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ABSTRACT
As a result of corrosion during operation in nuclear reactors, hydrogen can enter the
zirconium fuel cladding tubes and precipitate as brittle hydrides particles under normal
conditions. These hydrides form as platelets oriented with the platelet face in the circumferentialaxial plane of the tube, thus circumferential hydrides. When subjected to temperature cycles and
applied stress such as can happen during preparation for dry-storage of used fuel, these hydride
platelets can dissolve and reorient in the axial-radial plane perpendicular to the hoop stress. This
phenomenon, present as a result of fission gases pressure, called hydride reorientation, leads to
loss of ductility of cladding and is thus an important issue for used fuel safety. Hydrides can also
precipitate at pre-existing stress concentrations such as flaws and lead to early cladding failure by
the repetitive cracking process called Delayed Hydride Cracking (DHC). Such processes depend
on the hydrogen mobility and precipitation under temperature and stress. The current available
data in the literature on hydrogen and hydride behavior usually comes from studies conducted
post-facto, thus suffering both from a scarcity of data points and from the confounding effects of
studying only the resulting hydride microstructure at room temperature, rather than what is
present at higher temperature.
In the current study, an in-situ X-ray diffraction technique using synchrotron radiation
was used to follow directly the kinetics of hydride dissolution and precipitation during thermomechanical cycles. This technique was combined with conventional microscopy (optical, SEM
and TEM) to gain an overall understanding of the process of hydride reorientation. Thus this part
of the study emphasized the time-dependent nature of the process, studying large volume of
hydrides in the material. In addition, a micro-diffraction technique was also used to study the
spatial distribution of hydrides near stress concentrations. This part of the study emphasized the
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spatial variation of hydride characteristics such as strain and morphology. Hydrided samples in
the shape of tensile dog-bones were used in the time-dependent part of the study. Compact
tension specimens were used during the spatial dependence part of the study.
In the study of the kinetics of hydride precipitation and dissolution in bulk samples, it
was found that the precipitation and dissolution temperatures (Tp and Td) corresponded well to
the values obtained with differential scanning calorimetry. The applied stress when enough to
reorient the hydrides, lowered the Tp.
The samples used showed hydride reorientation at 200 MPa for cold-worked Zircaloy-4,
80 MPa for recrystallized Zircaloy-4 and below 75 MPa for recrystallized Zircaloy-2 for samples
with 200-600 wt.ppm of hydrogen. The degree of reorientation and the hydride connectivity
increased with the number of thermo-mechanical cycles.
The hydride elastic strains from peak shift and size and strain broadening were studied as
a function of time for precipitating hydrides. The hydrides precipitate in a very compressed state
of stress, as measured by the shift in lattice spacing. As precipitation proceeds the average shift
decreases, indicating average stress is reduced, likely due to plastic deformation and morphology
changes. When nucleation ends the hydrides follow the zirconium matrix thermal contraction.
When stress is applied below the threshold stress for reorientation, hydrides first nucleate in a
very compressed state similar to that of unstressed hydrides. After reducing the average strain
similarly to unstressed hydrides, the average hydride strain reaches a constant value during cooldown to room temperature. This could be due to a greater ease of deforming the matrix due to the
applied far-field strain which would compensate for the strains due to thermal contraction. Finally
when hydrides reorient, the average hydride strains become tensile during the first precipitation
regime and remain constant in the tensile direction during the second precipitation regime. This
could be due to the fact that the face of reoriented hydride platelet is in compression once these
platelets have grown to a sufficient size.
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When studied with TEM, reoriented hydrides were observed to be approximately 300 nm
thick and made of a single large precipitate. Circumferential hydrides were also about 300 nm
thick and the individual hydrides stacked on top of each other. The orientation relationship for
both circumferential and reoriented hydrides was found to be approximately δ(111)// α(0002).
A phase-field model was developed to attempt the modeling of hydride precipitation in
bulk single crystal and poly-crystalline zirconium. The model was found to successfully predict
the stacking of circumferential hydrides and the expected orientation relationship between the
hydride and the matrix. The effect of stress was also studied and found to lead to partial hydride
reorientation.
The second goal of this study was to perform a spatially resolved study of the effect of a
stress concentration such as a notch or a crack on hydride reorientation. Using SEM and image
analysis, it was found that a sharp crack induces a different hydride microstructure than a blunt
notch. In the case of sharp crack, hydrides are more localized and align more with the defect than
for blunt notches. The hydride connectivity also increases close to a stress concentration which
will assist in crack propagation during DHC. Using TEM, the microstructure of hydrides grown
near crack tips were observed to be similar to that of circumferential hydrides grown in the bulk.
The orientation relationship studied with SEM and micro-X-ray diffraction was found to be in
most cases δ(111)// α(0002) for hydrides grown both near and far from stress concentrations.
Using the same micro-X-ray diffraction technique local hydride and matrix elastic strains were
measured and observed to vary significantly from grain to grain. It was however observed that
hydrides grown close to the stress concentration are in tension in the face of the platelet, similar
to reoriented hydrides, while those grown far from the stress concentration are in tension, similar
to circumferential hydrides. The orders of magnitude of the measured strains in the hydrides and
the zirconium matrix compared well to those predicted by finite element models.
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This study shows that it is possible to study hydride dissolution and precipitation in-situ
using time-dependent techniques. It was found that the precipitation temperature is lowered by
hydride reorientation. The evolution of hydride strains during precipitation was found to be
different for unstressed, stressed and reoriented hydrides. The reoriented hydride fraction and
connectivity increase with number of cycles which could lead to more dangerous microstructure
for storage of spent fuel. Pre-existing cracks were also found to affect hydride connectivity and
morphology which directly impacts DHC and fuel integrity.
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Chapter 1
INTRODUCTION AND BACKGROUND

