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Abstract

In CANada Deterium Uranium (CANDU) nuclear reactors, Zr-2.5Nb alloy pressure tubes
separate the hot water and cold moderator. Pressure tubes are susceptible to the diffusion of
hydrogen from water and formation of a brittle phase called zirconium hydrides. The diffusion
and formation of hydrides are affected by the state of stresses within the tubes. As such, it is
of great significance to understand the source of the stresses that develop within the tubes. This
thesis focuses on the characterization of the micro and nano scale residual stresses that develop
in pure zirconium and Zr-2.5Nb polycrystals. With using three-dimensional synchrotron X-ray
diffraction (3D-XRD) technique and crystal plasticity finite element (CPFE) modeling, it is
shown that the state of micro-residual stresses in pure zirconium is affected by grain size and
the specimen texture. In addition, the variation of microstructure and residual stress in a
neutron irradiated Zr-2.5Nb CANDU pressure tube specimens are studied and compared to an
unirradiated specimen. It is shown that the microstructure, texture, and the grain-scale residual

stresses of the pressure tube vary as a function of the axial position along the pressure tube.
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Summary for Lay Audience

Nuclear energy provides 16% of the total electricity generated in Canada. In Ontario, about
60% of electricity is generated by the CANada Deterium Uranium (CANDU) nuclear reactors.
Pressure tubes are one of the main components of the CANDU reactors. Hot water runs through
pressure tubes and removes heat from fuel bundles. CANDU pressure tubes are made of a Zr-
2.5Nb alloy. The tubes are susceptible to cracking due to the diffusion of hydrogen from water
and formation of a brittle phase called zirconium hydride. It is reported in literature that the
formation of this brittle phase is affected by the state of localized stresses that develop in the
tube. Therefore, the goal of this research is to better understand how and why these stresses
develop. This is done by firstly characterizing the state of stresses in pure zirconium crystals
in three dimension using an experimental technique known as 3D-XRD. It is found that grain
size and how the atoms sit within grains (orientation) have a significant effect on the state of
the stresses. Further, specimens were removed from different location of a CANDU pressure
tube that was in a reactor for 22 years. Electron diffraction and finite element numerical
modeling are used to understand how the state of residual stresses varies along the tube. We
report that the front-end of the pressure tubes is relatively more stressed compared to other

axial positions that we investigated.
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1 Introduction

This thesis is presented in an integrated article format consisting of three articles. After
presenting the motivation and objectives for this research, the details of the implemented
experimental and numerical techniques are discussed. The thesis outline is provided in the

last section of this chapter.

1.1 Motivation

In Canada, more than 16% of electricity is generated by CANDU nuclear reactors which
makes nuclear energy as a significant part of Canada’s energy supply [6]. Zirconium (Zr)
and its alloys are used in manufacturing of structural materials used in the core CANDU
reactors because these alloys have good mechanical and corrosion properties. In addition,
Zr has a low neutron absorption cross section which increases the efficiency of the fission
process as well as allows for the usage of natural uranium as the nuclear fuel. Examples of
the components that use Zr alloys include calandria tube, fuel cladding, and pressure tubes.
The calandria vessel is the outermost tube and contains heavy water that acts as the
moderator and neutron reflector. The calandria tube is made of Zircaloy-2 [1] and contains
thermally insulating gas. The fuel cladding is the casing in which the fuel rods are contained
and is made of Zircaloy-4 [2]. The pressure tube, which is the focus of this thesis, is made
of a zirconium-niobium (Zr-2.5Nb) alloy and is manufactured by extrusion at elevated

temperatures [3].

Zr-2.5Nb is a dual phase alloy of a-zr crystals with hexagonal close packed (HCP) structure
and a B phase with body centered crystal structure (BCC). During service, hydrogen
diffuses into zirconium crystals and form a brittle phase called zirconium hydrides.
Hydrogen diffusion depends on many parameters, including, zirconium texture,
microstructure and local state of stresses. It has been shown that the formation of hydrides
is significantly affected by the stresses that develop at the grain boundaries as well as those
that develop within the grains of the alloy [4], [5]. In addition, it is suggested that the
thermal residual stresses that develop during manufacturing of the pressure tubes may

accelerate the formation of hydrides. The objective of this research is to characterize the



residual stresses that develop in pure Zr and Zr-2.5Nb during heat treatments and
characterize the correlation between micro residual stresses and materials texture as well

as microstructure.

1.2 Objectives

The main objective of this thesis is to characterize micro- and nano-scale residual stresses
that develop in pure Zr metal and Zr-2.5Nb pressure tubes. In the first step, the thermal
residual stresses that develop in a fully recrystallized pure Zr is characterized. This is to
understand the effects of heat treatment, materials texture, and microstructure on

development of residual stresses. This is done by using 3D-XRD and CPFE methods.

In the second step, an intensive microstructure and texture analysis is performed on neutron
irradiated Zr-2.5Nb pressure tube specimens using EBSD. These specimens were obtained
from different axial locations of a pressure tube to understand how the microstructure and

texture of the tube varies as a function of the axial location.

Finally, the residual stresses of the neutron irradiated samples are characterized using HR-
EBSD and CPFE methods. Results are compared against those obtained for unirradiated
specimens taken from the offcut of the same pressure tube. The goal of this step is to
understand how residual stresses vary along the axial position of the pressure tube and if

such variations are significant enough to affect hydride embrittlement.

1.3 CANDU Pressure Tubes

CANDU nuclear reactors contain 380-480 fuel channels. The design of the CANDU fuel
channels is based on four major criteria. The first one is to use natural uranium as a fuel.
To improve neutron economy, the coolant used is heavy water (D20) which runs through
pressure tubes at high temperature and pressure. For the same reason, D>0O is used as the
neutron moderator at low temperature and pressure. Fuel channels are mostly made of Zr
alloys due to their low neutron absorption cross section. The pressure tubes should be easily
replaced for surveillance and maintenance as the knowledge on Zr alloys, at the time, was

limited. CANDU fuel channels are designed to allow for on-power refueling [3].
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Figure 1.1 A schematic of a CANDU pressure tube and a calandria tube [6].

Figure 1.1 shows a schematic of a CANDU pressure tube and Calandria tube. The pressure
tube is placed inside the calandria tube and is thermally insulated from the cooler calandria
by annulus gas of dry CO». The pressure tube is physically separated from the calandria
using close coiled helical spring annulus spacers, which are placed 1 m apart along the
tube. The pressure tube is supported at each end by end fittings [6]. At operating conditions,
the coolant temperature is 250-270 °C at the inlet of the tube and 292-315 °C at the outlet.
The operating pressure is 10.5 MPa at the inlet and 9.9 MPa at the outlet. The operating
pressure results in an axial stress of 65 MPa, and a hoop stress of 130 MPa and 122 MPa

at the inlet and outlet of the pressure tube, respectively [7].

CANDU pressure tubes are made of a Zr-2.5Nb alloy, and are 6 m long, with average
diameter of 104 mm, and wall thickness of 4.2 mm [7]. The Zr-2.5Nb alloy is a dual phase
alloy consisting of a- and B-Zr. The a-Zr phase has hexagonal close-packed (HCP) crystal

structure and has anisotropic elastic, plastic, and thermal properties. That is, the response



of the alloy to a thermomechanical load depends on the direction of the applied load. The
a-Zr grains are elongated along the axial direction of the pressure tube. The B-Zr phase has
a body centered cubic (BCC) crystal structure and has anisotropic elastic and plastic
properties; however, it is thermally isotropic. The B-Zr grains are mainly found at the a-o
grain boundaries. The main deformation modes of a pressure tube are irradiation growth,
irradiation creep and thermal creep. Irradiation growth is the change in the dimension of
the HCP crystals due to a neutron flux, but under no applied load. Irradiation creep is the
change in the dimension of the crystals due to both stress and neutron flux. Thermal creep
is the dimensional change due to temperature and stress. These mechanisms lead to
dimensional changes in pressure tubes, one of which is known as diametral expansion.
Diametral expansion is the increase in the circumference of the pressure tube. The main
contributor to diametral expansion is irradiation creep, with a smaller contribution of
thermal creep. The effect of irradiation growth on diametral expansion is negative i.e. it
causes the circumference to decrease; however, the contribution of creep is higher, so the
pressure tube ends up expanding. Due to irradiation growth and irradiation creep, the length
of pressure tubes increases with time. Since creep and growth are volume conserving, the
pressure tube’s walls end up thinning as results of axial elongation and diametral
expansion. Lastly, pressure tubes prone to sag due to the weight of the fuel bundles and
heavy water. This is particularly detrimental to pressure tubes if the spacers are moved
from their initial locations, causing the hot pressure tube contacting the cooler calandria
tube [7]. This contact causes a temperature gradient to form through the thickness of
pressure tubes which could result in the formation of brittle hydrides and initiate a process

known as Delayed Hydride Cracking (DHC) [6].

1.4 Experimental Techniques

Two experimental techniques are used in this research, three-dimensional synchrotron X-
ray diffraction (3D-XRD) and electron backscatter diffraction (EBSD). In this section, a

brief explanation of each technique is provided.



1.4.1  Three-Dimensional synchrotron X-Ray Diffraction

3D-XRD is a diffraction based technique that can be used to measure the elastic strain
tensor, center of mass (COM), orientation, relative volume, and stress tensor of individual
grains in three dimension [8]. The X-rays generated by a synchrotron source are diffracted
by the crystallographic planes of crystals and are recorded on a detector. The condition that

must be met for the X-rays for diffraction follows the Bragg’s law:
nil = Zdhleinehkl (11)

where n is an integer, A is the wavelength of the incident X-ray beam, dp,; is the interplanar
spacing of the hkl plane, and 8y, is the diffraction angle of the hkl plane. For a-Zr with
HCP crystals the interplanar planar spacing is:

1 4 (h%4 hk+ k2 12
—=3( )+ 5 (1.2)
kil 3

a? c?

where h, k, and | are the miller indices and a and c are unit cell parameters of the HCP
crystal. Figure 1.2 shows a schematic of the Bragg’s condition. The 3D-XRD setup (shown
in Figure 1.3(a)) includes an X-ray beam that goes through a monochromator to ensure that
the generated X-ray beam is monochromatic, i.e, has a single wavelength. The sample is
mounted on a ®-stage that can rotate [-180°:180°]. The sample is rotated about the w-axis
to capture several crystallographic planes of the same grain and bring grains to the

diffraction condition. The diffracted beam is then recorded on the 2D detector [9].

Figure 1.2 An incident beam diffracting off crystallographic planes [10].



Figure 1.3(b) shows an example of a diffraction pattern collected in a 3D-XRD experiment.
Applying loads to the sample changes the interplanar distancing of the planes in crystals,
therefore, changing the diffraction angle, and, consequently, causing shifts in the

diffraction patterns. The elastic strain is subsequently calculated using [11]:

dpki— d sinf
hkl ref — ref 1 (13)

Enkl =

dref sinBpki

\

20 Defector

Figure 1.3 (a) Schematic of 3D-XRD. (b) Example of a diffraction pattern [8].

1.4.2  Electron Backscatter Diffraction

EBSD is another diffraction technique used in this research. The technique follows the
same diffraction principles discussed in the previous section. In EBSD, the experimental
setup includes a scanning electron microscope (SEM) in which the sample is placed. The
experimental setup also includes an EBSD detector, a phosphor screen, and a charged
couple device (CCD) camera. The samples used for the experiments of this research are 2
mm thick foils. The foils are electropolished at 17 V at -30 °C in a solution of 95%
methanol and 5% perchloric acid until the surface quality is suitable for EBSD
measurements. After preparation, the samples are placed in the SEM chamber at a tilt of
20° with respect to the incident beam direction. Figure 1.4 shows a schematic of the

experimental setup.
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Figure 1.4 The schematic of an EBSD setup [12].

One of the main applications of EBSD is mapping the nanoscale crystallographic
orientation. Unlike 3D-XRD, EBSD can measure the variation of crystal orientation within
a grain rather than a single average orientation for each grain. The diffracted electrons form

a pattern known as Kikuchi pattern, which is shown in Figure 1.5.

Figure 1.5 Example of a Kikuchi pattern of a silicon sample obtained from

EBSD [10].

The Kikuchi pattern includes Kikuchi bands with certain widths that intersect other bands
at a certain angle. Each band represents a unique crystallographic orientation. The dotted
line represents a feature of a band called a zone axis which is used to derive the

transformation matrices to map from the crystallographic orientation using [10]:

@\ /n

qs | * <k> = COSOfi\/(fIDZ + (g2 + (¢1)? (1.4)
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where q is the position of the zone axis relative to the pattern center labeled B in Figure
1.5, and the superscript i represents the number of the band being examined (e.g. band 1,
band 2, etc.). The subscripts 1,2, and 3 represent the axes (X1, X2, X3). a is the angle between
any two bands. q and o are measured directly from the Kikuchi pattern, and then the
equation is solved to find h, k, and 1, which are the crystallographic plane indices. The
crystallographic indices are used to find a rotation matrix to change the coordinates from
the crystallographic coordinates to the Kikuchi pattern coordinates using the following

equation [10]:
Rcp = ((BNxhk)xBN ~ BNxhkl  BN) (1.5)

where BN is the coordinate of the incident beam normal to the sample and hkl is the
crystallographic index. The previous equation describes a cross multiplication operation
between the incident beam and the crystallographic indices. Another rotation matrix is

required to transform the pattern coordinates to the sample coordinates [10]:

cosy —siny 0
Rps = (siny cosy 0) (1.6)
0 0 1

where vy is the angle between the Kikuchi band and the sample y-axis. Finally, the rotation

matrix between the crystal coordinates to the sample coordinates equals to:
Rcs = Rep * Rps (1.7)
with this equation, the orientations of the crystals within the sample are known.

High resolution EBSD (HR-EBSD), developed by Wilkinson et al [13] allows for, in
addition to orientation mapping, measuring nanoscale localized relative elastic strain and
elastic rotation. The precision of HR-EBSD for measuring strain is 1x10* and for
measuring elastic lattice rotations is 1x10™* radians [13]. In HR-EBSD, the shifts in the
Kikuchi patterns are correlated to elastic strains (Figure 1.6) using the Eulerian

displacement gradient [13]:

q=Q—-(Q M7 (1.8)



where q is the pattern shift or displacement on the phosphor screen, 7 is the unit vector

along the zone axis direction of the band that is being studied, and Q is defined by [13]:

e o o | (T
— gy = | == == =2
Q =ar= dx, 0x, Oug 2 (1'9)
\% duy ouy | T3
6x1 6x2 ax3
where “a” is the displacement gradient tensor. The pattern shifts in HR-EBSD are measured
at the surface of the sample, limiting the application of HR-EBSD to in-plane strains.

