consists of high thermal conductivity
grips. The sample was heated by direct resistance heating leading to uniform temperature

throughout the sample. A graphite lubricant was used to minimize barreling and obtain a
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uniform distribution of strain. The flow stress values for any intermediate values of
temperature, strain and strain rate were calculated by trilinear interpolation scheme. The
extrusion force required was plotted against the ram displacement. Such load profiles from
simulations were compared to those obtained from actual experimental shop-floor data.
The shop-floor ram-force data is recorded by an electronic data acquisition system. The
set of friction and heat transfer coefficient values which showed the best fit to the

experimental ram force profile (see figure 6.2) was chosen for further simulations.

2500
2000 -
z
é 1500 -
§ Shop Floor Data
3= e 4Tmm/s_500W/m?K_Fr coef 0.01
E 1000 === 47mm/s_100W/m*/K_Fr coef0.1
=== 47mm/s_100W/m%*K_Fr coef 0.9
e 4T7mm/s_SOW/m?K_Fr coef 0.1
500 === 47mm/s_50W/m?K_Fr coef 0.9
0 I I 1 1
0 100 200 300 400

Ram displacement (mm)

Figure 6.2: Optimizing convective heat transfer and friction coefficients to conform to experimental ram force
curve represented by solid black line, “Shop Floor Data”

6.3. Simulations

The geometry of the extrusion die, punch and billet used for simulations is shown in
figure 3. The dimensions of the billet were chosen to correspond to that of the one used in
the actual pressure tube fabrication process at NFC, Hyderabad. In order to
systematically bring out the role of the important process parameters (such as extrusion
temperature, extrusion ratio, ram velocity, etc.) on the overall temperature distribution
and hence the expected variability introduced across different regions (e.g., leading end

and tailing end), simulations were carried out by varying these process parameters to cover
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values both above and below values reported in literature [78, 80]. Since only one out of
all the chosen process parameters can be varied to understand its influence, one has to
choose a set of fixed values for remaining parameters. These fixed values were chosen
based on the general values reported in the literature. These values are, ram velocity 30
mmy/s, billet preheat temperature of 815°C (two phase region), included die angle of
90°C, reduction ratio of 14.44 and fillet radius of 10 mm. For every simulation run, the
other invariant independent parameters were kept at the actual shop-floor values as

mentioned above.

oD

Fillet

| Badius
Die Angle ] Ll ID
= !

%Y

x

Figure 6.3: Schematic geometry of extrusion setup showing billet, mandrel, die angle, fillet radius, outer
diameter (OD), inner diameter (ID), wall thickness (WT).

e Effect of ram velocity : OD 119 mm, WT 6 mm, billet preheat temperature 815°C,
included die angle 90°, fillet radius of 10 mm, reduction ratio 14.44, ram velocities
: 20 mm/s, 47 mm/s, 75 mm/s, 125 mm/s.

e Role of reduction ratio: OD 119 mm, ram velocity 30 mm/s, fillet radius of 10
mm, Billet preheat temperature 815°C , included die angle 90° reduction ratios: 6, 8,
10, 12, 14.44, 20.

o Effect of preheat temperature: OD 119 mm, WT 6 mm, ram velocity 30 mm/s,
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included die angle 90°, fillet radius of 10 mm, reduction ratio 14.44, billet pre-heat
temperatures 775 to 855°C at intervals of 10°C.

e Effect of fillet radius: OD 119 mm, WT 6 mm, ram velocity 30 mm/s, included die
angle 90°, billet preheat temperature 815°C, reduction ratio 14.44, fillet radii: 1

mm, 5 mm, 10 mm, 20 mm.

Regions along the length of the tube were classified as leading and tailing ends. This
was done based on the time based variation of temperature at the point of highest temperature
(figure 6.4). The fillet region corresponds to the highest variation in temperature and
subsequently highest variation in microstructure and thereby, properties. So, the temperature
profile (mandrel to die, radially) at the fillet region is plotted at two time instants: once at the
beginning of extrusion and once just before the end of extrusion. These represent the
temperatures experienced by the leading end and the tailing end of the extrudate respectively.
These temperature profiles are shown in figures 6.6, 6.13 and 6.15 for variations in ram

velocity, pre-heat temperature and fillet radius respectively.

Contour Plot
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EB S pte highest
RISSSE 2 temperature
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Figure 6.4: The temperature contours in a typical simulation. The location of the region of highest temperature is
shown. The variation of this temperature with time is used to judge the expected variation in the leading and
tailing end of the resulting extrudate.