1.1. Zirconium Alloys for Nuclear Fuel Cladding
The core of a light-water reactor (LWR) contains fuel assemblies that are cooled by
water. Each assembly is made of a series of fuel rods (approximately 4 m in height and 9.6 mm in
diameter) that contain fissile material in the form of uranium dioxide pellets (UO2). These fuel
rods, are sheathed in nuclear fuel cladding are made of zirconium alloy which serves as the
primary barrier to contain fission products between the nuclear fuel and the primary coolant
water.
Zirconium alloys have been chosen as cladding material primarily for their very low
thermal neutron absorption cross section (0.185 barns (or 0.185x10-24cm2) for 0.0253eV neutrons)
which allow for good neutron economy [1] . Zirconium alloys also exhibit good corrosion
resistance, good heat transfer properties, appropriate mechanical strength for reactor conditions
and are, to a certain extent, resistant to radiation damage [2].
During in-reactor operation the zirconium cladding is subject to environmental
degradation. The cladding tube is under stress from the pressure of the fission gases emitted from
the uranium pellet and can eventually chemically bond with the pellet itself. The typical
temperature of the inner cladding wall is about 400ºC. The outer wall of the cladding is in contact
with the cooling water and its temperature is approximately 350ºC [2]. At this boundary
waterside corrosion can occur. The corrosion reaction generates hydrogen which can be picked up
by the cladding[3]. Additional sources of hydrogen are water radiolysis and hydrogen added to
the reactor core primary water. Radiation damage also affects the properties of the cladding.
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Typically during the 3 years operating lifetime of the fuel rod each atom in the zirconium
cladding is displaced 20 times (20 dpa) [2].
Historically the alloy most often used in PWRs (Pressurized Water Reactors) is Zircaloy4, while Zircaloy-2 is used in BWRs (Boiling Water Reactors). Recently, PWRs have started to
use more modern alloys such as ZIRLO® and M5® which exhibit improved corrosion resistance
[4, 5]. Another zirconium alloy, Zr-2.5Nb is also used in heavy water reactors such as CANDU
reactors. The chemical composition of various zirconium alloys are given in Table 1-1. Although
the alloying elements are added in small quantities they impact strongly the in-service behavior of
the alloy, especially its corrosion resistance.
Table 1-1 Composition of alloying elements for several zirconium alloys[2, 6]. Zirlo® and M5® are registered
trademarks of Westinghouse Electric Co. and Areva, respectively.

Element
Zr

Sn

Fe

Cr

Balance

1.2-1.7

0.18-0.24

0.07-0.13

O

Ni

Nb

NA

NA

0.05

NA

NA

2.4-2.8

NA

0.99

NA

1.0

(wt.percent)
Zircaloy-4

1000-1400

(wt.percent)

wt.ppm

Zircaloy-2

1260-1440
Balance

1.43-1.45

0.13-0.14

0.1

(wt.percent)

wt.ppm

Zr-2.5Nb
Balance

NA

NA

NA

Balance

0.96

0.1

NA

0.09-0.15

(wt. percent)
ZIRLO ®

1430
wt.ppm

(wt.percent)
M5 ®

1250
Balance

(wt.percent)

NA

NA

NA
wt.ppm

Zircaloy-4 is a two-phase alloy characterized by a hexagonal close packed (hcp) αzirconium matrix containing a fine dispersion of intermetallic precipitates such as Zr(Cr,Fe)2. The
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lattice parameters of the hcp α-zirconium matrix are: a = 0.323 nm, c = 0.515 nm for a c/a ratio of
1.594. The space group for this crystal structure is P63/mmc. At 865°C there is an allotropic
transformation from hcp α-zirconium to body-centered cubic (bcc) β-zirconium, and the melting
temperature is reached at about 1860°C [7].
The wall thickness of Zircaloy tubes used in PWRs is 0.6-0.7 mm, the diameter 9.5-10.0
mm and the tubes are approximately 4 m long. In order to manufacture these tubes, the zirconium
material is first β-quenched then hot-extruded, cold-pilgered, cold rolled two times then stress
relieved. Several intermediate annealing steps occur throughout the manufacturing process. The
fabrication process produces a textured microstructure, leading to strong anisotropic mechanical
behavior. In the cold-worked-stress-relieved (CWSR) condition, the texture is such that most of
the grains have their c-axes tilted 30-40º away from the normal to the sheet or tube surface along
the transverse direction [2].
A list of typical physical properties of zirconium is shown in Table 1-2 from [2].
Table 1-2 Major physical properties of zirconium [2].

Unit

Average

[11 0] dir.

[0001] dir.

Specific mass

Kg.m-3

6500

Thermal expansion

K-1

6.70 x 10-6

5.20 x 10-6

1.04 x 10-5

Young’ modulus

GPa

99

125

Lattice parameter

nm

a = 0.323

c = 0.515

Thermal conductivity

W. m-1. K-1

22

Specific heat

J. kg-1. K-1

276

Thermal neutron capture
cross section

barn

0.185
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1.2. Zirconium Hydrides in Fuel Cladding

1.2.1.

Formation of Zirconium Hydrides

As discussed in Section 1.1, in the reactor environment hydrogen can enter the zirconium
cladding. The hydrogen entering the cladding can come from three main sources. The first source
is the waterside corrosion reaction shown below which generates hydrogen that can be absorbed
by the cladding:
1-1

Hydrogen can also be generated by radiolysis [8] according to the following reaction:
1-2

Hydrogen can be dissolved in the primary water to limit oxidation. Other factors, such as
hydrogen present in fuel pellet can also produce additional hydrogen atoms available to enter the
cladding [9].
Some of the hydrogen atoms mentioned above are transported to the oxide-metal
interface and can be absorbed into the cladding. This process is called hydrogen pick-up. The
absorbed hydrogen migrates through the material in response to thermodynamic driving forces,
such as concentration and thermal gradients. For Zircaloy-4, 10-20% of the hydrogen liberated
from corrosion is typically absorbed into the cladding. Factors influencing hydrogen pick-up may
include:


Oxide film characteristics, such as thickness, morphology and crystal structure.



Second phase particles of various characteristics.



Zirconium alloy composition and microstructure.



Residual stresses.



The ratio of area/volume exposed to corrosion.



Water chemistry and more specifically radiolysis of the water during irradiation.
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Once the hydrogen enters the cladding it can diffuse following the equation below [10]:
1-3

where

J = H atom flux in the metal
D = Diffusion coefficient for H as defined in Equation 1-4
Cx = Total local H concentration at point x (mol/m3)
Q* = Heat of transport (Kcal/mol)
R = Ideal gas constant (R = 8.3144 m2.kg.s-2.K-1.mol-1)
V* = Transport volume of hydrogen in metal
σ = Stress

with D defined as:

1-4
where

D = Diffusion coefficient, or diffusivity in cm2/sec
D0 = Limiting diffusion coefficient obtained at very high temperature
Q* = Heat of transport (Kcal/mol)
T = Absolute temperature in K

The diffusion coefficient as a function of temperature for pure zirconium and for Zircaloys is
given in Figure 1-1[11]. Typically in zirconium D = 7.0 x 10-4 exp (-849/T) (with R the perfect
gas constant and T in K) for the temperature range of 305-610 ºC [11].
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Figure 1-1 Diffusion coefficients of hydrogen in alpha zirconium and Zircaloys [11].