Therefore, the term Q3 = 0, and the problem is treated as a plane stress problem (o33 =0 =

Cs3ugn).

Figure 1.6 Kikuchi pattern before and after load application [14].

Expanding and substituting terms from equations (1.8) and (1.9) yield two independent

equations as follows:

[6u1 dus ouq 2 0uy 2 0us

] t T r i, 28 = g, T
6x1 6x3 273 axz 3 6x3 1 axl 172 axz - 3q1 1q3

6u2 6u3] 6uz 2 6u2 6u3 2 6u3
Nr3|\m—— — nr3— Yy —— My ——7",—=1T - 1.1
213 [axz %5 + 113 %, + 13 %3 1255, ) 342 203 (1.10)
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The displacement of the pattern q and the unit vector ¥ can be measured directly by cross
correlating the shifted pattern to the original reference pattern, leaving 8 unknowns after
applying the plane stress condition. Therefore, 4 different noncoplanar measurements of q
and 7 are required. After the displacement gradient tensor elements are calculated, the
elastic strain tensor and the elastic rotation tensor are calculated using:

. ou; ; ouj

ax] i axj axi

where &jis the strain tensor and j; is the rotation tensor. Finally, the stresses are calculated
from the strain tensor using:

0ij = Cijki€r (1.12)

where ojj is the stress tensor and Cij is the stiffness tensor. HR-EBSD is used to measure

localized elastic strains, elastic rotations, and stresses at several locations within each grain.

1.5 Crystal plasticity finite element

The main numerical technique used in this project is crystal plasticity finite element
(CPFE). Crystal plasticity is a set of constitutive equations that describe plastic deformation
by the movement of dislocations on a slip plane in a slip direction [15]. The crystal
plasticity user material (UMAT) subroutine used in this project was developed by Dr.
Abdolvand [16]. A brief explanation of the formulation is given here. The code was
developed based on the mathmetical formulation for rate-dependent equations developed
by Hill [17], Hill and Rice [18], Asaro [15], and Asaro and Needleman [19]. The total strain
rate (g.,) is divided into elastic (,;) and plastic (ep'l) parts. The plastic strain rate is
calculated by:

. spl .
gpl = le\xlzl Paya

P% = sym(S*) where S* = d* ® n“ (1.13)

P% is the symmetric part of the Schmid tensor (S%) for the slip system a, d* is the direction
of the slip and n® is the normal to the slip plane. The slip rate of the slip system a is

calculated using:
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o n

gd

)7“:)70

sign (;—Z) (1.14)

where y, is a reference shear strain rate, and n is a constant that controls rate dependency,
both of which are material properties. 7% and g% are the resolve shear stress on the slip
system a and the current strength of this system, respectively. The shear stress acting on

each slip system is calculated by:
¢ =pP*%: Y (1.15)

where W is the Kirchoff stress. The Jaumann rate of Kirchoff stress (P) is related to the

elastic part of the rate of deformation (D¢") and the elastic stiffness tensor (C) as:
P =C:D® where ¥ =¥ — Q¢ ¥ + ¢ (1.16)

where Q¢ is the elastic part of the rotation tensor. The deformation and the rotation rates

are correlated to the symmetric and asymmetric parts of the velocity gradient (L) as:
(D + DPY) + (Q° + OPY) = sym(L) + asym(L) (1.17)

and the plastic part of the rotation increment is correlated to the plastic shear rate and

asymmetric part of the Schmid tensor (W %):

ol = N weaye (1.18)
The velocity gradient is the time derivative of the deformation gradient (F):

L= FF~' = FeFe1 4 Fe(FpFp-hype-1 (1.19)

where F¢ and FP are the elastic and plastic parts of the deformation gradient, respectively.

Assuming the plastic slip does not cause any lattice reorientation, the deformation gradient

is found by:
0x;
Fyj = % (1.20)

J
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x; 1s the displacement field in the current configuration, and x; is the displacement field in

the previous configuration.

1.6 Thesis Overview

Chapter 1 of this thesis provides a summary of the motivation and objective of the thesis,
as well as the experimental and numerical techniques used throughout this thesis. Chapter
2 is the first article which discusses the characterization of residual stresses in pure Zr in
3D using 3D-XRD and CPFE. Chapter 3 provides an intensive microstructural and texture
analysis of neutron irradiated and unirradiated Zr-2.5Nb specimens using EBSD. Chapter
4 discusses the development of the localized residual stresses in the neutron irradiated and
unirradiated specimens. Chapter 5 provides a summary of the conclusions made from each

chapter and provides recommendations for future work.
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2  Measurement and modeling of micro residual stresses in
zirconium crystals in three dimensions

Abstract

The performance of the zirconium alloys used in nuclear reactors can be affected by the
state of the residual stresses that develop during manufacturing of the reactor core
components. In this paper, the residual stresses within individual grains of a textured o-
zirconium polycrystal are investigated. For this purpose, three-dimensional synchrotron X-
ray diffraction is used to measure elastic strain tensor, center-of-mass (COM), orientation,
and stress tensor of more than 11000 grains in a zirconium sample. The grain measured
COMs and orientations are used to reconstruct the 3D microstructure of the sample using
the weighted Voronoi tessellation technique. The microstructure is subsequently imported
into Abaqus to simulate the experiment using a crystal plasticity finite element model. The
state of the thermal residual stresses that develop during slow cooling from 700 °C, and
those that develop after unloading from 1.2% applied tensile strain are discussed. It is
shown that both thermal and mechanical micro residual stresses, and their variations within
a grain, are correlated with the grain size. Also, due to strong anisotropy of the single
crystal, residual stresses are significantly affected by the configuration of local grain

neighborhood.

2.1 Introduction

Zirconium (Zr) and its alloys have been widely used in the core of nuclear reactors due to
their good mechanical properties and high neutron transparency. The most common form
of Zr is the a-phase which has hexagonal close-packed (HCP) crystal structure with high
elastic, thermal, and plastic anisotropy. One of the main challenges of using Zr in light or
heavy water reactors is its susceptibility to formation of zirconium hydrides. During the
normal operation of a nuclear reactor, hydrogen from water can diffuse into the Zr lattice.
At lower temperatures, the solubility limit of hydrogen in Zr reduces, resulting in the

formation of zirconium hydride. This is a brittle phase with a very low fracture toughness
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affecting the life-span of core components. It has been suggested that formation of hydrides
is affected by the state of stresses at the grain boundaries and the stress variation within the
grain [1]. More importantly, it has been suggested, that grain-level thermal residual stresses
that develop during manufacturing of zirconium nuclear pressure tubes can affect their
response against hydrogen diffusion and hydride formation [2]. As such, this paper focuses

on characterizing such localized stresses in a-Zr crystals.

Different diffraction techniques are used to measure stresses in Zr-alloys. For example,
neutron diffraction was used to measure internal lattice strains developed during uni-axial
deformation of Zircaloy-2 [3]. In this experiment, the average stress within families of
grains, that diffract an incident beam, is measured. Such measurements are valuable as the
effects of load partitioning on deformation mechanism at the meso-scale can be studied;
however, stress development within individual grains cannot be measured due to resolution
limits of the method. A few experimental techniques are currently available for measuring
grain-level stresses. Laue micro-diffraction is one of those techniques, which was used, for
example, to measure lattice curvature in fatigued copper [4]; however, in Laue micro-
diffraction technique, only a few grains can usually be examined. Three-dimensional
synchrotron X-ray diffraction (3D-XRD) is another technique that provides grain-level
stress tensor [5, 6, 7, 8]. With 3D-XRD, the center-of-mass position (COM), relative
volume, average orientation, average elastic strain, and stress of individual grains in a
polycrystal can be measured. For instance, this technique was used to measure the
evolution of stress in twin and parent pairs in Zircaloy-2 [9, 10] and magnesium alloys [11,
12]. Furthermore, 3D-XRD was recently used to study deformation-induced grain
orientation spread and the possible effects of grain-grain interactions on the activation of
various slip systems in steel [13, 14]. Since the average stress and orientation for many
grains are measured, normally the variation of stress within a grain is missed. For capturing
such variations, high resolution electron backscatter diffraction (HR-EBSD) can be used.
HR-EBSD has been used to study residual stress field close to grain boundaries [15, 16,
17]; however, due to low penetration depth of electrons, such variations can only be

measured at the sample surface.
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Various numerical techniques have been used to simulate stress development in
polycrystals at different length scales. For simulating meso-scale stresses, crystal plasticity
has been employed in various frameworks including, finite element [18, 19, 20], self-
consistent [21, 22, 23], and fast Fourier transformation [24, 25, 26]. Crystal plasticity is a
set of constitutive equations that describes plastic deformation by the movement of
dislocations on a slip plane in the slip direction [27]. This technique has been successfully
used for modelling plastic deformation by slip [28, 29] and twinning [30, 31, 32]. Also, it
has been used to model damage nucleation at or close to grain boundaries [33, 34], and to
model non-Schmid effects in nickel based superalloys [35]. Advances in the field have led
to the development of strain gradient CPFE models to study formation of slip bands and

capture non-local effects [36, 37, 38].

In this study, the state of the residual stresses in Zr crystals are investigated using CPFE
numerical modeling and 3D-XRD experimental measurement. Firstly, the steps required
for extracting grains stress and strain tensors, COMs, orientations, and volumes using 3D-
XRD are described. Several codes are developed to reconstruct grain shapes based on their
measured COMs, and relative volumes. The simulated microstructure is subsequently
imported into a CPFE model to simulate thermal and mechanical residual stresses. The
results of the CPFE model are compared against measured values to understand the nature
and source of such stresses. The effects of sample texture on the reported trends are

subsequently studied.

2.2 Experimental Method
2.2.1  Sample

A large bar of CPZr with the composition shown in table 2.1 was first annealed at 700°C
in an Argon gas environment to prevent oxide layer formation and then air cooled to relieve
residual stresses from manufacturing. A dog-bone sample was then cut from the bar such
that the sample tensile axis coincided with the original bar diameter. To reduce the effects
of machining, the sample was then mechanically polished down to 4000 grit followed by
polishing with colloidal silica solution. To reduce the effects of the surface damage on the

quality of the collected diffraction patterns, the sample was finally electro-polished for 45
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seconds at 25 V in a solution of 10% perchloric acid and 90% methanol at -30°C. An
example of the EBSD map measured for the sample is shown in Figure 2.1(a). The
coordinate system used in this paper is shown in Figure 2.1(b) where the z-axis coincides
with the original bar diameter and the loading direction, the x-axis points into the sample
thickness along the incident X-ray beam direction, and the y-axis is given by the cross
product of the other two which coincided with the longitudinal axis of the original bar. The
3D-XRD measured pole figure of the sample is shown in Figure 2.1(c). The (0002) pole
figure shows that most of the grains have their c-axis oriented towards the x-axis with lesser

grains oriented towards the z-axis.

Table 2.1 Chemical composition of the CPZr sample [2]. Numbers are given in ppm

Zr C Hf Fe Cr N 0) H
Balance 250 2500 200 200 100 1000 10

2.2.2 3D-XRD experiment

The experiment was conducted at the ID-11 of the European Synchrotron Radiation
Facility (ESRF), Grenoble, France. The sample was mounted on an Admet tensile rig that
applies load uniaxially. The macroscopic applied load was measured by a load cell attached
to the tensile rig while the macroscopic strain was measured using two different methods:
(a) by tracking two silver wires glued to the sample and determining their precise position
using the incident x-ray beam and (b) by digital image correlation tracking changes in the
position of the wires using optical images. The sample was deformed under strain-control
at an applied strain rate of 2.64x107 s, Diffraction measurements were conducted at four
different steps: preload, onset of plasticity (€=0.59%), maximum applied strain of e=1.2%,
and finally unload. For the preload step, the sample was firstly aligned to ensure that the
whole cross section would be immersed in the X-ray beam throughout the rotation steps;
then, it was pre-loaded to 7 MPa for collecting diffraction patterns. For the next two steps,
the sample was initially deformed to the prescribed strains. For the last step, the sample
was unloaded to 10 MPa using the same strain rate. At each measurement step, after
aligning the sample, the center of the probed volume was re-calculated by determining the
current position of the silver wires and applying the necessary movements in the z-direction

to follow the same volume. The first and last steps are the two steps where thermal and
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mechanical residual stresses were measured, respectively, while the middle two steps were

used to ensure that evolution of stress at the grain level was captured in the CPFE model.

At each loading step, diffraction patterns were acquired using a monochromatic X-ray
beam with the energy of 78.39 keV. In order to measure the state of the deformation in 3D,
the sample was rotated about the z-axis. The sample and the loading stage were firstly
rotated from —234.5 to —125.5°, and then from —54.5 to 54.5° both with the rotation step
of 0.25°. The exposure time for collecting diffraction images with 2048 x 2048 pixels was
0.25 s for each rotation step. Once diffraction patterns were measured for one layer, the
sample was moved along the z-axis by 25um so that measurement for the next layer could
be conducted. This process was repeated until 15 layers of the sample were probed, i.e. a
0.375 mm length of the sample gauge was covered. The post-processing of the measured
data was mainly done by the use of ImageD11 and the subroutines embedded into Fable
(https://sourceforge.net/p/fable/wiki/Home/). Full description of this procedure is given in
[39].