6.4. Results and discussion

6.4.1. Effect of variation in ram velocity

Figure 6.5 shows the ram force variation with ram displacement for different values of
constant ram velocities (30, 47, 75 and 125 mm/s), other parameters remaining constant

at shop-floor values. For each ram velocity, the billet preheat temperature was kept at
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815°C and the fillet radius was kept 10 mm. The required ram force, as expected, is seen
to increase with the increase in the ram velocity (Figure 6. 5). It can be observed from the
figure that peak ram force varied from 1836 tons for 20 mm/s ram velocity to 2337 tons
for a ram velocity of 125 mm/s, an increase of 27% in peak ram force, signifying the
importance of the ram velocity on the overall extrusion load requirements. Further, the
experimentally measured force is observed to be reasonably closer to the simulated curve
for a ram speed corresponding to 47 mm/s, particularly in terms of the peak force and
steady state force, with a deviation less than 5% and 4% respectively. The measured force
versus displacements curve does show some oscillations during transition from the peak
force to steady state force mainly due to the variations introduced in the ram velocity
under practical conditions of the extrusion which are rather difficult to incorporate in the
simulations. Nevertheless, reasonably close predictions of the simulations for the two
characteristic loads of the extrusion process (i.e., peak and steady state ram force) enable
us apply the simulation results for the analysis of temperature profiles across billet during
the extrusion process. The observed ram force versus velocity curves for this set of
simulations, are the reflection of balance achieved between the two competing factors
governing the force requirement. One is requirements of higher force arising out of
application of higher strain rate deformation (for higher ram velocities) and the other is
decreased force requirement resulting from increased temperature due to higher strain rate
deformation corresponding to higher ram velocities, and lower heat losses due to lower
residence time. Since the first factor dominates during the initial stage of the extrusion,
one would expect more change in ram force as a function of ram velocity. This is clearly
brought by the simulations which predict 27% of change in the peak rams force, in
comparison to 17% of change in the steady state force requirement for the same change
in the ram velocities. Apart from ram force variation, ram velocity is expected to influence
the overall temperature distribution significantly. More importantly differences between
the temperature profiles across a given cross section, can also be influenced which are
important from the point of view of structural homogeneity and residual stresses. Figure
6. 6, is the depiction of the temperature profile across fillet region, at different times
corresponding to the leading end and trailing end of the extrusion. As can be observed
from the figure, as the ram velocity increases, the temperature profiles of leading end
and tailing end tend to converge. Such a convergence implies the presence of a more
homogeneous structure along the length of the tube / extrudate, since temperature is the

defining parameter for microstructure development, stress state being nearly constant. But,
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at the same time, this convergence comes at the cost of increasing AT , i.e., the
temperature difference, across the cross section of the tube (mandrel to die). This may
introduce heterogeneity across the thickness of the tube.
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Figure 6.5: Ram force variation for various ram velocities.

Figure 6. 6 shows that higher ram velocities give rise to steeper temperature
gradients across the cross section of a tube and the range of temperature difference
between the front end and back end at any given cross section was found to be in the
range of 100 to 140 K for the ram velocities considered in the present work. Conversely,
simulations predict lower ram velocities should result in lower temperature and hence
microstructural variations across any given cross section. In fact, low or negligible
temperature and microstructural variations across tube cross section have been reported
in literature [80] at low ram velocities, which is in direct agreement with our present
simulation results. However, lower ram velocities also result in more pronounced chilling
effect of ram and container coupled with decreased adiabatic heating as a consequence of
lower strain rate deformations. It may be pointed out that previous works have reported a
drop in ram side temperature of the work piece to the extent of 300K, at ram velocities of

the order of 3mms 1

using a work piece much shorter than what is being considered in
the present study. This data when extrapolated to work piece of dimensions of the present
study indicates a similar chilling effect of ram (see figure 6. 7). Two main points emerge
out of the present discussion. (a) The temperature variation across the length is much

more than across section at lower ram velocities coupled with higher residence time for
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the work piece at any given temperature (b) In contrast, at higher ram velocities,

temperature variation across cross section dominates that of the one across length, with

much lower residence time of the work piece at any given temperature.
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Figure 6.6: The leading (LE) and tailing end (TE) temperature profiles for ram speeds of (a) 20 mm/s, (b) 47
mm/s, (¢) 75 mm/s and (d) 125 mm/s.