The equations above show that hydrogen tends to diffuse to areas of lower hydrogen
content, higher temperature and higher stress. The diffusion speed of hydrogen varies with
temperature and the material in which the atoms are diffusing. The diffusion coefficient of
hydrogen is 108 times slower in oxide than in the zirconium matrix and 102 times slower in the
hydride than in the zirconium matrix. Examples of the distances hydrogen will diffuse in
Zircaloy-4 within an hour at various temperatures calculated using equation 1-3, are given in
Table 1-3.
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Table 1-3 Hydrogen diffusion distance in Zircaloy-4 during 1 hour.

Diffusion coefficent
Temperature (°C)

Solubility (wt.ppm)
(cm2/s)

μm in 1 hour
( x = √(4Dt))

100

2-5

10-8

60

200

15-30

2x10-7

270

300

80-90

10-6

600

400

250

3x10-6

1 mm

When the hydrogen content reaches the solubility limit in the α-zirconium matrix, the
hydrogen precipitates as zirconium hydride. The terminal solubility limit (TSS) of hydrogen in αzirconium is given from [12] by the following equation and illustrated in Figure 1-2:
1-5

where

Cs = solubility limit of hydrogen in zirconium (wt.ppm)
R = Perfect gas constant ( R = 1.9868 cal/mol.°C)
T = absolute temperature in K

Figure 1-2 Terminal solid solubility of hydrogen in the alpha phase of Zircaloy-4 (Dissolution) [12-14].

8

The determination of the terminal solid solubility limit and its influencing factors are
discussed in Section 1.2.2. As seen in Figure 1-2 the terminal solubility limit of hydrides is about
100 wt.ppm at 350ºC. When this limit is reached hydrogen atoms react with zirconium atoms and
precipitate as zirconium hydrides.
The phase diagram for the zirconium-hydrogen system is given in Figure 1-3 [15]. Two
main hydride phases are identified from this phase diagram: δ-hydride and ε-hydride. A third
hydride phase, the γ-hydride phase is believed to be metastable so it does not appear in the phase
diagram. These hydride phases will be discussed in more detail in Section 1.2.3. The zirconiumhydrogen system has the particularity to allow hydrogen super-saturation during cool-down. This
means the alpha zirconium phase can contain more hydrogen during cool-down than the phase
diagram allows [10]. For example, at 300ºC the alpha zirconium matrix can hold in solid solution
75wt.ppm more than the theoretical solubility limit. This leads to a lower precipitation
temperature and a higher dissolution temperature than predicted by the phase diagram, and thus a
hysteresis phenomenon exists for the dissolution and precipitation temperatures of hydrogen in
zirconium. This hysteresis phenomenon is described in more detail in the following section.

Figure 1-3 Zirconium-hydrogen binary phase diagram [15].
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1.2.2.

Hydride dissolution and precipitation and influencing factors

The determination of the terminal solid solubility (TSS) is essential for a better
understanding of the behavior of zirconium hydrides. Kearns’ study on the terminal solubility
limit using the diffusion couple method has been widely used as the reference for TSS
determination [12]. This study states that below 550ºC (above which recrystallization occurs), the
following equation determines the TSS:
TSS (wt.ppm) = 120000 exp(-4302/T)

1-6

where T is the temperature in Kelvin.
As mentioned in the previous section, a hysteresis phenomenon has been observed in
several studies between the TSS for dissolution (TSSd) and the TSS for precipitation (TSSp).
This temperature hysteresis is a result of the work associated with volume expansion and which is
required for hydride precipitation, as illustrated in Figure 1-4. When a small plate-shaped hydride
precipitate is nucleated, reversible elastic work is done on the surrounding matrix, yielding the
following expression for the nucleation solvus [16, 17]:

1-7
where Cnucl is the amount of hydrogen in solution until hydride precipitation, Cs is a theoretical
“stress-free” or equilibrium solvus, we is the elastic accommodation energy of the matrix and
hydride precipitate per mole hydrogen (which is influenced by the orientation relationship of the
precipitate and the matrix), and T is the temperature. Because the hydride is performing work on
the matrix as it precipitates, the hydrogen concentration in the matrix is elevated relative to the
equilibrium solvus Cs. When a hydride grows past a critical size (typically sub-micron [18, 19]),
the accommodation energy is no longer purely elastic and the expression must account for plastic
accommodation of the hydride [20]:
1-8
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where wp is the plastic accommodation energy, we, p is the elastic contribution, and Qcool
represents the total accommodation energy upon cooling. The solvus expression for hydride
dissolution, CHeat, is similar to that of precipitation, the difference being the plastic work required
to precipitate the hydride is not reversible (and therefore the contribution from wp is negligible on
heating):
1-9
In the case of zirconium, it is the plastic work term that dominates during cooling and for this
reason the hydrogen concentration on dissolution Cheat is often approximated as Cs. It should also
be noted that the hydrogen concentration on precipitation Ccool is not unique and is affected by the
previous thermo-mechanical history of a specimen [16, 17, 21].

Figure 1-4 Illustration of the precipitation hysteresis for the zirconium hydrogen system. Note that values for
hydride precipitation are more scattered than for hydride dissolution, as the precipitation solvus depends on the
prior thermo-mechanical history of a specimen [21].

In the following paragraphs, some of the factors influencing the dissolution and
precipitation behavior of hydrides will be presented.
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Effect of irradiation
Using differential scanning calorimetry, McMinn studied the effect of different
parameters on the TSSd and the TSSp [14]. For unirradiated Zircaloy materials the TSS equations
were found to be:
TSSd (wt.ppm) = 106 446.7 exp(-4328.67/T)
TSSp (wt.ppm) = 138 746.0 exp(-4145.72/T)

1-10

where TSSd and TSSp are the hydrogen terminal solid solubility for dissolution and precipitation
respectively in wt.ppm; T is the temperature in Kelvin.
For irradiated Zircaloy materials the TSS equations were found to be:
TSSd (wt.ppm) = 24 236.1 exp (-3391.1/T)
TSSp (wt.ppm) = 212.1 exp (-1003.6/T)
TSSp (wt.ppm) = 66 350.1 exp (-3557.2/T)

for T<170ºC

1-11

for T>170ºC

where TSSd and TSSp are the dissolution and precipitation hydrogen concentrations respectively
in wt.ppm; T is the temperature in Kelvin. These equations illustrate the fact that the behavior for
dissolution and precipitation is very different for irradiated material than for unirradiated
material, as illustrated in Figure 1-5. In the irradiated material, the difference between TSSd and
TSSp becomes wider than in the non-irradiated case. The increase of solubility due to irradiation
was also confirmed by Vizcaino et al. [22]. It is important to note that McMinn showed that the
“increase in solubility” can be recovered by suitable post-irradiation thermal anneals. From the
data shown in these studies, it can be concluded that hydrogen exists in three forms in irradiated
Zircaloy: soluble hydrogen, hydrides, and hydrogen trapped by irradiation produced defects. The
latter can be released by post-irradiation annealing.