Table 2.2 Details of the 3D-XRD experiment

A Avexeg:;rrl::‘ for Grain weighted-average stress with estimated
verage A errors (MPa
Measured Number Number positions (um) ( )
macro
stress of of peaks
Applied (MPa) grains per
Step strain grain | Ax, Ay, Az; | 0y Oy Oy Osy Oy 0y,
(%)
20 8 2 -1 -2 2
Preload 0.0 ; 11247 102 +54 32 +£14 97 19 <16 4 45 7
Onset of 23 11 249 -2 2 1
plasticity 0.59 )5 10677 102 +55 £33 +14 97 120 <17 4 5 47
Plastic 24 13 264 -2 2 2
zone 1.2 0 8869 99 +6.7 +4.0 =£1.7 133 424 20 45 +7 48
28 9 2 0 -2 1
Unload NA 10 9013 98 +6.7 +4.0 =£1.7 433 424 491 45 +7 48
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[001]

Figure 2.1 (a) an EBSD map of the undeformed sample with the color legend given in
the right hand side of the figure. Colors are coded with respect to inverse pole figure
z. (b) The sample used in 3D-XRD experiment with the lab coordinate system shown
in the bottom of the picture; z-axis is the loading direction and the sample gauge
length is 20 mm. (c) The (0002) and (1100) measured pole figures from 3D-XRD.
Scales are given in multiples of random distribution. (d) Test set-up.
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2.3 Crystal Plasticity Simulations

2.3.1  Input model

The measured COMs and relative volumes of the grains were used to simulate grain shapes
and import the simulated microstructure into the Abaqus finite element solver. This was
done by calculating the “real” physical volume of each grain in the scanned volume,
assuming that grains are space-filling, and no grain was missed during the analysis of the
3D-XRD data. With these assumptions, the 3D-XRD measured relative volumes can be
multiplied by the dimensions of the probed volume to get the “real” volume of each grain.
Grain volumes and the measured COMs were subsequently used to simulate grain shapes

using the weighted Voronoi tessellation technique described in [12].

Surface stresses may develop during machining, mechanical polishing, or mounting of the
sample on the tensile rig. To avoid such effects, grains located within 100 microns of the
free surfaces were removed, i.e. a subset of grains were imported into the Abaqus FE
solver. These grains are located in the center of the probed volume and fall into a cube of
200 um side meshed with a step size of 4 um and has 50 x 50 x 50 elements that cover
1038 grains as shown in Figure 2.2(a). The same cube was also meshed at a step size of 5
and 17 um to check the convergence of the FE results. These three models are called S4,
S5, and S17, respectively. The simulation cube was then discretized using C3D8 elements.
At this stage, the position of each element in the cube was substituted into Eq. 1 for grain

assignment [12]:
d 2 2 2 2 ;o
€ ={X e RYIIX = s;lI> = w? <|[X — 5| — w?, i # j} 2.1)

Where X is the position vector of the element in the cube, s; is the position vector of the
seed point of the grain i, and w; is the radius of the same grain. For determining the seed
point of each grain, Eq. 1 is solved in two steps. In the first step, s; is replaced by the
measured COM; of the grain G;. This result in a new COM,; for G; which does not
necessarily coincide with the actual measured COM.;. In the second iteration, s; is set equal
to 2COMp- COM.. It is shown that the second iteration provides a much better estimation

of grain boundaries [40]. The model with its corresponding texture is illustrated in Figure
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2.2. Comparison of the pole figures for the simulated cube (Figure 2.2(b)) with those
measured experimentally for the larger probed volume (Figure 2.1(c)) indicate that the
overall texture is well captured in the CPFE model. Further, in Figure 2.2(c), the relative
volume of each grain in the simulated microstructure is compared to those measured.
Results for a second case where Voronoi tessellation is used is also shown. For this case
the weight function (w; and w;) in Eq. 1 was simply set to zero and grains COMs were
used as seed points. It can be seen that the relative volume from weighed Voronoi are much

closer to those measured experimentally.

For simulating the experiment, the model was firstly cooled down to room temperature in
the absence of any external load (zero net force in all directions) to simulate the
development of thermal residual stresses during heat treatment. In the second step, the
sample was deformed at the same strain rate that was used in the experiment. Periodic
boundary conditions were applied on each of the surfaces of the simulation cube following
the method described in [41]. A tensile elongation was applied along the z-axis, while in
the transverse x and y axes the contraction was left free, and the model was allowed to

relax to zero transverse net force.

A crystal plasticity user material (UMAT) subroutine for the Abaqus finite element solver
that was developed by [41] was used for simulating deformation of each grain. A brief
description of the key equations used in the subroutine is given here; comprehensive
explanations are given elsewhere [41]. At the beginning of each time increment, Abaqus

FE solver provides strain and time increment data into the UMAT, in which the new state
. . . . A
of stress, solution dependent state variables, and the Jacobian matrix (O_A:) are calculated.

The total strain increment (Ag) can be decomposed to the elastic (Ag®) and plastic (AeP?)
parts. For the CPZr sample used in this study, the c-axis of the HCP crystals are mostly in
compression, and since the deformation is applied to small strains, the effects of twinning

is ignored; hence, the plastic strain rate can be calculated from the slip rate (y%) :

grt = pNT paye 2.2)
P% = sym(S%*) where S* = d* @ n“
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In which P% is the symmetric part of the Schmid tensor (S%) for the slip system a, d* is
the direction of the slip and n® is the normal to the slip plane. The slip rate of the slip
system a is calculated using Eq. 3 [27]:

a
,

14

g(x

" sign (;—Z) (2.3)

= Yo

where y, is a reference shear strain rate, and n is a constant that controls rate dependency.
The value of y, and n are provided in table 2.3. t* and g* are the resolve shear stress on the
slip system a and the current strength of this system, respectively. At room temperature,
plastic deformation of CPZr is mostly controlled by prism (1120), basal (1120), and
pyramidal (1123) slip systems [3, 41]. The CRSS values used in this study are 82 MPa,
109 MPa, and 287 MPa, respectively, with no further hardening. These CRSS values were
established by scaling down those reported by [42] from micro-cantilever testing of the
same batch of CPZr to allow for a change in strain rate and the stress relaxation occurring
during the 3D-XRD experiment. This model is called “relaxed model”. In addition, a
second set of crystal parameters was used to study the effects single crystal hardening and
the displacement-hold on the calculated residual stresses for the unload step. These
parameters were extracted by [41] for a-Zr and are provided in the supplementary file
(Table S1). This model is called “displacement-hold”. In the supplementary file, it is shown
that the difference between the “relaxed” and “displacement-hold” models for the thermal
and mechanical residual stresses are negligible. Hence, in all simulations presented in this
paper, the first set of parameters are used with the “relaxed model”.

Table 2.3 single crystal parameters used for S4, S5, and S17 models

N Yo (5 CRSS (GPa)
Prism 20 3.5x10* 0.082
Basal 20 3.5x10* 0.109
Pyramidal 20 1.0 x 10+ 0.287

The shear stress acting on each slip system can be calculated from the Kirchoff stress (W)

through the following equation:

7% = POy (2.4)
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The Jaumann rate of Kirchoff stress () is related to the elastic part of the rate of

deformation (D®") and the elastic stiffness tensor (C) as:
P = C: D where P =¥ — Q¢ P + P(°! (2.5)

where Q¢ is the elastic part of the rotation tensor. The deformation and the rotation rates

are correlated to the symmetric and asymmetric parts of the velocity gradient (L) as:
(D + DPY) + (Q° + OP') = sym(L) + asym(L) (2.6)

and the plastic part of the rotation increment is correlated to the plastic shear rate and

asymmetric part of the Schmid tensor (W %):
= YN aya 2.7)

The elastic modulus of the single crystal CPZr used in this study is the one determined by
[43]: C11=143.5 GPa, C33=164.9 GPa, C12=72.5 GPa, C13=65.4, GPa, and C44=32.1 GPa.
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Figure 2.2 (a) The modelled microstructure that was imported into a finite element

solver for simulating 1038 grains. Random colors are assigned to elements to

distinguish different grains. (b) The corresponding pole figure of the modelled

microstructure. (¢c) Comparison between the measured volumes of the grains and

the simulated ones using Voronoi and weighted Voronoi tessellation. (d)

Comparison between the average stress-strain curves calculated for each model

with the experimentally measured ones.



26

2.4 Results

In the following sections, stresses and strains are given in the global coordinate system
shown in Figure 2.1(b) where x, y, and z coincide with the X-ray beam (11), transverse
(22), and the loading (33) directions, respectively. on is used to represent hydrostatic stress.
In calculating propensities from the 3D-XRD experiments, the measured volume fraction
of grains are taken into account to provide a like-to-like comparison with the obtained
values from CPFE simulations. Also, in all of the relevant figures, 3 represents the angle
between the Basal Plane Normal and the loading direction. Neighboring grains are
identified after meshing the volume and a grain neighbor is defined as the one that shares

at least one element surface with another grain.

241 3D-XRD vs. CPFE results

The macroscopic stress-strain curve for CPZr is shown in Figure 2.2(d). In this figure, the
continuous stress strain curve that was measured non-stop is compared against the one
measured during 3D-XRD experiment. For each applied strain, there are three stresses that
were measured during the 3D-XRD experiment; these three values correspond to the initial
measured stress at a given strain, the stress measured after the sample alignment (~30 mins
hold at that strain level) and right before the start of diffraction measurement, and the stress
measured at the end of the measurement. For the preload and unload steps, the last two
stresses coincide with the initial measured stresses as there was no evident stress relaxation.
The initial measured stresses are close to the ones measured during continuous experiment,
although they are slightly higher as the strain rate during the 3D-XRD experiment
(2.64x10-5 s7') was a little higher than that of the continuous experiment (1x10-5 s™'). The
macroscopic stresses measured at the end of each loading step are very close to the stresses
determined from the 3D-XRD measurements using the weighted volume average of the
stresses measured for each grain. Further, it is shown in Figure 2.2(d) that CPFE results, at
macro-level, are converged for S5 and S4 models. The results of model S4, however, is
used throughout this paper as more elements are assigned to each grain. Further analysis
of calculated stresses for each grain indicate that grain average stresses are converged for
both model S5 and S4; however, to capture “true” stresses at the grain boundaries, it is

necessary to use higher mesh densities or special element types as discussed by Gonzalez
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et al. [44]. As such, for the analysis of stress variations, e.g. stress range, all elements
located at the grain boundaries are removed and only the IPs located within grain interiors

are used.

The total number of indexed grains obtained at each loading step and number of peaks
assigned to each grain are shown in table 2.2. Since the sample was not heavily deformed,
there is only a small reduction in the number of peaks per grain. This is also reflected in
the estimated errors for the COM and stresses measured for each grain. The distribution of
the measured stresses and orientations for each loading step are shown in Figure 2.3, where
each grain is represented by a sphere with a volume proportional to the measured volume
of the grain. It is shown in Figure 2.3(a) that most of the grains have their c-axis
perpendicular to the loading direction. This means that basal and prism are the two main
active slip systems. Further, 633 stresses measured at the onset of plasticity and applied
stress of 1.2% are generally varying between 100 to 400 MPa, while those measured at the
preload and unload vary between -200 to 200 MPa. Since hydrogen diffusion in Zr lattice
depends on the state of the hydrostatic stresses, the variation of oy at the preload and unload

are provided in Figure 2.3(f), and 2.3(g).

The distribution of the grain measured residual stresses as a function of the angle 3 between
the sample z-axis and the crystal c-axis for 633 and o11 at the preload step are shown in
Figure 2.4(a) and 2.4(b), respectively. The grain to grain variations in residual stresses are
large, despite the anneal and slow cool. Measured stresses vary between -200 and +200
MPa with an overall standard deviation of 52 MPa. Averaging stresses (by grain volume)
within each 5° bin in angle B reveals an underlying trend of more o33 tensile stress for
grains with the c-axis aligned close to the sample z-axis, and a gradual decrease into a slight
compressive stress for grains with c-axis near 90° to the z-axis. CPFE results shown in
Figure 2.4(d)-2.4(f) indicate that such trends are due to anisotropy of the coefficient of
thermal expansion (CTE) for the HCP crystal which is larger along the c-axis
(ac=10.1x10-6 K") than normal to it (0:a=5.3x10—6 K!). The thermal residual stresses
develop as a result of the grain-grain interaction and anisotropy in the elastic modulus and

thermal coefficient of expansion.



28

The volume averaged of 3D-XRD results for the unload step, given in table 2.2, confirm
that there is no external loading on the sample. The obvious comparison to make is with
the initial state where grains with c-axis within ~15° of the z-axis exhibited tensile residual
stress on average of ~50 MPa, but in some cases in excess of 150 MPa (Figure 2.4(a)). By
comparison the residual stresses at the end of the test after the tensile deformation are
significantly reduced for these hard oriented grains (Figure 2.4(c)) for which the average
stress is close to zero, though individual grains have stresses distributed between +100 MPa
and 100 MPa. Grains with high 8 have a slightly compressive 633, which is similar to the
condition before the load-unload cycle. CPFE simulation at unload is shown in Figure
2.4(f)-2.4(g) where a good agreement between CPFE simulation and 3D-XRD
measurement was achieved. In the both preload and unload steps, most grains have grain-
average stress of zero. In the unload step, the bar graphs broaden showing overall standard
deviation of 80.4 MPa reflecting the effects of plastic deformation that occurred in the
crystals at 1.2% applied strain. Further analysis of the results shows that at the preload and
unload, the hydrostatic stress varies between £200 MPa with overall standard deviation of

44.9 MPa and 52.8 MPa, respectively.
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Figure 2.3 Measured stresses and orientations from 3D-XRD experiment: (a) the
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Figure 2.4 Grain measured residual stresses as a function of the angle between the

basal plane normals (g) and the loading direction: (a) ¢33 and (b) 611 at the preload

and (c) o33 at the unload. The size of each circle is proportional to the measured

volume for each grain. (d) — (i): Comparison between 611, 622, and ¢33 obtained

from CPFE and 3D-XRD for the preload and unload steps.

24.2

Effects of grain size

In Figure 2.5, the grain-average stress obtained from CPFE and 3D-XRD in the preload

and unload steps are plotted against the measured diameters of the grains. In this figure,

“0” represents the grain-average stress and grains are grouped based on their diameters

with the increment of 5 um. For each group, the stress magnitude is used to calculate the

average stress shown with an “X”. The plotted line is fitted using the X values, and the r

2

value of the fitted line is given. It can be seen that, in all scatter plots, the slope of the fitted
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line is negative. This indicates that, on average, bigger grains are more likely to experience
lower grain-average stresses; however, this does not imply that big grains have lower
“local” stresses (see section 5.2). Also, as the diameter increases, stress range for each
group decreases. For example, on at preload for grains with dimeter of 10 um vary between
+200 MPa, but at 60 pm, this range is 50 MPa. Similar trends were captured at the unload
step. The same trends are captured in CPFE results; however, the slopes of the fitted line
obtained from CPFE are lower than those obtained from 3D-XRD. One of the factors that
affect this slope is the number of grains contributed in each population. In the CPFE model,
not all measured grains are simulated, hence, the effects of the grain-grain interactions are
underestimated, especially for the grains at the model surface. This is further discussed in

section 2.5.2.
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Figure 2.5 Grain average 633 and on as a function of grain diameters: Results from
3D-XRD are shown in the top row and those from CPFE are shown in the bottom
row. The first two columns are from preload step and the last two are from unload.