These observations, when viewed in the context of a well known sluggishness of

o— B transformation, point out that higher temperature variations across a given cross

section resulting from higher ram velocities, may not translate in wide microstructural

variation, due to small residence time available for microstructural changes. On the

contrary, significant temperature variations across the length of the work piece at lower ram

velocities may result in appreciable microstructural and textural changes across length of

the extrudate. Experimental evidence from previous works also supports this premise. In




view of the detrimental effects of cross sectional heterogeneity on the performance of
pressure tubes, imposition of low ram velocities seems advisable. However, ram stroke
also contributes to adiabatic heat generation, i.e., heat generation due to plastic
deformation. Also, the ram acts as a heat sink. Hence, very low ram velocities will
contribute to chilling of the billet. This effect will be most dominant in the trailing end
of the tube on account of longer residence time in the container. The microstructural
effects of this leading end to trailing end temperature variation have been demonstrated
in another study [80]. The present simulations show that hot extrusions carried out at
higher ram velocities (20-125 mm/s) show much smaller variations from leading end to
trailing end (see figure 6. 6). Though higher ram velocities lead to larger cross section

variation, this variation is mitigated by the small residence time in the dies (=15 sec).
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Figure 6.7:The leading and trailing end cross sectional temperature profiles at low ram velocities of (a) Imms—1
and (b) 3mms—1 . At low ram velocities, the chilling effect of ram dominates the deformation heating, leading to
larger temperature gradients along the length as compared to those across the cross section

6.4.2. Effect of variation in reduction ratio

Reduction ratio effectively denotes the amount of deformation that the work piece is
subjected to during extrusion. Since, deformation work is the most energy intensive part
of hot extrusion; one would expect that reduction ratio should have significant influence on
the required extrusion force [117]. Figure 6. 8 brings out this strong dependence of ram force
on the extrusion ratio. Though the application of a larger reduction ratio can give a thinner
extrudate section (see figure 6. 9), large deformations have certain undesirable effects too.
As shown in figure 6. 10, there exists a temperature gradient from the ID (mandrel) to
OD (Die) cross section. In case of hot extrusion, two competing phenomena of heat
transfer are in play. Firstly, the dies and the mandrel absorb heat from the billet / work

piece; and secondly, the work- piece gets locally heated due to deformation work done and
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frictional effects.
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Figure 6.9: Sequence of extrudate profiles for reduction ratios of (a) 6, (b) 8, (c) 10, (d) 12, (e) 14.4 and (f) 20.

Figure 6. 10 (a) shows that there is a drop in temperature (from the preheat

temperature of 815°C) near the mandrel, whereas near the fillet region, there is a sharp
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rise. The flow velocity of the work piece near the mandrel remains axial throughout the
length of the die cavity. On the other hand, the velocity near the die surface experiences a
sudden change near the fillet region. Such sudden velocity change translates into high
strain rate and corresponding rise in temperature. Thus, an inherent heterogeneity exists
in the extrudate cross section. However, the undesirable effects of such a temperature
profile can be alleviated if the temperature gradients are smooth and not steep. As shown
in figure 6. 10, larger reduction ratios generate very steep temperature gradients across the
cross section (ID to OD). Such steep gradients can be precursors to high residual stresses,
which may lead to surface cracks. In the domain of present study, it is seen that lower

reduction ratios are desirable on account of lower temperature gradients (figure 6. 11).
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6.4.3. Effect of preheat temperature
Figure 6. 12 shows ram force variation with ram stroke or displacement, for preheat
temperatures ranging from 755 to 855°C at intervals of 10°C. Increasing the pre-heat or
soaking temperature lead to a decrease in the required ram force as expected. A closer
observation of the temperature profiles across a given region, shown in figure 6. 13, reveal
that, a given increase in the preheat temperature will not result in same amount of
increase in the peak temperature attained in that region. For example, a change of 60°C
in preheat temperature (between case of 795°C to a case of 855°C) resulted in the peak
temperature to increase by an amount of 40°C. This translates into lower temperature
variations across a given cross section, a beneficial effect in terms of achieving
microstructural homogeneity. This benefit is in combination with the advantage of reduced
ram force requirement. Thus present analysis indicates that using higher pre heat

temperatures within the temperature domain considered is beneficial for overall
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homogeneity across cross section of the extrudate.

160 -

140

)

tent (1

30 A

Temperatire grac

Figure 6.11:

Nommalized distance from ID

The temperature gradient profiles for Reduction Ratios of (a) 6 and (b) 20.

3000

2800

2400

(Tons)

2000

Ram force

iaiiU

1600

--Hl-- Steady State Ram Force

/

1400
760

780 800 360

Figure 6.12: Ram force variation for different values of preheat temperatures.