12

Figure 1-5 Comparison of McMinn’s equations for the TSSd and TSSp of unirradiated and irradiated
material [14].

Effect of oxygen
The hydrogen atoms in solution in hcp zirconium occupy the tetrahedral sites in the
zirconium hexagonal closed packed crystal structure indicated as (C) on Figure 1-6. Oxygen (O),
always present in zirconium alloys, occupies the octahedral sites (B), and the interaction between
the O and the H interstitials affects the solubility of hydrogen as a function of oxygen content.
Increasing occupation of the sites by O decreases the ability to retain H in solid solution. Several
studies have been conducted on this subject and produced conflicting data. In particular the effect
of O on the solubility of H in the α-zirconium phase is not clear. Yamanaka et al. [23] found that
the H solubility in zirconium first increases then decreases at the higher O content. McMinn [14]
and Bertolino [24] found that, in oxygen-strengthened tungsten inert gas (TIG) welded material,
the high O material showed higher solubility for H, as shown in Figure 1-7. They also showed
that O decreases the dissolution and precipitation temperatures. These authors concluded that
there is general agreement that H solubility decreases with increasing O content in the β phase of
zirconium [14, 23-25]. The effect of O on the H solubility in the α-phase is uncertain at O levels
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of practical interest and could either increase or decrease. In either case, the effect is expected to
be small.

Figure 1-6 Zirconium crystal structure with hydrogen (c) and oxygen (b) in interstitial solid solution [23]

Figure 1-7 TSS Data points for Zircaloy with 2540 to 2860 ppm O compared to Zircaloy with 1000 to 1200 ppm
O (solid and dashed curves) [14].
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Effect of alloying elements
The solubility of H in pure zirconium and in the Zircaloys has been measured several
times and early measurements from Kearns [12] shown in Figure 1-8 were later confirmed by
Kammenzind [11]. The effect of individual alloying elements on the TSSd of hydrogen in
zirconium was measured and compared to unalloyed zirconium and to Zircaloy-2 materials of
various Fe levels by Setoyama et al. [26]. The results are shown in Figure 1-9. Binary additions of
Ni and Cr to Zr had the most significant effect in increasing the hydrogen solubility while Fe and
Sn had very little effect. Since Ni can vary from 0.03 to 0.08% and Cr from 0.05 to 0.15%, the
hydrogen solubility could vary slightly for Zircaloy-2 made to the same specifications.

Figure 1-8 Solubility of hydrogen in zirconium alloys [12].
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Figure 1-9 The effect of alloying elements on TSSd of hydrogen in zirconium [26].
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Effect of stress
Because data on the effect of stress on TSS are very limited the effect of stress on
hydrogen solubility is a subject of controversy. Experiments on Zircaloy-4 specimens show that
there is an effect, but it is much smaller than the effect of temperature, as illustrated in Figure
1-10 [27].

Figure 1-10 Hydride dissolution solvus, comparative effect of temperature and stress[27].

A theoretical evaluation concluded that the effect of stress on TSS cannot be significant
and that the determination of TSS on unstressed samples is reasonably valid [28]. As mentioned
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previously, hydrogen in solution in the α-zirconium lattice occupies the tetrahedral interstices in
the hexagonal α-zirconium unit cell and causes a small dilation of the lattice [9, 29, 30]. As a
result hydrogen shows a tendency to segregate to regions (such as the core of dislocations) where
the crystal lattice is already dilated [9]. Because of this effect, hydrogen in solution in zirconium
will migrate up a tensile stress gradient (i.e. towards the region where the lattice is dilated by
elastic stress). Whether or not there is an effect of stress on the hydrogen solubility in zirconium
alloys is determined by the difference between the lattice dilation caused by the hydrogen atoms
in solution and the lattice dilation resulting from the formation of a second-phase hydride. The
effect of these dilations on the TSS are described by Eadie and Coleman by observing hydride
precipitation at a flaw [31]. The equation they give governing the effect of stress on the TSS is:
Δ ln TSS = p(VH-Hydr - VH)/RT

1-12

where the TSS is in wt.ppm, p is the hydrostatic stress in Pa, VH-Hydr and VH are the partial molar
volumes of hydrogen in the delta hydride and the alpha zirconium phases respectively (1.4 x 10-6
m3 per mole and 1.67 x 10-6 m3 per mole respectively). After several studies using different
techniques (such as time-of-flight neutron diffraction), stress was found not to have a strong
effect on the TSS [31]. However, the effects of stress on hydrogen migration are critical to the
mechanism of Delayed Hydride Cracking, described in further detail in Section 1.3.3.

Effect of peak temperature and cycling
In the work of Bertolino mentioned previously [24], it was observed that increasing the
peak temperature and the hold time at peak temperature resulted in a decrease of the TSSp and an
increasing hysteresis between TSSd and TSSp. This has been explained by the memory effect that
results from preferential sites for precipitation such as dislocation networks which allow easier
precipitation. At higher temperatures this memory effect can be diminished or removed by
annealing the material. It was found that heating and cooling rates over the ranges of 0.5 to
10ºC/min have little effect on the measured dissolution and precipitation temperatures.
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Finally, Westerman [32] showed that thermal cycling increased the solubility of
hydrogen. The example given was that 30 cycles between 50° and 400°C increased the hydrogen
solubility in Zircaloy-2 by approximately 300 wt.ppm. Slow cycling resulted in more
supercharging than fast cycling. These observations, however, were not corroborated by others.

In summary, the main factors that influence hydride dissolution and precipitation in
zirconium and its alloys are:


Irradiation increases the solubility.



Increasing O in solid solution decreases the solubility in the β phase and may or
may not increase it in the α-zirconium phase. Pure, low oxygen zirconium has a
lower solubility for hydrogen than the Zircaloys with 1000-1500 ppm of O.



Increasing Ni and Cr alloying elements increase the solubility.



Thermal cycling appears to increase solubility.

The following parameters do not appear to have a significant effect on the hydrogen
solubility:


Increasing Fe and Sn alloying elements.