The magnitudes of the measured and calculated data are used for data fitting.



32

2.5 Discussion

Since stress variation within grains can be extracted from CPFE simulations, in this section,
the effects of grain size and grain neighborhood on the development of localized stresses

and their effects on the observed trends for grain-average stresses will be discussed.

2.5.1 Size effects

CPFE results are used to investigate the variation of stress across individual grains. Two
grains that have different diameters are compared. The first grain is the grain number 4329,
one of the biggest grains in the simulated population. It has a diameter of 54.5 pm with
8528 integration points (IP). The second grain, grain 3144, is a smaller grain that has a
diameter of 28.2 um and 1520 IPs. Both grains are compared in terms of stress variation
within the grain, at the preload and unload steps (Figure 2.6(a)-2.6(f) and table 2.4). In
these figures, the elements located at the grain boundaries are removed from the analysis
to eliminate the numerical artifacts that might arise from such elements. In this paper, stress
range refers to the difference between the highest and lowest calculated stresses from IPs
of a grain. For the calculation of stress range, IPs located at the grain boundaries are
removed from the analysis. Full width at half maximum (FWHM) of stress is calculated
using stresses at each IP. Stress range is an indication of localized stress fields close to
grain boundaries while FWHM represent general stress variation within the grain. In table
2.4, it is shown that FWHM of stress components as well as stress range for the bigger
grain is generally higher than those of smaller grain, particularly for the unload step. This
indicates that the bigger grain can accommodate the sharp stress variations from one side
of the grain to another and reduce the stresses from the grain boundaries toward grain
interiors; however, for the smaller grain, the effects of stress variations at the grain
boundaries is not overcome by the grain size. Such effects can better be seen by dividing
the calculated FWHM to the stress range to highlight the ratio between stress variations to

stress localization.



Table 2.4 Grain 4329 and 3144 stress values

33

Preload Unload
Gl11 022 033 oH G11 G2 033 OH
Grain 4329 (with 8528 IPs)

FWHM | 69.9 34.5 52.5 314 106.4 105.9 69.6 65.6
(MPa)

Stress | 247.1 153.9 254.4 155.2 520.4 3344 323.8 254.8
range
(MPa)

FWHM/ | 28.2 224 20.6 20.2 20.4 31.6 21.5 25.7
Stress
range
(%)

Grain 3144 (with 1520 IPs)

FWHM | 86.1 34.6 53.2 30.0 88.8 934 64.4 69.5
(MPa)

Stress | 181.6  99.6 140.9 101.8 280.9 265.0 242.9 202.8
range
(MPa)

FWHM/ | 474 34.7 37.7 29.5 31.6 35.2 26.5 343
Stress
range
(%)

These two grains represent an example of many grain combinations that are tested, yet

similar trends are observed. The variation of FWHM, stress range, and their corresponding

ration as a function of grain size for all of the simulated grains are shown in Figure 2.6(g)-

2.6(1). It can be seen that FWHM of o11 and on is weakly correlated with the grain size;

however, stress range is significantly affected by the grain size, i.e., bigger grains have

higher stress range. This is significant because higher stress gradients may accelerate

diffusion of hydrogen atoms [45, 46]. Such sharp stresses at the grain boundaries are caused
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by the bigger grain having more neighbors, i.e. grain 4239 has 33 neighbors compared to

the 19 neighbors of grain 3144.

a.

Grain 4329, Preload

J ——CPFE variation
0015 —==CPFEaverage
= =Experiment
2
@ 001 1
<
2 1
=]
- 1
0.005
1
1
0 1
450 100 50 0 50 100 150
[ (MPa)
Grain 3144, Preload
1 ——CPFE variation
0015 | -CPFE average
. = =Experiment
£
0 001
<
o
€ I
£
1
0.005
I
1
0 1
-150 100 50 0 50 100 150
44 (MPa)

Preload

FWHM 5., (MPa)

°
Br y=-0.063"x+94

0 E) E) ) 50 £}
Grain diameter (;m

Preload

FWHM o,, (MPa)

o
-0.12*x + 69

@
c%o ©
° 3

0 E) E) ) 0 e}
Grain diameter (i1m)

b.

Grain 4329, Preload

003
——CPFE variation
0.025 i1 \ —--CPFE average
1 \— -ewveriment
002
2 1
2 1
g 0015
< 1
£
001 1
1
0.005
1
0 1
-100 -50 4 50 100
o
 (MPa)

Grain 3144, Preload

0035

8

s B
8 &

Intensity
g

g

0005

———CPFE variation
—==CPFE average
I\= =Experiment

Preload

Rangeof o, (MPa)

Grain diameter (;:m)

Preload

350

o

00F y=15"%+1.1e+02

H

Range of o, (MPa)

o
08
o

°
8

2
Grain diametet

T (pm)

0.016 [ ===CPFE average
0014

nsity

Lo
o
o
o

0.
0.
0.

0.

Intensity

0.
0.

0.

Ratio of FWHM to Range of o,

Ratio of FWHMto Range of o,

0012
001

°
2

Grain 4329, Unload

——CPFE variation

= =Experiment

008
006
004

002

250 200 150 -100 50 O 50 100 150

[ (MPa)

Grain 3144, Unload
w=CPFE variation
== ==CPFE average
014 © = =Experiment

016

012

008

006

004

002

Preload

o
o7ty =-0.0041"x +0.52
o

o 0 E) E) ) E} £}
Grain diameter (1m)

Preload

o 0 E) E) ) 0 £}
Grain diameter (1m)

Figure 2.6 Grain-average stresses and stress variations for 611 and ou: Results for

grain 4329 and 3144 are shown in the first and second rows, respectively. The
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calculated full width of half max (FWHM), stress range, and the ratio of FWHM to

stress range of (g-i) 611 and (i-1) on.

2.5.2  Effects of neighboring grains

Localized stresses close to grain boundaries and grain-average stresses are very much
affected by the grain neighborhood. The effects of grain neighborhood on two different
sets of grains are studied here; in the first set, grains are located at the surface of the CPFE
model and are called “surface grains”. In the second set, the selected grains have no element
at the model surface and are called “interior grains”. Grain 2309, which lies on the surface
of the simulated cube, is examined. This grain has 616 integration points, and 8 of its
neighbors are present in the simulated cube, while in the actual specimen it has more than
8 neighbors. Figure 2.7 shows that there is a significant difference between the values
calculated by CPFE and those measured with 3D-XRD at the preload step. This is due to
missing neighbors and the lack of capturing the “true” grain-grain interaction. Such
interactions control how thermal residual stresses develop. These results reveal the
importance of materials microstructure in the analysis of residual stresses for anisotropic

materials.
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Figure 2.7 Comparison between CPFE and 3D-XRD results for the surface grain
2309: (a) o11, (b) 622, and (c¢) o633.

Two interior grains with nearly similar diameters were selected for further analysis. The
choice of two grains was to only focus on grain neighborhood effects and to minimize the
possible size effects. The first grain is grain 5732 which has a diameter of 41 um, 21
neighbors, and 4232 integration points. The second grain is grain 3492 which has a

diameter of 47 um, 28 neighbors, and 6336 integration points. It is shown in Figure 2.8
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that for both cases, the calculated average stresses from CPFE are in much better agreement

with the measured ones.

Table 2.5 Grain 5732 and 3492 stress values

Preload Unload
o1l 022 033 OH o1l 022 033 OH
Grain 5732 (with 4232 IPs and 21 neighbors)
FWHM 42.0 22.6 51.8 29.3 109.9 65.9 76.6  62.7

(MPa)

Stress 226.7 91.6 170.7 114.8 3954 306.5 257.7  253.
range 7
(MPa)

Grain 3492 (with 6336 IPs and 28 neighbors)
FWHM 56.8 394 52.3 36.5 149.6 102.7 79.1 85.1

(MPa)
Stress | 229.8 191.6 2852 177.6 | 585.8 4024  389.7 349.
range 4
(MPa)

As shown in Figure 2.8 and table 2.5, the stress range and FWHM for 633 and oy at preload
are higher for the grain with more neighbors (3492). This indicates that higher stresses have
developed at the vicinity of grain boundaries. Similarly, for unload step, the grain with
more neighbors has higher stresses at the grain boundaries. For this step, in addition to the
thermal and elastic anisotropy, stresses are affected by the plastic anisotropy. Higher
number of neighbors increases the possibility of having higher misorientation angle with
the neighboring grains, resulting in the possibility of having higher stresses developed close
to the grain boundaries. The distribution of misorientation between the two investigated
grains and their neighbors are shown in Figure 2.9(a) and 2.9(b). Both total and basal plane
normal misorientations are plotted. Grain 5732 has a maximum misorientation of 67" with
its neighbors, while grain 3492 has a maximum misorientation of 90° which confirms the

effects of higher misorientations on the development of higher localized stresses.
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Figure 2.8 Grain-average stresses and stress variations for 622 and cH: Results
for grain 5732 and 3492 are shown in the top and bottom rows, respectively. The
first two columns are from the preload step and the last two are from the unload

step.

In Figure 2.9(c) and 2.9(d), the calculated hydrostatic (cu) and VonMises (cvm) stresses of
each element located at the vicinity of the grain boundary of grain 3492 is plotted. Each
point represents the stress averaged over eight integration points of the element, and the
values on the x-axis represent the misorientation of the element with the elements of the
immediate neighboring grains. Some elements have more than one neighbor, e.g. triple
points, therefore, have multiple points on the plot. Generally, there is a huge variation in
the magnitude of the stresses, even for the elements of the same grain boundary. Two
parameters affect such variations: the type of grain boundary and the grain-neighbor
misorientation. To separate the effects of these two parameters, a simple bicrystal model
was made where the only variable was the orientation of the front crystal (see Figure 2.9).
Only the heat treatment step was simulated by reducing the temperature from 700 °C to the
room temperature and applying symmetry boundary conditions on all surfaces to have zero
net macroscopic stresses. One crystal was kept at a fixed orientation, while the c-axis of
the front crystal was rotated to increase the misorientation from 0° to 90° with 15°
increments. The stresses at the center of the grain boundaries at each misorientation are

used to generate the lines shown in Figure 2.9(¢c) and 2.9(d). The trend line shows that the
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magnitude of the stresses at the grain boundary simply increase with misorientation.

However, the large variation observed in the “real” polycrystal highlights the effects of

grain boundary geometry.
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Figure 2.9 The distribution of misorientation of (a) grain 5732 and (b) grain 3492 with

their neighbors. CPFE results for grain 3492: the variation of (¢) on and (d) ovm for

the element located at the grain boundaries as a function of basal plane misorientation

with the immediate neighboring grain. The lines shown in (c¢) and (d) are for the ideal

bi-crystal model shown above.

253 Effects of Texture

In the previous sections it was shown that grain-grain interactions control the development

of thermal residual stresses, particularly those that develop at the vicinity of grain

boundaries. Such interactions can be affected by the macro-texture and the combination of

the neighboring grains. As such, the effects of macro-texture on the development of thermal

residual stresses are discussed in this section. The CPFE input model and applied boundary
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conditions are kept the same; however, to generate a random macro-texture, random
orientations are assigned to each grain. This texture is shown in Figure 2.10(a). In
comparison to the original “textured” model, grain shapes are conserved, but not grain

orientations.

In Figure 10(d)-10(f), the distribution of grain-average residual stresses for the “random”
model are shown and are compared to those from the “textured” model. The “textured”
model has more grains with zero grain-average stresses than the “random” model
indicating that the grains of the “random” model are more stressed. The most significant
difference is seen in 622. In the “textured” model, the specimen is textured such that the c-
axis of the crystals are oriented towards the x- and z-axis, making the (22) direction
elastically and thermally the “softest” direction where the misorientation variation among
the neighboring grains is minimum. The “random” model has a wider 62 distribution
because the crystals c-axes are randomly distributed along all three directions increasing
the mismatch in thermal and elastic properties of neighboring grains, and thus developing

a wider distribution of GAS.

In Figure 2.10(g) and 2.10(h), grain-average o33 and ou for the “random” model are
respectively plotted against grain diameters. Similar to those presented in section 4.2, lines
are fitted using the absolute values of 633 and on. It is interesting to see that similar trends
are observed for the “random” model. The slope of the fitted lines in Figure 2.10(e) and
2.10(f) are all negative, similar to those calculated in Figure. 2.5(e) and 2.5(f). It can be
concluded that for the smaller grains, the localized forces resulting from the grain-grain
interactions and strain compatibilities are the dominant factor in the controlling the
magnitude of the grain-average stresses. For the bigger grains, the grain area is big enough
to counteract such localized forces. To further investigate this, the calculated stresses for
the two previously discussed grains, grains 3144 and 3492, are analyzed and the results are
summarized in table 2.6. Results from both “random” and “textured” model are provided.
The grain-average stress, FWHM, and the stress range from the “random” model are higher
than those of “textured” model which further reinforces our conclusion that the grains of a
non-textured specimen have higher grain-average stress than a textured specimen. Also,

grain-average stress of grain 3144 in the “random” model is increased significantly,
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comparing to grain 3492. The volume of Grain 3492 is about four time bigger than grain

3144. This further highlights the conclusion that the grain-average stress of smaller grains

is more affected by the localized forces from grain-grain interactions while for the bigger

grains, the larger grain area counteracts the effects of the localized forces.