105



Temperatues ()

Temperature (C)

980

960 | ——7T35LE (a) 960 | ——14LE (b)
L ¢3TE ~ 9404 9318
020 U o - /
904 5 00 3
880 £ 880
860 2, 860 -
8—10 7 =
8§20
800 800
g0 . . 780 . .
0 > 1 G

Temperalure (°C)

i ) ; 6 0 2 4 6 8

Distance fiom ID () Distance from ID (1mm)

temperatures of (a) 785°C,

Effect of variation in fillet radius

Fillets are introduced in the die to soften steep flow velocity gradients. That is, fillets are
expected to lower strain rates, which are generated due to sharp or sudden changes in
material flow direction in any setup. These ensure a streamlined flow of material and
prevent damage to dies / flow channels. Also, these ensure homogeneity in the finished
product by virtue of uniform filling up of dies. Hence, a systematic variation in fillet radii
was simulated to capture the effect of changing the fillet radii on the extrusion process. As
fillet radius was increased, the ram force required increased (see figure 6. 14). This is seen
as elevation in the ram force profile curves for larger radius of fillet. Although, increased
ram force was observed for the increase in the fillet radii, the changes in the temperature
profiles with the changing fillet radii are seen to be confined to the surface near to fillet.

In other words, increasing fillet radius led to a temperature rise in the region directly in
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contact with the die (fillet) while the temperature near the mandrel remained virtually

unaffected (see figure 6. 15).
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Figure 6.15: The leading (LE) and tailing end (TE) temperature profiles for fillet radii of (a) 1 mm, (b) 5 mm,
(c) 15 mm and (d) 20 mm.
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This significant increase in temperature near the fillet surface, can be attributed to
an increase in the surface area, when the fillet radius is increased. The increased surface
area leads to increased frictional drag causing localized temperature rise. Except for the
rise in the temperature near the region in contact with the fillet, the temperature profile
across a given cross section in the fillet region remained reasonably unaffected for all of

the other fillet radii considered in the present work.

6.5. Summary

In the present work, a systematic parametric study of various extrusion parameters has
been conducted using a 3-dimensional finite element analysis. The results have brought
out the role of various process parameters on the zone specific temperature
distributions, and overall extrusion force requirements. Analysis of temperature gradient
arising out of variation in various process parameters, have thrown light on possible
extent of inhomogeneity introduced during the hot extrusion process. The results of the
simulation can be summarized as:

1. Lower ram velocities were found to result in appreciable temperature loss at
trailing end thus giving rise to more leading end to trailing end variation while
higher ram velocities were found to increase the variation across the thickness.

2. Higher reduction ratios were found to increase the temperature gradients across
the thickness due to increased strain gradients at die profile side.

3. Frictional heating at the die profile was found to be more substantial than the
temperature drop due to mandrel chilling effect.

4. Simulations showed that peak force of extrusion is stronger function of the ram
velocity than the steady state force.

5. Simulations indicate that using of higher preheat temperature will have beneficial

effect in terms of overall homogeneity.
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Chapter 7

Summary

The present thesis dealt with the effect of thermo mechanical processing parameters
on the evolution of microstructure, texture and mechanical properties in Zr-2.5Nb alloy,
which is used as the pressure tube material in the PHWRs. The life of the pressure tube
determines the life of the reactor as the replacement of the pressure tube involves large down
times of the reactor in addition to huge costs. It is known that the life of this structural
component is determined by its dimensional stability during service in the reactor. The
detailed literature survey has shown that the dimensional stability is a function of the
microstructure and texture of the component in as fabricated condition. The Zr-2.5Nb alloy
is a two phase alloy and there can be variety of phase transformations product from the high
temperature beta phase by controlling the beta phase composition and cooling rate. Thus, it is
possible to generate a range of microstructure and texture by suitable heat treatment methods.
The fabrication of the pressure tubes is quite complex and involves hot deformation (forging
and extrusion), heat treatment (J quenching, annealing, autoclaving etc) and cold deformation
(pilgering or drawing). In this research work, pressure tube material fabricated through two
distinct routes which are generically known as cold work route and heat treated route, have
been studied in detail. The influence of process parameters associated with hot deformation,
heat treatments and cold deformation has been systematically studied. Unlike cold worked
pressure tube, in depth understanding about the mechanisms of microstructural evolution in
heat treated pressure tube during heat treatment processing steps of the materials has been
studied for the first time in detail. The brief description of the main findings of the thesis are
summarized below.