Differences between Zircaloy-2, Zircaloy-4 and Zr-2.5 Nb of the same
microstructures.



Stress, although this is controversial.

Kinetics of hydride dissolution and precipitation
The study of the kinetics of hydride dissolution and precipitation is another essential
element in the characterization of hydride behavior in nuclear fuel cladding. Mishima used
electrical resistivity measurements to study the kinetics of hydride precipitation in unalloyed
zirconium [33]. He used a simple rate law to analyze his data:

-dn/dt = Knγ
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1-13

where n is the normalized hydrogen content in solution, γ is the order of the precipitation reaction
and K is a constant.
After heating the samples to the needed temperature to completely dissolve the hydrides,
then quenching in ice-water and liquid nitrogen, the samples were isothermally annealed in cold
petroleum baths at different temperatures between (-67ºC and 0ºC). Electric resistivity
measurements were performed at these temperatures. It was found that the order of the reaction
was approximately one for ageing temperatures between -16 and -35ºC, and approximately two at
even lower ageing temperatures. For higher temperatures (above 14ºC), the precipitation kinetics
were too rapid to allow a precise determination of γ. Kearns used a simple diffusion model to
determine the rates of hydride dissolution as a function of hydride platelet thickness h (cm) [13]:
t = 1.65 h2 exp(24900/RT)
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where t is the dissolution time in seconds, and T is the temperature in Kelvin (R is the gas
constant). The actual times for hydride dissolution below the eutectoid temperature of 550ºC are
short, on the order of tens to hundreds of seconds, and are shown as a function of reciprocal
temperature in Figure 1-11[13]. The data points obtained in this figure are from metallographic
analysis of samples that were heated and quenched in ice-brine at different times during the
heating stage. The calculated curves come from diffusion equations. In Figure 1-11, the observed
times for complete dissolution range from 1 to 300 seconds. Times required for the samples
containing 114 and 205 wt.ppm hydrogen were about triple those required for the 60 wt.ppm
sample. This difference is attributed to the existence of coarser hydrides in the former samples.
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Figure 1-11 Effects of temperature and hydrogen content on the isothermal dissolution kinetics of
zirconium hydride [13]

Similar calculations were made to obtain the time to reach equilibrium in the two-phase
region hydrides-zirconium matrix:
t = 3.5x1010 h2/C2 exp(8380/RT)

1-15

where t is the time in seconds, C is the hydrogen concentration in wt.ppm, and h is the thickness
of the platelets in cm (R is the gas constant).
Using differential calorimetry measurements, Une studied the precipitation and
dissolution kinetics of hydrides in Zircaloy-2 and high Fe Zircaloy [34]. It was found that the
precipitation rate could be modeled as:
Hp (wt.ppm/s) = 1.18x103 exp(-35716/RT)

1-16

where Hp is the precipitation rate, T is the temperature in Kelvin and R is the gas constant. More
recently, using neutron diffraction, Root obtained the curves presented in Figure 1-12 for the
dissolution kinetics of hydrides in Zr-2.5Nb [35]. The following equation was used to fit his data:
IN = A(HT – C0exp(-Q/RT))

1-17
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where IN is the total intensity of the neutron diffraction peaks from the hydrides, A is a constant,
HT is the total amount of hydride that would be formed if all hydrogen was precipitated (this is an
adjustable parameter related to the total hydrogen content), C0 is approximately the TSS, Q is
analogous to the molar enthalpy of precipitation (found to be 30 kJ/ mol for the heating curve and
28 kJ/mol for the cooling curve), R is the gas constant and T is the temperature in Kelvin. Root
also proposes that hydride precipitation and dissolution could involve very slow processes (with
time constants in the order of hours) because the hysteresis found in his data between the TSSp
and TSSd is not significant, in contrast to other studies [12, 14].

Figure 1-12 The reduction of total diffraction peak intensity as the temperature of the specimen is
increased. The continuous line is the fitted function [35].

22
1.2.3.

Zirconium Hydride Phases

Now that the dissolution and precipitation temperatures for hydrides have been detailed,
the question of which hydride phase actually forms must be discussed. Figure 1-13 shows a close
up of the high hydrogen content portion of the zirconium hydrogen phase diagram presented in
Figure 1-3. Two types of zirconium hydrides have been identified: the stable δ phase and the ε
phase. A third hydride phase, the γ phase is believed to be metastable. All these phases exhibit
different chemical composition and crystallographic properties. Their crystallographic properties
and compositions are summarized in Table 1-4. The morphologies and orientation relationships
of these hydrides in α-zirconium are different for each phase, as summarized in Table 1-4. Given
the crystallography and the morphology of these hydride phases, the phase transformation process
for each phase is very different and leads to different types of accommodation from the zirconium
matrix. The type of phase transformation for each hydride phase as well as the associated volume
changes (calculated with the Zr atoms sphere model [36]) are summarized in Table 1-5.

Figure 1-13 High hydrogen content portion of the Zr-H phase diagram [15].
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Table 1-4 Crystallographic properties of the different zirconium hydride phases; all parameters are given
at room temperature [37, 38].

Hydride

Chemical

Crystal structure and

Phase

composition

parameters

Orientation

Type of

Morphology

relationship with

accommodation

and habit

α-Zr

of precipitate

planes

Face-centered cubic;

[1 0]δ//[11 0]α

a=0.4777-0.4779 nm

and

Fm3m Space Group

(111)δ//(0001)α

Platelets //

ZrHx

δ

1.53≤x≤1.66

Mostly plastic

(0001) or
(1

7)

Tetragonal Face[1 0]γ//[11 0]α

γ

centered; a=0.4617 nm
ZrH

(metastable)

Elastic and

Needles

plastic

//<11 0>

and
c=0.4888 nm
(111)γ//(0001)α
P 42/n Space Group
Tetragonal Face-

ε

ZrHx

centered; a=0.488-0.502

1.71≤x≤2

nm c=0.457-0.436 nm
c/a=0.935-0.865

Table 1-5 Transformation characteristics for the different hydride phases [10, 15, 37-39]

Hydride

Cooling rate

Volume change

Type of phase transformation
Martensitic: transformation of hexagonal lattice of α-Zr
in FCC lattice then dilatation under the influence of H

δ

<2ºC/min

16.3-17.2%

which is in tetrahedral sites (1/4,1/4,1/4) and their
equivalent. The site’s radius is 0.0378nm and there are 2
sites per Zr atoms
The γ phase forms from the α-Zr phase by shear

γ

deformation of the hexagonal lattice and by
>2ºC/min

(metastable)

12.3-15.7%
simultaneous diffusion of H atoms. A similar process
occurs for the δ to γ transition.