Table 2.6 Stress Values for grain 3144 and grain 3492

“Original” Model (Textured)

“Random” Model (Random

range

Texture)
oll1 o2 033 OH oll1 o2 633 OH
Grain 3144 ( with 1520 IPs)
Grain- 18.9 0 -34.1 -5.1 37.7 106 33.0 59.0
average
FWHM | 86.1 34.6 53.2 30.0 102.6 103.7 46.8 64.8
Stress 181.6 99.6 140.9 101.8 | 250.9 2524 164.9 160.1
range
Grain 3492 (with 6336 IPs)
Grain- 26.5 -3.5 253 16.09 38.8 -13 40.66 22.2
average
FWHM | 56.8 39.4 52.3 36.5 73.6 69.8 73.5 59.2
Stress 229.8 191.6 2852 177.6 | 3049 300.5 293.1 246.7
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Figure 2.10 (a) The pole figure of the “randomly” textured CPFE model. The
distribution of misorientations between the basal plane normals of any two
neighboring grains in (b) “random” and (c¢) “original” model. Grain-average
residual stresses from “random” and “original” model. Grain-average residual
stresses from “random” and “original” model: (d) 611, (€) 622, and (f) 633. Grain-
average residual stresses as a function of grain dimeter from “random” model: (g)

o33 and (h) on. The absolute of the calculated data is used for data fitting.
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2.6 Conclusion

Three-dimensional synchrotron X-ray diffraction was used to measure the state of the
residual stresses in the grains of a textured zirconium polycrystal. Thermal residual
stresses developed during heat treatment at 700 °C and mechanical residual stresses
developed after deforming the sample to 1.2% tensile strain and unloading to nearly zero
macroscopic stress. The measured center of mass, orientations, and volumes of grains
were used to reconstruct 3D grain shapes using weighted Voronoi tessellation and import
to a CPFE model. The results of the CPFE simulations were compared to those from 3D-

XRD measurement. It is concluded that:

1. Thermal residual stresses are significant in a-Zr even after stress relieving and

recrystallization. This is due to the thermal and elastic anisotropy of the HCP crystals.

il. It is shown that grain-average residual stresses at the preload and unload vary
between +£200 MPa for normal stresses, with an overall standard deviation of 69 MPa and
80 MPa, respectively. Similarly, it is shown that the hydrostatic stresses at the preload
and unload vary between = 200 MPa with a standard deviation of 43 MPa and 53 MPa,
respectively. This is important as hydrogen embrittlement of zirconium alloys is affected

by the state of hydrostatic stresses.

iii. A model was built using the same grains of the original “textured” model, yet
with “random” macro-texture. It is shown that the grain-average stresses in the “textured”

model have a smaller distribution than those of the “random” model.

iv. In smaller grains, the value of the grain-average residual stresses are mainly

controlled by the localized forces from grain-grain interactions.

V. The grain-average residual stresses of bigger grains are lower than smaller grains
as the area of the bigger grains are high enough to counteract the effects of the localized

forces developing due to grain-neighbor interactions.

Vi. As a result of grain neighborhood, stress range within a grain is generally increase

with grain size.
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After unloading the specimen from 1.2% applied strain, the variations of the

grain-average stress increase due to the plasticity that occur at the grain scale.
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3 Microstructural variations in a neutron irradiated Zr-
2.5Nb CANDU pressure tube

Abstract

In a CANada Deterium Uranium (CANDU) nuclear reactor, pressure tubes are the
boundaries between the hot heavy water and the cold moderator. These tubes are made of
a Zr-2.5Nb alloy and are susceptible to hydrogen diffusion and formation of a brittle phase
called zirconium hydrides. The microstructure of the pressure tube can affect the process
of hydrogen diffusion and the formation of hydrides. In this paper, Electron BackScatter
Diffraction (EBSD) technique is used to characterize the variations of microstructures and
textures in a neutron irradiated CANDU pressure tube. EBSD measurements are performed
on the samples taken from different axial positions of a tube that was in a CANDU reactor
for 22 years. In addition, measurements are conducted on the unirradiated samples taken
from the offcut of the same tube. It is shown that for the positions that are measured, the
radial transverse surface areas of the grains increase with distancing from the front-end of
the tube. It is observed that the population of basal plane normals varies with distancing
from the front-end of the tube. Also, it is shown that the localized orientation variation

within some grains are as high as 14° in both irradiated and unirradiated samples.

3.1 Introduction

Zirconium (Zr) and its alloys are commonly used in the core of CANDU nuclear reactors
due to their low neutron absorption cross section and good mechanical properties. In the
core of a CANDU reactor, fuel rods are placed in 300-400 pressure tubes that are made of
a Zr-2.5Nb alloy. This is a dual phase alloy containing an a-Zr phase with Hexagonal
Close-Packed (HCP) crystals and a B-Zr phase with Body Centered Cubic (BCC) crystals.
Both phases have anisotropic elastic and plastic properties. One of the main problems
affecting the effective lifespan of the pressure tubes is the diffusion of hydrogen atom from

hot water into the Zr lattice causing the formation of a brittle phase called zirconium
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hydride (ZrHx) which can lead to delayed hydride cracking (DHC) [1]. It is shown that the
formation of hydrides in Zr is affected by the stresses developed at the grain boundaries
and the stress variation within grains [2], [3]. It is also postulated that the thermal residual
stresses that develop from manufacturing can affect the formation of hydrides [4], and it
has been shown, in pure a-Zr, that these residual stresses are greatly affected by the grain
size and texture of the specimen [5]. As such, studying the microstructure and texture of

the pressure tube is of great significance and is the focus of this paper.

A significant number of studies conducted on Zr-2.5Nb have focused on understanding the
effects of microstructure and texture on the performance of pressure tubes in the reactor.
For instance, the effects of different manufacturing processes on the developed textures
and mechanical properties have been examined [6], [7]. It was reported that higher
extrusion ratios result in a more desirable and uniform texture, and the extrusion
temperature greatly affects the microstructure of the a-phase grains. In another study
conducted by Bickel and Griftiths [8], it was shown that due to impurities of the initial
ingot, the performance of the pressure tubes varies even when the same manufacturing
route was used to fabricate them. Such impurities can affect the final microstructure and
the mechanical properties of the tubes. Other studies have shown that the secondary -
phase greatly affect the mechanical properties and the active deformation modes of the
pressure tube material [9]-[11]. For example, the size of the B-phase grains affects the yield
strength of tube. Also, the presence of the harder B-phase results in an increased grain
average misorientation and lattice strains under loading, while the presence of softer, finer
B-phase grains is more likely to cause deformation twinning. A more Nb enriched B-phase

was shown to improve the oxidation resistance of the tube [12], [13].

Several experimental techniques can be used to characterize the texture and microstructure
of the pressure tube material. Here macro-texture is referred to the average texture of
samples when a significant number of grains are integrated, while micro-texture refers to
very localized orientation variation that occurs within individual grains. Neutron
diffraction has been used to characterize the macro-texture of ion irradiated, neutron
irradiated and unirradiated pressure tube samples [14], [15]. X- ray diffraction (XRD)

technique was also used to identify and measure the average texture of oxides in Zr-2.5Nb
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[16]. Transmission electron microscope selected area diffraction was proven an effective
method to study microstructure of the pressure tube material and identify B-phase grains
[15], [17]. In addition, scanning transmission electron microscopy was used to identify
zirconium oxide grains and metallic Zr suboxide grains at the metal-oxide interface of a

Zr-1.0Nb sample [18].

Electron backscatter diffraction (EBSD) technique is another method that can be used to
measure micro-texture, macro-texture, microstructure, and localized stress and rotation
fields. For example, Holt and Zhao [19] used EBSD to measure the micro-texture from
two lab-extruded unirradiated pressure tube samples. They were able to correlate the
general micro-texture of the tube to the dislocations type and density. However, resolving
grains finer than 1 pm was proven challenging in this study due to method limitations. In
addition, Hovington et al. [20] used SEM digital image analysis and EBSD to study the
microstructure and micro-texture of samples from the front end of a pressure tube and were
able to characterize the finer grains. They showed that EBSD can characterize the a-o grain
boundaries more reliably compared to digital image analysis; however, the SEM digital
image analysis was more successful in capturing o-f grain boundaries. Also, an
extrapolation technique was used to fill unindexed regions of the collected EBSD maps
and determine B-Zr phase. EBSD was also used to measure the crystallographic orientation
of 8-Hydrides in several Zr alloys, including Zr-2.5Nb [21]. More recently, EBSD was
used to characterize the microstructure and texture of Zr-2.5Nb plates before and after low-
temperature neutron irradiation [22]. The goal of the study was to investigate the effects of

low temperature irradiation on the mechanical properties of Zr-2.5Nb plates.

In this paper, the microstructure as well as the micro- and macro-texture of Zr-2.5Nb
neutron irradiated and unirradiated pressure tube samples are studied using EBSD. The
neutron irradiated samples were taken from a pressure tubes that was in-service in a
CANDU nuclear reactor for 25 years. These samples were taken from two different axial
positions of the front-end section of the tube. The results from the irradiated samples are
compared to those from unirradiated samples taken from the offcut of the same pressure
tube. Methods used for measuring grains maps are described, and the measured

microstructures at different axial positions are subsequently compared and discussed.
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3.2 Samples and experimental setup

Samples were taken from a CANDU pressure tube that was extruded at 817 °C with an
extrusion ratio of 11:1. This was followed by a 25% cold work, and then the tube is stress
relieved at 450 °C for 24 hours. The pressure tube was inside of a CANDU reactor for 22
years. Four TEM foils were prepared for texture measurement. Three of the foils were
taken from two different axial positions from the pressure tube. Two of the foils, S1 and
S2, were taken from 0.09 m away from the front-end of the tube. The third foil, sample
S3, was taken from 1.79 m away from the front-end of the tube. The last foil, sample AR,
was taken from the offcut of the front end of the same pressure tube, but it was not
irradiated. All samples are from the same radial position. In table 3.1, a summary on the
samples is given. All foils were taken from the radial-transverse surface, known as
transverse normal, of the pressure tube. 2 mm thick foils were electropolished at -30 °C
using 17 V current in a solution of 95% methanol and 5% perchloric acid until the surface

quality was suitable for EBSD measurements.

The EBSD measurements were conducted at the Reactor Materials Testing Laboratory at
Queen’s University using an FEI-FEG SEM. A beam energy of 30 kV was used with a
beam current of 20 nA, and a step size of 25 nm. The sample to detector distance was set
at 17 mm. With the set-up used it was possible to index a-Zr grains, but not the fine grains

of the B-phase.
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Table 3.1 Axial positions of the samples in the pressure tube, number of EBSD

maps, and average map size.

Sample Axial Position Number of Average Map
(m) Measured Size (um x
EBSD Maps um)

S1 0.09 3 5.0x44

S2 0.09 3 4.7x4.1

S3 1.79 4 51x5.1

AR Front-end off- 3 5.2x4.6
cut

3.3 Results

Three EBSD maps per sample were measured for samples S1 and S2, but from different
regions. For sample S1, the average size of the EBSD maps was 5.0 um x 4.4 um while for
the sample S2 it was 4.7 pm x 4.1 um. From sample S3, four EBSD maps with the average
map size of 5.1 pm x 5.1 pm were measured. For the AR sample, three maps with the

average size of 5.2 um x 4.6 um were measured.

3.3.1  Reconstruction of grain maps

The measured Euler angles were used for reconstructing grain maps by assigning a specific
threshold for determining grain boundaries (GBs). In this process, the orientation of each
measured point was compared to the orientation of the neighboring points, and if the total
misorientation was lower than the specified threshold, the point was considered to be inside
the grain. The misorientation angle between any points A and B was determined as:

trace(R4RY) — 1 (1)
2

1

6 = min|cos™

where R, and Rj are the rotation matrixes of the two points and are calculated using their
Euler angles [23]. Since HCP crystals are transversely isotropic, 8 greater than 90° can be

replaced by 180 — 6.
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Table 3.2 Number of measured grains after filtering

Filter
(minimum
number of Grains S1 Grains S2 Grains S3 Grains AR
points/grain)
10 359 274 288 275
20 302 243 253 226
30 272 215 212 206
40 251 200 198 190
50 236 192 183 172

Assigning the suitable misorientation threshold for determining grain boundaries was done
using an iterative process. That is, the estimated grain boundaries from the reconstructed
grain map were compared to those observed in the corresponding EBSD quality map until
the two maps were matched. Figure 3.1 shows an example of an EBSD map acquired from
sample S1 where in Figure 3.1(a), the misorientation threshold is set at 2.5°. In comparison
to the corresponding quality map, it is observed that some GBs are missing. In Figure
3.1(b), the GB threshold angle is reduced to 1° where the previously missing GBs are now
present. It is however observed that using a 1° threshold does not capture the correct grain
boundaries for some of the measured maps, e.g., see Figure 3.1(d). The misorientation
angle is as small as 0.5° for these GBs (Figure 3.1(e)). However, using 0.5° to define GBs
leads to some artificial GBs that are not found in the corresponding quality map (Figure
3.1(f)). Hence, a misorientation threshold of 1° was used for determining GBs, and the
regions with 0.5° GBs angle are considered as “sub-structures” within the larger grains.
The measured maps were subsequently filtered to remove noisy regions, incorrectly
indexed points, and grains with significant unindexed points. This was done by removing
“grains” with a low number of measurement points. Figure 3.1(g) shows an example of a
map from the AR sample before applying any filters and after, where grains smaller than
10 and 50 measurement points were removed. Table 3.2 provides a sensitivity study of how

the filtering procedure affects the number of measured grains. The biggest drop in the
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number of grains occurs when the minimum number of points per grains changes from 10
to 20 where a maximum of 18% change is observed. The number of grains starts
converging after applying a filter of 40 points per grain where a maximum drop of 9.4% in
the numbers of grains is observed for the AR sample. As such, it is decided to filter grains
with less than 50 measurement points from the analysis provided in the following sections.
The final numbers of measured grains are 236, 192, 183, and 172 for samples S1, S2, S3,
and AR, respectively, making a total of 783 grains to be analyzed.

[TlOO]
[0001] [1210]
/ A
h. . Y: Transverse

A\ 4

X: Radial

Figure 3.1 Grain maps from sample Al reconstructed using (a) 2.5° and (b) 1°
misorientation thresholds. (¢) The corresponding quality map. Grain maps from
sample A1 reconstructed using (d) 1° and (e) 0.5° misorientation thresholds. (f) The
corresponding quality map. A reconstructed map from the AR sample (g) before
filtering, (h) after filtering noise and using 10 points as the minimum limit for
determining grains, and (i) after filtering the noise and using 50 points as the
minimum limit for determining grains. The inverse pole figure Y legend and the

coordinate system that are used are shown on the right.
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3.3.2 Microstructure

In this section, the grain area of all samples is analyzed and compared. Grain area is defined
as the number of points measured for a grain multiplied by the area of the point (25 nm x
25 nm). Table 3.3 provides the average grain area of each sample with the measured

standard deviations.

Table 3.3 Summary of average grain area measured for each sample

S1 S2 S3 AR
Average grain  0.24 +0.27 0.27+0.36 0.34+0.32 0.47 +0.68
Area (um?)