The cold work fabrication route for pressure tube involves three major stages of the
fabrication schedule, which are expected to have significant effect on the pressure tube
properties, in particular, its mechanical properties and microstructure. These effects have
been studied in detail. These stages are mainly primary breakdown of the cast ingot, extrusion
to tubular blank and cold work subsequent to the extrusion to achieve final dimension of the
pressure tube. The results on full industrial scale (used for manufacturing 6.4m long pressure
tube) have been obtained. The detailed study on evolution of microstructure, texture and
mechanical properties as a function of the process parameters led to the following important

inferences in the present study.
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e The forging process, in particular double radial forging, resulted in more
effective and uniform breakage of cast structure in comparison to the extrusion
process.

e The higher extrusion ratio (followed by single pass pilgering) results in longer
o grains with a higher aspect ratio and a relatively more continuous 3 phase
along the o/a interface. The microstructure and texture are more uniform from
leading end to trailing end. In addition, the higher extrusion ratio was observed
to result in higher f; and f; — 1, values.

e The intermediate annealing in the double pass pilgering route results in
globulization and discontinuous beta phase and these are enriched with
niobium up to 45 wt.%.

e In general, mechanical properties were very similar among all the routes that
were employed in the present study.

e In general, the double radial forging based route led to a better (i)
homogeneity in microstructure and texture along the entire length i.e., from
the leading to the trailing end of the tube, (ii) higher aspect ratio of the alpha
grain which is reported to be beneficial for diametral creep, and (iii) moreover,
it led to a substantial increase in the ft and ft—fr values of the basal pole

texture. These are considered beneficial modifications and hence are desirable.

The study on heat treated fabrication route for Zr-2.5 Nb pressure tubes constituted
next part of the thesis. Particular emphasis has been given to the (a+p) quenching and
ageing treatments. Quenching dilatometer study was performed to establish the transus
temperature for the alloy used in this study. On the basis of the present studies on
quenched microstructure, cold deformed and subsequent aged microstructure as a function of
process parameters, optimized fabrication flowsheet to manufacture heat treated Zr-2.5 Nb
alloy tube could be established. The texture and mechanical properties of the finished heat
treated pressure tube and bulk texture at different stages of fabrication have been assessed in
this study. The salient findings of this study on heat treated fabrication route are as follows

e The first extrusion process produces uniform structure and completely breaks the cast

structure. Second extrusion produces fine (o+) lamellar structure.
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e During a+ quenching the soaking temperature determines the primary o volume
fraction. Required cooling rate to obtain martensitic microstructure increases with
soaking temperature.

e Ageing at 540°C resulted in fine By precipitates of equilibrium composition, whereas
the Bnp phase composition did not attain the equilibrium composition after ageing at
515°C.

e Mechanical properties of the finished heat treated pressure tube (aged at 515C/24h)
produced with the present route were similar to the cold work pressure tube. Tube
produced with 540C/24h aging exhibited substantially higher YS value at reactor
operating temperature (300C)

e The bulk texture at different stages of fabrication was evaluated. The effect of
quenching rate and the retained primary o volume fraction was studied. The effect of
the later was found to be more dominant. Further cold working and ageing resulted in
insignificant modification of texture of the pressure tube.

Hot extrusion stage is the most important step in the fabrication of the pressure tube
manufacturing. This deformation step determines the microstrucre in terms of the phases
present, their volume fraction, their morphology and most importantly the final texture of the
tube. In the present thesis, FEM simulation of hot extrusion process has been carried to
understand the role of extrusion temperature, extrusion ratio, ram velocity and profile of die
on the extrusion process for obtaining desirable temperature, strain and strain rate distribution
across the work piece. This FEM analysis has effectively shown quantification of the extent
of differences in temperature distribution between leading and trailing end and also across a
given cross section, which has implication in the final product quality. Analysis of
temperature gradient arising out of variation in various process parameters, have thrown
light on possible extent of inhomogeneity introduced during the hot extrusion process. The
results of the simulation can be summarized as:

e Lower ram velocities were found to result in appreciable temperature loss at
trailing end thus giving rise to more leading end to trailing end variation, while
higher ram velocities were found to increase the variation across the thickness.

e Higher reduction ratios were found to increase the temperature gradients across
the thickness due to increased strain gradients at die profile side.

e Frictional heating at the die profile was found to be more substantial than the

temperature drop due to mandrel chilling effect.
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Simulations showed that peak force of extrusion is stronger function of the ram
velocity than the steady state force.
Simulations indicate that using of higher preheat temperature will have beneficial

effect in terms of overall homogeneity.
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