ε

Appears after low temp martensitic transformation.
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There has been some controversy in the literature on the formation of γ hydrides. The
conventional view as outlined by two review papers on the subject is that the γ hydride phase is
metastable [10, 40]. In these studies, it is suggested that the δ hydride phase is favored by slower
cooling rates, such as can occur during furnace cooling or reactor shut-down. The formation of
the γ hydride phase is favored for faster cooling rates including quenching [41, 42]. The presence
of the γ hydride phase has also been studied as a function of hydrogen content. At low hydrogen
content (100s of wt.ppm range), x-ray diffraction studies supported the fact that the δ hydride
phase is the equilibrium phase, stable after long term aging at room temperature and 150ºC [40,
43-45] . However, there are several studies that report a stable population of hydrides under these
conditions with some fraction of γ hydride retained [42, 46]. The retention of a small and
apparently stable amount of γ hydrides is also reported at higher hydrogen content (1000s of
wt.ppm range) [44, 45, 47]. It is possible that this retained γ hydride phase is still metastable,
where the ~ZrH1.3 δ hydride phase that initially forms at elevated temperate increases with
hydrogen enrichment on cooling to the ~ZrH1.5 at room temperature. Under these conditions,
some of the δ hydrides formed at high temperature transform to zirconium in order to increase the
hydrogen enrichment of the remaining δ hydrides. It has been suggested that this transition may
occur only partially, leaving behind metastable γ hydrides near the stoichiometric ZrH
composition [47]. It has been suggested by several including Mishra et al.[48] that the γ hydride
phase is in fact an equilibrium phase resulting from a peritectoid reaction of α-Zr and δ hydride
below 255ºC. In these studies [35, 49-51], aging at room temperature leads to the conversion of δ
→ γ hydrides. This suggests that the γ hydride phase is in equilibrium at room temperature, but
that the formation of the equilibrium γ hydride phase is sluggish or diffusion limited. Lanzani at
al. [40] suggest that the δ hydride is the equilibrium phase in low purity zirconium alloys
(<99.8% wt% Zr such as Zircaloys), while the γ hydride phase is stable for high purity zirconium
and perhaps Zr-2.5Nb. Cann et al. [52] also identified alloy purity, as affecting the hydride phase
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formed in zirconium and proposed a mechanism for the observed behavior. Specifically they note
that as oxygen concentration increases the yield stress of the zirconium increases and δ hydrides
tend to form. If the formation energies of the δ and γ hydrides are similar, then changing the
zirconium yield stress could produce small strain energy differences that favor one phase over the
other [52]. Oxygen has been noted to affect phase boundaries in the zirconium hydrogen system
and may stabilize the two phase (δ+ε) region at the δ/ε boundary [53, 54]. Unfortunately there is
no comprehensive experimental data base available in the literature that tests the effect of the
zirconium matrix yield stress on the equilibrium hydride phase formed. One issue is that, at low
concentrations, it is difficult to experimentally measure the hydride phases present. TEM
measurements present numerous challenges from small sampling areas to potential artifacts from
specimen preparation. Lab X-ray and neutron diffraction measures require relatively high hydride
volume fractions to achieve good counting statistics (in the case of zirconium hydride 100wt-ppm
hydrogen represents a ~1% hydride volume fraction). Many studies have focused on too narrow a
range of alloy composition or ageing treatments to justify extrapolation of results to the literature
in general. An experimental investigation of hydride phase stability as a function of zirconium
yield stress is required. Such an experiment has the potential to reconcile many of the seemingly
contradictory results reported in the literature to date and is feasible to conduct at modern
synchrotron X-ray facilities [55].
Recently a new hydride phase observed by transmission electron microscopy has been
reported in Zircaloy-4 containing hydrides formed by either cathodic charging or 360ºC water
corrosion [19]. These hydrides were sub-micron sized ZrH0.5 (or Zr2H) hydrides called ζ-hydride
(zeta hydride). These hydrides are coherent with the matrix and are proposed to be a precursor of
the more common gamma or delta hydrides.
When hydriding occurs during normal reactor operating conditions the phase observed
most often is the δ phase. These precipitates ZrHx (1.53≤x≤1.66) have 60.4 to 62.4 at. %
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hydrogen and their density is 5.65g/cm3. Their formation is enhanced by the oxygen
concentration above 1000 wt.ppm, by slow cooling (in reactor or in a furnace) and require
sufficient amount of hydrogen (above 100 wt.ppm). This study focused on hydride formation
conditions in which δ hydrides form since they are the most relevant to reactor conditions and to
spent fuel storage [52].

1.2.4.

Morphology and Microstructure of Zirconium Hydrides

Now that the different phases of hydrides have been detailed, the morphology and habit
planes of the δ-hydrides will be discussed. Careful metallographic observations show these
hydrides to be short, thin platelets that precipitate along a variety of crystallographic planes (habit
planes mentioned in the previous section), either on grain boundaries (which is very common) or
intragranularly. Intragranular precipitation is less common and more likely to occur in materials
with large grain size, at intermetallic particles or at dislocations or for very fast cooling rates.
Factors that determine the orientation of the precipitating hydrides in addition to grain size
include stress, texture and cold-work (thus the fabrication process) strongly influence the hydride
precipitation. The effect of stress on hydride precipitation and orientation will be discussed in
more detail in Section 1.3. The effect of the other influencing factors on hydride orientation are
presented below.
Transmission electron microscopy (TEM) studies have shown that in annealed material,
dislocations are often observed around hydrides [36]. Strains occur around hydrides in the
zirconium matrix due to the relatively larger volume of the hydride. For δ hydrides, the proposed
mechanism explaining the platelet shape is that the phase transformation occurs by a shear or
martensitic nucleation and growth. The dilatational strains are calculated using the expected
δ(111)//α(0002) orientation relationship as the change in size and shape of the zirconium atoms
due to the phase change[36]. For δ-hydrides, these strains are 7.2 %, 4.58% and 4.58% in the
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[0001], [11 0] and [1 00] directions respectively, thus explaining the tendency of a hydride
platelet to lie closely to a basal habit plane. The total unconstrained volume change associated
with hydride precipitation is 17.2%. The lattice dilatational strains due to interstitial hydrogen are
accommodated by the volume converted to hydride, while the zirconium matrix relaxes [56]. This
results in the generation of dislocations around the hydride platelet, as seen in Figure 1-14.

Figure 1-14 Dislocation loops around hydrides shown by transmission electron microscopy [57].