Grains from samples S1 and S2 have the smallest average area followed by grains from
sample S3. In all samples, the calculated standard deviation is greater than the mean grain
area which indicates that the grain area varies significantly within each sample. The largest
variation is found in the AR sample. In Figure 3.2(a), the measured grain areas of all
samples are compared. It is observed that 70% of grains from sample S1 and S2 are with a
grain area less than 0.2 um? whereas 50% of grains from samples S3 and AR fall within
this grain-area range. These results show that the grain area of the Radial-Transverse
surface increases with distancing from the front end of the pressure tube towards sample
S3; however, this does not imply that the same trend holds for the back end of the tube.
More measurements from the middle section and back end of the tube are required. Further,
the previous measurements of thermal residual stresses in pure zirconium indicated that
there is a correlation between grain size and thermal residual stresses [5], where bigger
grains exhibit lower residual stresses. Hence, on average, thermal residual stresses in S3 is
expected to be lower than S1 and S2, i.e., thermal residual stresses at the front-end of the
tube might be higher. Figure 3.2(b) shows the distribution of the measured grain aspect
ratios in each sample. The aspect ratios are calculated by firstly fitting an ellipse to each
grain and subsequently dividing the longer axis to the lower one. Unlike the area, the grain
aspect ratios are rather random. It is also apparent that all samples have a higher percentage
of elongated grains with aspect ratio greater than two. Also, our EBSD analysis indicate
that most grains have their major axis along the transverse direction. Overall, it is shown

that the microstructure of the pressure tube changes with respect to the axial position.
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Figure 3.2 (a) The distribution of the measured grain areas for all samples. (b) The

distribution of the measured grain aspect ratios for all samples.

3.4 Discussion

Characterizing the texture and the variation of misorientations within individual grains of
the pressure tube are important for understanding and predicting hydrogen embrittlement.
In this section, the misorientation within grains and the average texture of the investigated

samples are analyzed and compared.

3.4.1  Texture Analysis

The distribution of the misorientations between the basal plane normals and the transverse
direction (TD), radial direction (RD), and axial direction (AD), are shown in Figures 3.3(a),
3(b), and 3(c), respectively. In generating this figure, all measurement points are used. It is
shown in Figure 3.3(a) that, 50% of the measurement points from samples S3 and AR have
a misorientation of 15° or less, while 40% of the measured pixels from samples S1 and S2
are within that range. Further, 50% of the measurement points from all samples have a
misorientation of 75° or higher with respect to the RD or AD..In addition, the lowest
transverse texture is found in samples S1 and S2. The standard deviations of the Kearns
factors are provided where highest texture variation is observed in sample S2 in the TD.
The variation is 8.9% which is twice the measured variation for sample S1, even though
both samples are from the same axial position. This indicates that the micro-texture of the

pressure tube varies significantly.
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Table 3.4 Summary of Kearns factor

Axis S1 S2 S3 AR
Fro (%) 17.5+4.0 173+75 147+3.8 138429
F1p (%) 80.5 4.3 79.0+ 8.9 82.4+38 84.7+28
Fap (%) 20 03 37 +14 29 +05 1.5 05

The EBSD measured (0002) and (1120) pole figures of each sample are shown in Figures
3.3(d)-3.3(g). Table 3.4 provides the Kearns factor of the (0002) poles for all samples.
Kearns factor is the effective fraction of measurement points with the HCP crystal c-axis
oriented towards one of the three principal directions. The measured maps for each sample
are combined into one, and the Kearns factor is calculated for each sample. The standard
deviations are calculated using the Kearns factor for each map. All samples are highly
transversely textured. The population of basal plane is minimum along the AD. The AR
sample has the highest transverse texture followed by sample S3. In addition, the lowest
transverse texture is found in samples S1 and S2. This is significant because, based on the
findings of Holt and Zhao [19], pressure tube specimens with higher transverse textures
tend to have lower dislocation density. The standard deviations of the Kearns factors are
provided where the highest texture variation is observed in sample S2 in the TD. This
variation is 8.9 which is twice what measured for sample S1, even though both samples are
from the same axial position. This indicates that the micro-texture of the pressure tube
varies significantly. Further, some variations are observed with distancing from the inlet.
Hovington et al. reported Kearns factors of Frp = 30% and Frp = 70% from a front end
offcut grains population of over 3000 grains [20]. The difference in the reported results
could be accounted to the difference in the number of grains population examined in the

offcut.
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Figure 3.3 The misorientation between the basal plane normals and (a) TD, (b) RD,
and (c) AD. The measured pole figures of (d) S1, (e) S2, (f) S3, and (g) AR samples.

Pole figures are provided in the units of multiple random distribution (mrd).

3.4.2  Misorientation Analysis

The grain-average-misorientation is determined by first calculating the grain average
orientation, and then calculating the misorientation of each measurement point within the
same grain with respect to the grain average orientation. In this process the absolute values

of misorientations are averaged. This parameter is an indication of the level of plasticity
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that develops within grains during service and if the heat treatment performed on the
pressure tube, prior to service, was enough to cause uniform recovery. The origin of such
misorientations is generally the localized dislocation densities that do not annihilate during
heat treatment which is a further indication of the partial re-arrangement of dislocations
during aging and recovery of the tubes. The higher the grain-average-misorientation, the
higher the probability of having partial recovery during manufacturing. Neutron irradiation
and radiation-enhanced-creep are two other contributing factors. The grain-average-
misorientation is found to be 0.99°, 0.93°, 0.71°, and 0.70° for samples S1, S2, S3 and AR,
respectively. Figure 3.4(a) provides a distribution of grain-average-misorientation for the
grains indexed in the four studied samples. While the grain-average-misorientation of all
samples is less than 1°, in some grains, the average misorientation exceeds 4°. Further, the
variation of grain-average-misorientations in samples S3 and AR is less than those of
samples S1 and S2. This indicates higher level of plasticity and potentially residual stresses

at the front end of the pressure tubes.

The variation of “local” misorientation within grains is further studied by comparing the
measured orientations along different paths selected within the grains. The orientation of
the first point along the path was used as the reference point for calculating the
misorientations of the rest of the points along the same path (see Figures 3.4(b)-3.4(d)). In
Figure 3.4(b), the variation of local misorientation within a grain of sample S1 is plotted.
The selected path represents the highest variation in misorientation. It is shown that
misorientation can be as high as 14°. Such a high misorientation is an indication of large
lattice rotations and the existence of high geometrically necessary dislocation densities,

especially at the vicinity of the grain boundaries where misorientations are significantly

high.

In Figure 3.4(c), the variation of local misorientation within a grain of sample AR is
plotted. The maximum local misorientation in this grain is ~ 7°. Since this sample is taken
from the same tube but was not irradiated, it can be concluded that the high misorientations
observed in the grains of S1 is not only due to irradiation but also due to the prior work
hardening that was during manufacturing. Further, it shows that the heat treatment done on

the tube during fabrication did not fully anneal the tube.
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In Figure 3.4(d), the variation of local misorientation of another grain of sample S1 is
plotted. The local misorientation of the longer axis is as high as 4° while along the minor
axis it is only 2°. Other grains show a similar trend where the local misorientation is higher
along the grains major axis compared to the minor one. In Figures 3.4(e) and 3.4(f) the
grain-average-misorientation is plotted against grain area and grain aspect ratio,
respectively. It can be seen that in all samples, the grains with bigger area and bigger aspect
ratio have a higher average misorientation. These grains with higher misorientations are
expected to develop higher thermal residual stresses based on previous work done on pure

o-Zr [5].
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Figure 3.4 (a) Distribution of the grain average misorientation. (b) The local misorientation
plot of a grain in sample S1. (¢) The local misorientation plot of a grain from the AR sample.
(d) The local misorientation plot of the major and minor axes of a grain in sample S1. (e) The
grain average misorientation plotted against the grain area. (f) The grain average

misorientation plotted against the grain aspect ratio.
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3.5 Conclusion

Three samples from two axial positions of a neutron irradiated Zr-2.5 CANDU pressure

tube were prepared for microstructural analysis with EBSD. Two samples, S1 and S2 were

taken from the front-end of the tube, while the third sample (S3) was taken from 1.7 m

from the front-end. In addition, one more sample (AR) was prepared from the front-end

offcut of the same tube but was not irradiated. After grain map reconstruction, a total of

783 grains were analyzed. It was shown that:

The microstructure of the pressure tube varies along the axial direction.

The areas of the grains on the radial-transverse plane, i.e., transverse-normal,
increases with distance from the front end of the pressure tube towards the location
of S3.

There are more elongated grains than equiaxed grains in the pressure tube, and with
grains major axis oriented towards the transverse direction.

grains in all samples have their c-axis parallel to the transverse direction but the
population of c-axes changes among the samples even for the same axial location.
The grain-average-misorientation for samples S1, S2, S3, and as-received were
measured to be 0.99°, 0.93°, 0.71° and 0.70°, respectively; however, the average
misorientation in some grains is as high as 4°.

The higher grain-average-misorientation for the S1 and S3 samples and having
smaller average grain area is an indication of higher residual stresses at the front-
end of the pressure tube.

While the grain average misorientation is of the order of 1°, it is shown that the

local misorientation within a grain can be as high as 10°.

High misorientation were found in the unirradiated samples as well as in the
irradiated ones indicating that the heat treatment performed on the pressure tubes

prior service may have not annihilate a significant fraction of dislocations.
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Residual stresses in a neutron irradiated Zr-2.5Nb
CANDU pressure tube

Abstract

In CANada Deterium Uranium (CANDU) nuclear reactors, pressure tubes are the
primary boundary between the hot pressurized water coolant and the cold moderator.
These pressure tubes are made of a Zr-2.5Nb alloy and are susceptible to the diffusion
of hydrogen atoms and the formation of a brittle phase called zirconium hydrides.
Stress variation and highly localized stress fields can affect the diffusion of hydrogen
atoms. In this paper, high angular resolution electron backscatter diffraction (HR-
EBSD) is used to measure the orientation and stress variation within grains of four
different samples taken from different axial position of a pressure tube. Three of the
samples were taken from the front-end and middle of the tube that was neutron
irradiated inside a CANDU reactor for 25 years. The fourth sample was taken from
the front-end offcut of the same pressure tube but was not irradiated. The EBSD
measured grain maps are subsequently imported into a crystal plasticity finite element
(CPFE) model to study the state of the residual stresses considering the possible effects
of irradiation growth. The CPFE results are compared with those measured with
EBSD. Results show that the stress variation and localized intragranular stresses are
higher at the front end of the pressure tube. It is shown that the development of such
stresses is mainly affected by the micro textures of the samples and intergranular

orientation variations.

4.1 Introduction

Zirconium (Zr) alloys are used in the core of CANDU nuclear reactors due to their low

neutron absorption cross section and good mechanical properties. In CANDU reactors, the
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pressurized heavy water coolant runs through pressure tubes that contain fuel bundles.
These tubes are made of a Zr-2.5Nb alloy and are manufactured by extrusion at elevated
temperatures followed by a heat treatment at a lower temperature. Zr-2.5Nb is a dual phase
alloy comprising of a-Zr with hexagonal close-packed (HCP) crystals, and -Zr with body
centered cubic (BCC) crystals. Both a and B phases are elastically and plastically
anisotropic. The diffusion of hydrogen atoms from the hot water into Zr lattice is one of
the main challenges affecting the lifespan of the pressure tubes. By increasing the
concentration of hydrogen atoms beyond the solid solubility limit, a brittle phase known
as zirconium hydride (ZrHy) forms which reduces the fracture toughness of the alloy. It is
shown that the variation of stresses at the grain boundaries and within the grains affects the
diffusion of hydrogen atoms [1]. Therefore, investigating the state of residual stresses that
develop during manufacturing of pressure tubes helps understand their subsequent effects
on formation of hydrides and in-service performance of the tubes. As such, this paper

focuses on characterizing grain-scale residual stresses in a CANDU pressure tube.

Irradiation by neutrons or ions is another possible reason for embrittlement of the Zr alloys
used in the core of nuclear reactors. The effects of neutron and ion irradiation on the yield
strength of Zr-2.5Nb have been widely studied. For example, it is shown that the irradiated
Zr-2.5Nb samples exhibit higher yield strength with reduced elastic and plastic anisotropy
[2], [3]. Dong et al. [4] showed that alloying Zr-2.5Nb with Cu reduces the irradiation
induced dislocation loops and slows down the irradiation hardening process. Moreover, it
was shown that the presence or absence of a neutron flux does not affect the diffusion of

deuterium in unirradiated Zr-2.5Nb samples [5].

To understand the mechanism of hydrogen embrittlement, it is necessary to characterize
the microstructure of the material and determine any possible existing correlation. Zr-
2.5Nb pressure tubes are manufactured by extrusion at 815 °C followed by aging at 425 °C
for 24 hours. This results in formation of a very fine grains that are nontrivial to resolve.
High angular resolution electron backscatter diffraction (HR-EBSD) is one of the few
techniques that can be used to not only analyze such a fine microstructure but also quantify
the state of the residual stresses at the grain scale [6]. For measuring elastic lattice strain

and rotations, the Kikuchi diffraction patterns collected at different locations within a grain
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are cross correlated to determine their movements with sub-pixel resolutions. Using the
method developed by Wilkinson et al [7], it is possible to correlate such movements to the
“relative” stresses measured with respect to a reference point selected within the same
grain. The precision of this method for measuring relative elastic strains is 10 and for
measuring relative elastic lattice rotations is 10 radians [8]. HR-EBSD is used
successfully to measure grain-scale stresses every 18 nm [9], to measure stresses near grain
boundaries [10], [11], slip bands [12], twins [13], and most recently to measure stresses in

irradiated materials [14].