As described in several studies [58-61] hydrides are often precipitated close to one
another to produce stacks of hydrides that could appear as long stringers when observed by
optical microscopy. This is illustrated in Figure 1-15 which shows in schematic form the
submicron hydride platelets forming the micron-size hydride precipitate by sympathetic
nucleation. The elastic strains associated with the precipitation help nucleate successive
precipitates. The dislocations formed during precipitation remain when the hydrides are dissolved
by heating, and these may act as nucleation sites for re-precipitation of hydrides on cooling, thus
affecting the apparent precipitation solvus on cooling. Figure 1-16 shows the fine stacking
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structure observed by TEM (part (b)) and the same sample observed optically (part (a)) where
only macroscopic hydrides are observed [59]. The bright hydrides submicron sized platelets are
observed in the TEM to form a stacking sequence which depends on the grains in which they
precipitate. After etching and observation in the optical microscope at much smaller
magnification, these individual stacks of hydrides appear as large strings of macroscopic hydrides
[57]. Thus, the etching process of metallographic samples is likely to produce etch-pits around
and between the tips of hydride platelets giving the appearance of a single long platelet. This
illustrates that the structures observed at room temperature, during metallographic or other types
of structural examinations, are those formed during cool-down from a higher operating or test
temperature and may not be completely representative of the structure at the temperature of
interest. In fact, the effects of some examination methods have a potential for changing the true
representation of hydrides.

(002) plane

14.7°
(111)

(107) habit plane

Figure 1-15 Cartoon representing the aggregation of microscopic hydride platelets to form macroscopic
hydrides [37].
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Figure 1-16 Micrographs of the hydrided Zr-2.5Nb material with hydrides observed optically in (a) and with the
TEM in (b) [59].

The habit plane of the microscopic platelets and the apparent plane where the
macroscopic hydrides precipitate are not identical [62]. The face of the macroscopic hydrides is
parallel to the {

}Zr plane, the pole of which is oriented 14.7º from the basal poles. The

microscopic hydride platelets (represented by small ellipses in Figure 1-15) precipitate with their
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faces parallel to the {0002}Zr crystal plane. Table 1-6 summarizes the dimensional information
and habit planes of the macroscopic hydrides and microscopic hydride platelets normally formed
in α-zirconium for material from BWR and PWR cladding in the cold work stress relieved state
(elongated grains and a high density of dislocations).
As mentioned previously, hydrides can precipitate inter-, intra-granularly or transgranularly (running across several α zirconium grains). Figure 1-17, Figure 1-18 and Figure 1-19
respectively illustrate the three possible hydride morphologies observed by TEM [19]. It appears
that the nucleation location depends on the local stress state [60] which would explain why the
macroscopic hydride habit plane can be very different from that of the microscopic hydride
platelet. Figure 1-20 from [62] illustrates why circumferential hydrides are not strictly aligned
since the basal planes are oriented at ±30º from the radial direction and why macroscopic
hydrides present this wavy shape. Macroscopic hydrides are constituted of a long chain of smaller
hydride precipitates that are precipitated in different grains that have different orientation of the
basal planes which are commonly at either +30º or -30º from the radial direction. Since the
macroscopic hydrides lie 14.7º from the basal planes, for each grain, they will have a slightly
different orientation and thus exhibit a non-linear aspect when observed by optical microscopy.
Table 1-6 Dimensions and habit planes of macroscopic hydrides and microscopic hydride platelets [37, 62]

Dimensions

Habit plane

Length: 2000 to 10000 nm

(10 7)Zr at 14.7º from basal

Thickness: 100 to 200 nm

planes

Macroscopic hydrides (seen by
SEM or by etching and optical
microscopy)
Length: 100 to 200 nm
(0002)Zr (or near dislocation
Microscopic hydride platelets

Thickness: 30 to 50 nm

(observed by TEM)

Grain size: 5x10 µm

loops for irradiated
materials)
(inter- or intra-granular precipitation)
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Figure 1-17 (a) Needle-like intra-granular hydrides formed after water quenching. (b) Focusing on a typical
small hydride having a sharp interface [63].

Figure 1-18 Inter-granular hydrides in furnace cooled samples; (a) hydride precipitated almost perpendicular to
a grain boundary; (b) hydride precipitated along the grain boundary[63].

Figure 1-19 Trans-granular hydride in a furnace cooled sample [63].
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Radial Direction

30°

30°

Circumferential direction

Figure 1-20 Macroscopic hydride orientation and habit planes with respect to the zirconium matrix[62]

Another parameter that can affect hydride morphology is the cooling rate during hydride
precipitation. It has been observed that at slow cooling rate, hydrides tend to precipitate mainly in
the grain boundaries whereas at faster cooling rates, hydrides tend to precipitate in both grain
boundaries and within grains. Furthermore, the hydride size decreases significantly with
increasing cooling rate as can be seen in Figure 1-21 [64].
In unstressed material, the hydride orientation is closely connected to the texture, and to
the fraction of basal poles in axial, tangential and radial directions, as a consequence of the fact
that the habit planes of the hydrides are close to the basal plane as seen in Figure 1-22 [65]. Most
of the zirconium alloy fuel components have a particular texture with almost no basal poles in the
axial direction. Therefore the normals of the hydrides are very seldom oriented in the axial
direction. In addition to texture, grain size, grain shape, and dislocation density also play an
important role in hydride precipitation and morphology. Figure 1-23 reveals the effect of the ratio
of reduction in wall thickness to the reduction of inner diameter (this ratio is noted Qf in the
figure) during the final reduction step which determines the cladding texture and of final
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annealing temperature on hydride orientation. Long, circumferentially oriented hydrides are seen
especially in the stress relieved (500ºC annealed) condition, whereas in the fully recrystallized
condition (700ºC x2h) shorter hydrides with a higher fraction of radial hydrides are observed. In
the stress-relieved material with fine and elongated grains, intergranular hydrides along the
elongated grains are more likely, while in recrystallized materials exhibiting equiaxed grains of
several microns, sites promoting intra- and inter- granular precipitation are available. Figure 1-24
shows that the hydride orientation factor Fn (defined as the fraction of hydrides within a certain
range of angles from a reference direction as observed in the microstructure) increases with
increasing final annealing temperature [66]. In summary, the thermo-mechanical processing
history strongly influences the macroscopic hydride orientation [67].

Figure 1-21 Effect of cooling rate on hydride agglomeration in Zircaloy-2 with hydrogen content of 200 wt.ppm.
Specimen cooled from 410ºC (a) quenched in cold water, (b) quenched into boiling water, (c) cooled in still air,
(d) furnace cooled [64].
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Figure 1-22 Correlation of hydride orientation with basal pole textures in unstressed samples [65].