Numerical simulations are often combined with experimental measurements to provide
complementary information. Different numerical methods are used to study the effects of
irradiation on the performance of Zr alloys. For example, atomistic modeling and
molecular dynamics (MD) are used to simulate the effects of irradiation growth and
formation of vacancy loops in Zr. It was shown that irradiation growth is mainly affected
by the formation of self-interstitial atoms. Further, the growth of vacancy loops could affect
delayed hydride cracking of zirconium alloys by providing the crack initiation sites that
weaken the hydride-matrix interfaces [15]-[17]. The formation of defects in irradiated Zr
under macroscopic load was also studied using MD. It was shown that the macroscopic
strain affects the size of the defects rather than the total number of defects [18]. While MD
modeling has provided valuable insight into understanding the performance of Zr alloys, it
is computationally costly to use this technique to study polycrystals or study materials in
“real” engineering time scales. Crystal plasticity, in finite element or self-consistent
framework, has been used to connect the scales. For example, Visco-plastic self-consistent
models are used to simulate irradiation creep and growth of Zircaloy-2 samples under
different scenarios such as the loss of coolant accident [19], [20]. In addition, crystal
plasticity finite element (CPFE) analysis is used to model the orientation dependence of
irradiation hardening in Zr polycrystals [21]. The advantage of CPFE modeling is that it
can be used to study the effects of elastic and plastic anisotropy on the grain-grain
interactions. CPFE analysis has also been coupled with HR-EBSD measurements to study

deformation of polycrystals [22], [23].
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In this paper, HR-EBSD is used to measure the variation of residual stresses and lattice
rotations of four different Zr-2.5Nb pressure tube samples. Three of the samples were taken
from two different axial positions of a pressure tube that was neutron irradiated in a
CANDU reactor for 25 years. The fourth sample was taken from an offcut of the same
pressure tube but was not irradiated. The measured EBSD grain maps were imported into
a CPFE model to simulate the state of the thermal residual stresses that develop in the last
step of tube fabrication. This is to understand if there is any variation in the state of residual
stresses as a function of tube axial position. Such variations can affect the diffusion of
hydrogen into zirconium. In addition, since EBSD measurements are conducted on neutron
irradiated samples, the effects of irradiation growth were added to the CPFE model to study

their subsequent effects on the pre-existing thermal residual stresses.

4.2 Experimental Method
421  Sample

The samples were obtained from a CANDU pressure tube that was extruded ata 11:1 ratio
at 817 °C followed by a 25% cold work. The tube was stress relieved at 425 °C for 24 hours
and was placed in a reactor for 25 years. Four TEM foils were obtained from 3 different
axial positions of the tube. Two of the TEM foils, S1 and S2, were taken from 0.09 m away
from the front-end of the tube. The third foil was taken from 1.79 m away from the front-
end. The last foil (AR) was taken from a front-end offcut of the same tube but was not
irradiated. All samples were from the same radial position. It was estimated that samples
S1 and S2 were exposed to a neutron fluence of 6 x 10* n/m? whereas sample S3 were
exposed to 17.9 x 10%° n/m?. Table 4.1 provides a summary of the analyzed samples. The
foils were cut from the radial-transverse surface of the pressure tube and were 2 mm thick.
A schematic of the pressure tube and the coordinate system used are shown in Figure 4.1(a).
All samples were electropolished in a solution of 90% methanol and 10% perchloric acid
at -30 °C using 17 V DC current until the surface quality was suitable for EBSD

measurements.
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Table 4.1 Summary of the analyzed samples

Sample Axial Position Neutron Number of Average Map
(m) Fluence (n/m?) | Measured Maps Size (um x
pm)

S1 0.09 6 x 10%° 2 5.0x4.4

S2 0.09 6 x 10 2 4.7x4.1

S3 1.79 17.9 x 1075 3 5.1x5.1

AR Front end off- N/A 2 5.2x4.6
cut

4.2.2 HR-EBSD Experiment

EBSD measurements were conducted at the Reactor Materials Testing Laboratory at
Queen’s University using a FEI FEG-SEM. The SE beam was set at 30 kV, with probe
current of 20 nA. Sample-to-detector distance was set at 17 mm and Kikuchi patterns were
collected every 25 nm. With the set-up used, it was possible to index a-Zr grains, but due
to their very small size, B-phase grains were not indexed. For measuring relative elastic
strain and rotation, the acquired Kikuchi patterns from each measurement point was cross
correlated to a reference pattern selected within the same grain as discussed in [7]. An
example of a Kikuchi pattern acquired from one of the neutron irradiated samples is shown

in Figure 4.1(b).

Figure 4.11 shows an example of a radial stress, oz, map obtained from HR-EBSD analysis.
As shown in Figure 4.1(a), RD, TD, and LD refer to the radial direction, transverse
direction, and longitudinal direction, respectively. HR-EBSD measurements were
conducted on the RD-TD surface of the pressure tube. The measured orientation maps used
to calculate the (0002) and (1120) pole figures are shown in Figures 4.1(d)-4.1(g). It is
observed that all samples are textured such that the basal plane normals (BPN) are mainly
parallel to the TD, with a fewer BPNs pointing along the RD. There is nearly no BPN along
the LD. In addition, the AR sample is the most transversely textured, followed by the S3,
and S1 and S2 samples.
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Figure 4.1 (a) A schematic of pressure tube and the coordinate system used in
this paper. (b) An example of a Kikuchi pattern obtained from a neutron
irradiated sample. (c) An example of relative or stress measured by HR-EBSD

(c) Measured pole figures for (d) S1, (e) S2, (f) S3, and (g) AR samples.
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4.3 CPFE Model

The three EBSD maps shown in Figures 4.2(a)-4.2(c) were imported to ABAQUS FE
solver for CPFE modeling. These maps are respectively shown in Figures 4.2(d)-4.2(f).
The first map is from sample S1, the second map is from sample S3, and the third map is
from the unirradiated AR sample. Examples of transverse stress, o, maps obtained from

CPFE simulations are provided in Figures 4.2(g)-4.2(i).

Symmetry boundary conditions were applied onto the RD, TD, and LD faces of the models.
C3D8 mesh elements were used for all simulations. To mesh samples S1, S3, and AR,

respectively 64490, 26640, and 26000 elements were used.

Figure 4.2 EBSD maps of (a) sample S1, (b) sample S3, and (c) AR sample with their
corresponding reconstructed CPFE models shown in (d) I(e), respectively. The results
of CPFE modeling for ot stress (in MPa) for (g) sample S1, (h) sample S3, and (i)
sample AR.
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The crystal plasticity user material (UMAT) subroutine developed by Abdolvand et al [24]
was modified to incorporate the effects of irradiation growth. At the beginning of each time
increment, the FE solver provides UMAT with total strain, rotation, and time increments
as well as the solution dependent state variables. The total strain increment (Ag'* ) can be

written as:

Agfft = Aeel + Aepl + Aeth + Aegmwm (1)

l rowth . . . .
where Aele]l, Aeg , Aef]h, and Aeg respectively are the increments of elastic strain,

plastic strain induced by crystallographic slip, thermal strain, and the irradiation growth

increment.

The thermal strain increment is calculated by:

As f]h = AT )

where aj; is the coefficient of thermal expansion (CTE). For the a-Zr with HCP crystal
structure ay; is 10.1x 107 K~* along the crystal c-axis and 5.3 x 107° K™* along the a-
axis [25]. The plastic strain increment is calculated by:

ZNSW P“ @ At

P% = sym(S“) where S =d* ® n“ 3)

where P is the symmetric part of the Schmid tensor (S%) for the slip system a, y¢ is the

slip rate, d* and n“ are respectively the slip direction and normal to the slip plane for the

system o. The slip rate of the system a is calculated as [26]:
no. @
sign (g—a)

where 7, is a reference shear strain rate, ¢ is the resolved shear stress acting on the slip

a
,

14

gd

=7%o

system o, and g% is the current critical resolved shear stress (CRSS) of the slip system a.
The initial CRSS values used in the simulations are 120 MPa, 168 MPa, and 331 MPa for
prism (1120), basal (1120), and pyramidal (1123) slip systems, respectively [24].

The experimental data reported by Holt et al. [27] were used to develop an empirical

equation for the irradiation growth strain as a function of fluence using a single crystal

4
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model. The measurements were done on polycrystalline Zr-2.5Nb material, but since most
of the HCP crystals c-axis are oriented toward TD, it is assumed that the measured growth
strain along TD and LD represent growth strain along the HCP crystal c- and a-axis,

respectively. Hence the following equations in the HCP crystal coordinate are fitted:
AEV™ = A _A@? + B.A@
AEOV™ = A A@? + B,A@ (5)

where A, B, Ag,and B, are materials constants and A is the fluence increment. The
subscripts a and ¢ correspond to the HCP crystal a-axis and c-axis, respectively. Since the
time increment at each step is provided by the FE solver, a correlation between A¢ and
time increment is made assuming that the in-reactor neutron fluence experienced by each

sample was constant over 25 years. It was determined that for sample S3 located 1.79 m

from the front-end ¢ was 2.27 x 1017 Hence, Eq. 5, can be re-written as:

m2xs’
AeZ W™ = A (2.27 x 1017A0)? + B,(2.27 x 1017 At)
ABOW™ = A (2.27 x 10Y7A0)? + B,(2.27 x 1017A¢) 6)

where At is the time increment provided by the FE solver. The coefficients of Eq. 6 are
calibrated using the single crystal model. The results of the parameter calibration efforts
are shown in Figure 4.3 with the calibrated parameters provided in Table 4.2. Calibration
was done for sample S3 since it experienced a higher irradiation dosage. The parameters
fitted in Eq. 6 were used for modeling irradiation growth of sample SI, yet a time-

equivalent of 8.3 years was used to replicate the measured fluence of 6 x 10%° n/m?. To

growth

calculate Ag; i , the EBSD measured orientations were used to calculate the rotation

matrix and to transform the growth strains from the local crystal coordinates to the global

coordinates.
Table 4.2 Irradiation growth coefficients
c-axis a-axis
Map In2 m2 mZ mZ
Ac (II*S) Bc (n*s) Aa (II*S) Ba (H*S)
S3 -8.81x10% | -1.76 x 10?7 | 1.76 x 10-3¢ 3.08 x 1077
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Figure 4.3 Comparison between calculated and measured growth strain after

calibrating the parameters of Eq. 6.

The elastic strain increment is calculated by reducing the thermal, plastic, and growth strain
increments from the total strain increment. Once the elastic strain is calculated, the stress
tensor is defined as:

Aoy = Cijraley (7
where Cjjq is the stiffness tensor of a-Zr. The elastic modulus used in the model are the
ones that are determined by Fisher and Renken [28]: C1111 = 143.5 GPa, Cs333 = 164.9 GPa,
C1122=72.5 GPa, C1133 = 65.4 GPa, and C2323 = 32.1 GPa.

Several scenarios that affect the state of residual stresses are examined. First, the thermal
residual stresses that develop during the last step of tube fabrication are modeled by simply
cooling the FE models from 450 °C to room temperature. This was followed by
investigating the state of residual stresses induced only by irradiation growth. The applied
boundary conditions for both models were the same since irradiation growth is the
dimensional change under no externally applied stress. In the last set of simulations, both
thermal and irradiation growth effects are studied. No significant plastic strain induced by

crystallographic slip was observed in FE simulations.
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4.4 Results and Discussion

In this section, the results obtained from HR-EBSD and CPFE are presented and discussed.
The stresses are given in the global coordinates unless stated otherwise. or and ot
respectively refer to the radial and transverse normal stresses, orr refers to the radial-
transverse shear stress, and on refers to the hydrostatic stress. wrr refers to the radial-

transverse elastic lattice rotation.

4.4.1 HR-EBSD Results

Two maps and 129 grains from sample S1 were measured with average map size of 5.0 um
X 4.4 pm. For sample S2, two maps and 136 grains were measured with the average map
size of 4.7 pm x 4.1 um. For sample S3, three maps that cover 114 grains were measured
with the average map size of 5.1 um x 5.1 um. Lastly, for the AR sample, two maps and
92 grains were measured with the average map size of 5.2 um x 4.6 um. Only grains with
50 or more measurement points (pixels) are considered in the following analysis. Since
with HR-EBSD relative stresses and rotations are measured, in this section, the variations
of stresses are studied. Absolute stresses are discussed in the CPFE modeling section. As
shown in Figure 4.4(a), stress variations are characterized by calculating the full width at
half maximum (FWHM) of the stress distributions within each grain. The FWHM of the
stress distributions correlates with the intragranular stress variations. Table 4.3 shows the
average FWHM extracted from HR-EBSD measurements from all grains measured in each

map.

HR-EBSD results show that the distributions of the relative stresses and elastic rotations
for the AR sample are the lowest, followed by sample S3. The grains of samples S1 and
S2, at the front-end of the pressure tube, experience the largest stress variations. This is
significant as such stress variations affect the diffusion of hydrogen atoms and sequence of
hydride formation [29]. In addition, these results show that there is a correlation between
the propensity of the BPNs and stress distribution within grains. The highly textured
samples, S3 and AR, have lower stress distribution compared to the less textured samples
S1 and S2. The effect of the texture on stresses originates from the “mismatch” in elastic,

thermal, and plastic properties of each grain. A specimen with a sharper texture has more
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grains oriented in the same direction; hence lower localized stresses develop. Also, for all

samples, or is greater than or since the c-axis of most of the HCP crystals is oriented

towards TD.
Table 4.3 Summary of HR-EBSD results
Map Average Average Average Average
FWHM of or | FWHM of ot FWHM of orr | FWHM of ort
(MPa) (MPa) (MPa) (rad, x 104
Sample S1 18.0 41.5 32.8 2.03
Map 1
Sample S1 15.0 39.2 28.3 2.07
Map 2
Sample S2 13.9 27.8 25.5 1.86
Map 1
Sample S2 13.8 38.5 36.12 1.89
Map 2
Sample S3 15.0 27.6 13.0 1.55
map 1
Sample S3 16.0 29.1 12.2 1.70
map 2
Sample S3 14.8 28.5 16.9 1.85
map 3
AR Sample 12.7 22.0 21.0 0.95
Map 1
AR Sample 14.5 28.7 16.5 1.66
Map 2
4.4.2  Effects of thermal residual stresses

To characterize the possible variation of stresses with axial position along the pressure

tube, different modeling scenarios are examined. In this first case, only the effects of the

thermal residual stresses that develop in the last step of the manufacturing process is

studied. In this model, called T-model, all samples were cooled from 450 °C to the room

temperature at a rate of 1 °C/min. No additional load was applied to the models, i.e.

Ag8™Wth — 0 and no slip activity was observed in the FE simulations.

Figures 4.4(a)-4.4(b) show the distribution of stresses calculated at each integration point

at the end of simulation for all modeled samples. It is shown that all maps have an average

stress of 0 which is expected as no external load is applied. The overall stress variation of

the model is characterized by the FWHM of the distribution curves in Figures 4.4(a)-4.4(b).
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In these figures, the stresses from all integration points of the FE models are plotted; as
such, the effects of the localized stresses are homogenized and are reflected in the in the
tails of the distribution curves. To have a better understanding of such localized stresses,
the stress calculated at all integration points assigned to each grain is firstly plotted from
which, FWHM are subsequently calculated. All these values for all grains of each sample
are then collected and presented in a single histogram shown in Figures 4.4(c) and 4.4(d).
Table 4.4 reports the overall stress variation and average intragranular stress variation
calculated in each map. The S1 map develops the highest overall stress variation followed
by the AR map. For intragranular stress variation, the least variation is observed in the AR

map, and the highest variation is observed by the S1 map.

Table 4.4 Summary of the CPFE results for the T-model

Modeled Overall Stress Variation Average Intragranular Stress
Map Variation
or (MPa) oT on (MPa) or (MPa) or (MPa) | on (MPa)
(MPa)
S1 Map 105.9 127.3 82.5 72.3 72.4 55.0
S3 Map 62.5 120.9 68.6 40.9 62.1 37.2
AR Map 98.0 127.7 83.6 46.7 43.2 32.8

The intragranular stress variation trends captured by the CPFE model match the stress
variation trends measured in HR-EBSD experiment, i.e., the most textured sample has the
least stress variation compared to the less textured samples. These results show that, for
the intragranular stresses, the intergranular misorientation and average texture are the main
parameters that affect the magnitude of the stresses that arise from the heat treatment of the
pressure tube. This observation is in agreement with the recent 3D-XRD residual stress

measurements conducted on pure Zr [30].
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Figure 4.4 CPFE results: the distribution of (a) oR and (b) 6T from all
integration points assigned to samples S1, S3, and AR. Histograms of the
FWHM distribution of (¢c) oR and (d) oT for individual grains for all grains of
samples S1, S3, and AR.

443  Effects of Irradiation Growth

Only samples S1 and S3 are considered in the irradiation growth simulations since they are
the neutron irradiated samples. These models are called G-model in which irradiation
growth strain is applied to the models, but no thermal strain, i.e. Ae™ = 0. Two sets of
simulations are performed to analyze the effects of texture and neutron fluence on the local

stresses induced by irradiation growth.
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4431 Texture and Irradiation Growth

In the first set of simulations, called G1-model, the same fluence is applied to both samples
to only study the effects of texture. The applied neutron fluence is 6 x 10> n/m? which is
the measured fluence for sample S1. Figures 4.5(a)-4.5(b) show the stress distribution from
all integration points. The average stress in both samples is 0. Figures 4.5(c)-4.5(d) show
the distribution of intragranular stress variation for both maps. Table 4.5 shows a summary

of the overall stress variation as well as the average intragranular stress variation for each

map.
Table 4.5 Summary of the CPFE results for G1-Model
Modeled Overall Stress Variation Average Intragranular Stress
Map Variation
or (MPa) | or (MPa) OH OR or (MPa) on (MPa)
(MPa) | (MPa)
S1 Map 114.8 132.7 89.8 78.2 78.1 59.6
S3 Map 76.1 140.2 82.3 50.2 72.3 44.8

Due to being less textured, sample S1 develops a higher overall stress variation. It is also
notable that the magnitude of the stress variation is within 15% of that extracted from the
heat-treatment model (T-Model). That is, the stresses develop due to heat treatment and
those develop due to irradiation growth are in same order at the front-end of the pressure
tube. Similar to the T-model, the variation of localized intragranular stresses are higher for
S1. The results from the G1-model show that, for samples with equal fluence, the texture
is the main parameter that affects the magnitude of localized stresses that develop from

irradiation growth. The more textured sample develops lower stresses.
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Figure 4.5 CPFE results: the distribution of (a) or and (b) ot from all integration

points assigned to samples S1, S3, and AR. Histograms of the FWHM

distribution of (c¢) or and (d) or for individual grains for all grains of samples

S1, and S3.

4.4.3.2

Fluence and Irradiation Growth

In the second set of simulations, called G2-model, the actual measured fluences at each

axial position are applied. The neutron fluence experienced by each sample is provided in

Table 4.1.
Table 4.6 Summary of the CPFE results for G2-Model
Modeled Overall Stress Variation Average Intragranular Stress
Map Variation
OR oT on (MPa) OR or (MPa) on (MPa)
(MPa) (MPa) (MPa)
S1 Map 114.8 132.7 89.8 78.2 78.1 59.6
S3 Map 179.0 311.0 1914 1234 179.0 117.3
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Figures 4.6 shows stress distributions, and Table 4.6 shows a summary of the overall stress
variation as well as the average intragranular stress variation for each map. Note that the
results obtained for the sample S1 remain the same as the G1-model since the fluence
applied is the same. Both the overall and intragranular stresses for sample S3 under “as-
measured” neutron fluence are higher than those calculated for sample S1. This is not in
agreement with the experimental measurements (see section 4.5). These results indicate
that the higher neutron fluence, that occur with distancing from the front end of the tube,
is the major factor affecting the state of the stresses, not the texture. Also, at higher
fluences, the developed stresses from irradiation growth are much higher than those

developed from the heat treatment.
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Figure 4.6 CPFE results: the distribution of (a) or and (b) ot from all integration
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distribution of (¢) or and (d) ot for individual grains for all grains of samples

S1, and S3.
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4.4.4  Effects of Combined Loading

In the combined loading models, called C-model, samples are cooled down from 450 °C
to room temperature at a rate of 1 °C/min, and then the irradiation growth strain is applied.
Similar to the G-model, two sets of simulations are considered here. In the first set, called
Cl-model, it is assumed that both S1 and S3 are exposed to the same neutron fluence. This
1s to examine the effects of materials texture. In the second set, called C2-model, the actual

measured fluences are applied to each sample.

44.4.1 Texture and Combined Loading

Figure 4.7 show the distribution of stresses for both maps and Table 4.7 provides a
summary of the results. The results of the C1-model show that material texture is the main
parameter affecting both intragranular and overall stresses, with the more textured sample

developing lower stresses.

Table 4.7 Summary of the CPFE results for C1-Model

Modeled Overall Stress Variation Average Intragranular Stress
Map Variation
OR oT OH or (MPa) | or (MPa) | ou (MPa)
(MPa) (MPa) (MPa)
S1 Map 171.2 190.2 135.2 117.7 115.0 91.2
S3 Map 118.6 208.9 125.6 78.1 112.3 71.2
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4442

Fluence and Combined Loading

Figure 4.8 show the distribution of stresses at each integration points of both models and

Table 4.8 provides a summary of the results. The results for the S1 map remain unchanged.

The C2-model shows that higher neutron fluences are the main parameter affecting the

intragranular stresses that develop in regions away from the front-end of the pressure tube.

Table 4.8 Summary of the C2-Model Results

Modeled Overall Stress Variation Average Intragranular Stress
Map Variation
OR oT OH OR or (MPa) on (MPa)
(MPa) (MPa) (MPa) | (MPa)
S1 Map 171.2 190.2 135.2 117.7 115.0 91.2
S3 Map 184.7 319.6 197.5 127.6 182.9 122.3
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4.4.5 CPFE vs HR-EBSD Results

It is shown in previous sections that the CPFE numerical results for the T-model, G1-
model, and Cl-model are consistent with those observed in the HR-EBSD results.
However, when the as-measured neutron fluence for the sample S3 is used, the G2-model
and C2-model show different trends than those obtained by HR-EBSD. Many parameters
contribute to the observed discrepancy. For example, EBSD allows for measuring surface
grains, not the subsurface grains. The interaction of the subsurface grains with the surface
grains can have significant effects on the developed stresses in the CPFE model [31], [32].
In addition, no B-Zr was indexed with EBSD, thus the B-Zr grains are excluded from CPFE
simulations, and their effects on the developed stresses are not present. Unindexed points
may also contribute to the observed discrepancy. These data points are apparent in

Figul4.2(c), and sample S3 was the most affected one, comparing to samples S1, S2, and
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AR. These data points are removed from the analysis conducted on HR-EBSD
measurements which could be one of the reasons for obtaining lower average FWHMs for
the sample S3. Also, when importing the EBSD maps into the CPFE models, the
orientations of these data points are unknown, and assumptions are made to extend the size
of the closest neighboring grain to cover the unindexed points. Finally, the neutron
irradiated samples are obtained from CANDU pressure tube which was in service for 25
years. At the operating conditions, CANDU pressure tubes undergo ~130 MPa hoop stress
and ~75 MPa axial stress. The effects of these stresses are reflected in the experimental
results but not in the CPFE results. Authors are currently including the effects of irradiation

hardening, softening, and irradiation-enhanced creep to the CPFE model.

In Figure 9 the results obtained from the T-model and C2-model are compared to those
measured with HR-EBSD. To provide a like-to-like comparison, the reference point values
are reduced from the CPFE results. The reference points are shown by red dots in Figure
4.1), 4.9(e), 4.9(1), and 4.9(m). It is shown that, the T-model can generally capture the
experimental trends, with the C-model slightly improving them. An example of such cases
is shown Figure 4.9(c), where the T-model captures the trends observed for oT; however,
the C2-model adds a region of stress concentration, shown by the blue circle, that is
consistent with the measurement. Another example of such grains is shown in Figure
4.9(h). There is a region of high relative elastic rotation, as shown with a red circle, in the
results of the T-model that is not present in the experimental result. This region of high

elastic rotation is not present in the result from the C2-model.

There are cases where the T-model fails to capture the trends that are observed by HR-
EBSD measurement; however, when the C2-model is used, such trends are captured. For
example, it is shown in Figure 4.9(1) that the T-model predicts negative wrt at the north
part of the grain, while both C2-model and HR-EBSD show a positive wrt for the same
region. Finally, as discussed earlier in this section, there are grains that both the C2-model

and T-model fail to capture the trends obtained by HR-EBSD e.g. Figure 4.9(f).
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4.5 Conclusion

The state of the residual stresses that develop in a CANDU pressure tube during fabrication

process was studied in this paper. Samples were taken from two axial positions of a neutron

irradiated tube and from an offcut of the same tube, but not irradiated. CPFE and HR-EBSD

methods were used to assess the state of the residual stresses. The EBSD measured grain

maps were imported into a CPFE model and different simulation scenarios were examined.

All analyses were conducted at the front-end and 1.7 m from the front-end of the tube, from

which the following conclusions were made:

a.

The experimental results show that stress variations decrease with distancing from
the front-end of the tube indicating that higher localized stresses develop at the
front-end.

CPFE results show that the thermal residual stresses that develop from the heat
treatment process are mainly affected by intergranular misorientation and texture
of the samples. Samples located at the front-end of the tube had highest
intergranular misorientation as well as highest thermal residual stresses.

Similarly, under the same neutron fluence, the CPFE model predicts higher stresses
at the front-end, yet when the as measured fluences are used, the middle of the tube
undergoes higher stresses.

For the axial position located at 1.7 m from the front-end, the effects of irradiation
growth overcomes thermal residual stresses.

Using the neutron fluence measured for the front-end of the tube, the stresses that
develop from irradiation growth are in the same order as those that develop from
heat treatment. At higher fluences, the stresses that develop from irradiation growth

are higher than thermal stresses.
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Conclusions and Future Recommendations

Conclusions

The goal of this project is to characterize the state of micro- and nano -scale residual

stresses in Zr-2.5Nb pressure tubes. This is done by firstly investigating how residual

stresses develop in a pure Zr specimen using 3D-XRD and CPFE method. EBSD is

subsequently used to perform an intensive microstructural and texture analysis on neutron

irradiated and unirradiated Zr-2.5Nb pressure tube specimens. Finally, HR-EBSD and

CPFE methods are used to characterize the variations of residual stresses in the specimens.

The following conclusions are made:

Chapter 2: It is shown in this chapter that thermal residual stresses that develop
in a-Zr grains are significant, even after stress relieving and heat treatment. This is
due to the high anisotropic properties of the HCP crystals. It is also shown that
highly textured samples develop lower micro stresses compared to randomly
textured samples. In smaller grains, the value of the grain-average residual stresses
is mainly controlled by the localized stresses from grain-grain interactions. The
grain-average residual stresses of bigger grains are lower than smaller grains as the
area of the bigger grains are high enough to counteract the effects of the localized
stresses developing due to grain-neighbor interactions. Also, due to grain
neighborhood, stress range increases with grain size.

Chapter 3: It is shown in this chapter that the microstructure of the pressure tube
varies along the axial direction. The radial-transverse surface area of the grains in
the investigated pressure tube increases with distancing from the front-end of the
tube. Most grains in the examined specimens are elongated along the transverse
direction. Crystals in all specimens have their c-axis parallel to the transverse
direction but the population of c-axes changes among the specimens. The grain-
average-misorientation for all samples is less than 1°; however, in some grains, the
average misorientation is as high as 4°. Higher misorientation is found in the
specimens taken from the front-end of the tubes which indicates the presence of
higher residual stresses at the front-end. Also, localized misorientations of 10° and

higher were found. High misorientations are also found in the unirradiated samples
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which indicate that the pressure tube was probably not fully annealed during the
fabrication process.

- Chapter 4: In this chapter, the experimental results show that stress variations
decrease with distancing from the front-end of the pressure tube which indicates
the presence of higher localized stresses at the front-end. CPFE results show that
the thermal residual stresses that develop from the heat treatment process are
mainly affected by the intragranular misorientation and texture of the specimens,
with higher textured specimen developing lower micro stresses. CPFE results show
that under the same neutron fluence, the specimens located at the front-end of the
pressure tube develop higher stresses; however, when using the measured fluences,
the middle of the tube develop higher stresses. Induced stresses by irradiation
growth at lower neutron fluences are comparable, in magnitude, to the thermal
residual stresses. However, at higher fluences, the stresses from irradiation growth

overcome those from thermal residuals.

5.2 Future Recommendations

The long-term goal of this project is to understand the deformation mechanisms of pressure
tubes in the operating conditions. This is to improve the micro-scale materials models that
are aimed to provide a better prediction of the lifespan of pressure tubes. In this section, a

few recommendations are given to achieve this goal:

- It is recommended to perform EBSD analysis on the specimens from the back-end

of the tube and compare the results to those from the front-end.

- Itis recommended to perform EBSD analysis on the axial-transverse surface of the

tube and compare the results to those presented this thesis.

- Characterizing the grains from the transverse-axial and radial-axial of the pressure
tube rather than just radial-transverse surface. This is to further investigate the

quality of the results obtained from CPFE modeling.
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- Using higher resolution experimental techniques such as TEM to characterize the

B-Zr grains in the Zr-2.5Nb samples to incorporate B-Zr grains in the CPFE models.

- Modifying the CPFE code to include the effects of irradiation creep, hardening,
and softening as well as incorporating a mechanistic irradiation growth formulation

to increase the accuracy of the current CPFE simulations.
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