Figure 1-23 Effect of ratio of the reduction in wall thickness to the reduction of inner diameter (Qf) in final
processing step and on final annealing temperature on hydride orientation after corrosion in aqueous LiOH [68]
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Figure 1-24 Effect of the final annealing temperature on the hydride orientation of rocked Zircaloy cladding
tubes [66]

The distribution of hydrides in a fuel cladding tube is not presented here in great detail
but it should be noted that during operation, hydrogen diffuses and redistributes in the cladding
and the distribution of hydrogen varies with temperature gradient, cooling rates, ingress rates,
cycling, etc. Therefore, the hydride distribution varies along the circumferential, radial and
longitudinal directions in a cladding tube. The most notable feature of hydride distribution is the
presence of a hydride rim near the outer surface of the cladding due to the thermal gradient
present in the cladding, as illustrated in Figure 1-25 (a). For very thick oxide layers such as can be
observed after long exposures, oxide spallation can occur, creating a ‘cold spot’ which can result
in the formation of a lens-shaped solid hydride blister, as shown in Figure 1-25 (b) [69]. An
importance consequence of the presence of these rims and blisters is the creation of a site for
cracking to occur at the outer surface of the cladding, thus reducing ductility.

Figure 1-25 Hydride configuration in irradiated cladding: (a) hydride rim [70], (b) hydride blister [69].

As can be inferred from the previous sections, the question of macroscopic hydride
orientation is very important, since hydrides that are precipitated in the radial direction of
cladding or pressure tube (radial hydrides) can considerably degrade the material’s resistance to
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fracture since the hoop stress can make radial cracks propagate more easily than circumferential
ones. Applied stress can significantly change hydride orientation when it is applied during
hydride precipitation. The discussion of the effect of stress on hydride precipitation and
orientation is detailed in Section 1.3. However, in order to assess the contribution of hydrides to
cladding embrittlement, it is important to discuss the mechanical properties of this phase
compared to the zirconium phase.

1.2.5.

Mechanical Properties of Zirconium Hydrides

As seen from the previous sections, the amount of hydrides in the zirconium alloys can
vary from a low level, uniform dispersion to regions of solid hydrides, which can have varying
effects on the mechanical properties of the alloys. However, measuring the mechanical properties
of zirconium hydrides is a challenging problem that has been approached in several manners in
the literature: preparing bulk hydride samples [71], testing hydride material with hydride response
inferred from acoustic emission [72], in-situ scanning electron microscope (SEM) mechanical
tests of hydrided material [37, 73, 74], growth of a large hydride in a zirconium matrix for
indentation experiments [75] and in-situ X-ray diffraction experiments [76, 77]. A distinction
must also be made between studies measuring the mechanical properties of hydrides themselves
and those measuring the embrittlement of zirconium alloys due to hydrides. The following
discussion focuses on the mechanical properties of hydrides, both bulk hydrides and embedded in
a zirconium matrix.

Density of hydrides
As seen in Figure 1-26, the density of hydrides is lower than that of zirconium metal and
decreases with increasing hydrogen content [78]. The density of delta hydrides with a
stoichiometry of ZrH1.66 is about 5.65, compared to 6.5 g/cm3 for zirconium metal, or about 13%
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lower. This different in density results in a volume expansion especially when hydrogen is in
solid solution but also when it is precipitated as a hydride, resulting in internal stresses and
dislocations surrounding the hydride, as mentioned in the previous section.

Figure 1-26 Density of delta and epsilon phase of zirconium hydride as determined by X-ray diffraction [78].

Strength, yield strength and ductility
Hydrides are brittle in tension and have very little ductility at room temperature. Their
fracture toughness is also very low, <2 MPa√m at room temperature and rising to <4 MPa√m at
300ºC [61]. The ultimate tensile strength (UTS) and elongations were measured in tension on
sheet samples as a function of H content and temperature [78]. The delta hydride is relatively
brittle, 8-12% elongation compared to lower H level hydrides, even at 600ºC and the lower H
level alloys also become brittle at <400ºC. Xu et al. [79] have investigated the mechanical
properties of pure ZrH1.83, epsilon hydrides and compared those properties to pure Zirconium by
using nano-indentation and micro-hardness techniques. The results are summarized in Table 1-7.
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Table 1-7 Mechanical Properties of Zr and ZrH1.83 at room temperature [79].

Material

Modulus (GPa)

Hardness (GPa)

KIC (MPa√m)

Zr

80.9

4.9

~40

ZrH1.83

~66

3.3

0.74

Examples of stress/strain curves obtained at room temperature in compression show
hydride brittle behavior at stoichiometries where the δ phase is dominant as seen in Figure 1-27
[75]. This was further confirmed by failure of several specimens with Zr/H of 1.5 prior to
reaching the plastic stage. It can be seen that the near-δ compositions show the highest elastic
modulus and yield stress, with reductions as the ε compositions are approached and the
temperature increased. Moduli for the near δ compositions are quite similar to that of the parent
alloy, up to a composition of approximately x= 1.6 with a modulus of about 100 GPa. The drop in
yield strength decreases at a level of Zr/H of 1.6-1.7 at room temperature, as in Figure 1-28. A
similar drop in Young’s modulus was measured at room temperature.

Figure 1-27 Examples of stress/strain curves for room temperature, unconfined compression of solid zirconium
hydrides (the numbers indicate the stoichiometric composition, x = H/Zr, of the hydride) [75].

39

Figure 1-28 Yield strength of solid hydrides at room temperature from unconfined compression tests [75].

It should be noted that these studies were carried on bulk polycrystalline hydrides which
have equiaxed grains of about 100-400 μm. This contrasts with the thin stacking of hydride
platelets observed when hydrides are precipitated in a zirconium matrix. In addition, it is difficult
to create defect-free bulk hydrides. In particular cracks and subsurface cracks have been reported
even in crystals grown under controlled conditions [75].
Acoustic emission studies have shown that the presence of brittle hydride in a ductile
zirconium phase appears to influence fracture by accelerating the process of void nucleation and
growth [80]. It has been shown that some amount of plastic deformation of the matrix is required
to fracture hydrides. The magnitude of this plastic strain ranges from 2 to 20%. Additional in-situ
SEM studies confirm many of the findings of the acoustic emission studies such as wide range of
hydride fracture stresses. Preferential fracture of larger/wider hydrides and of hydrides with plate
normals oriented perpendicular to loading is observed. There is also an increase in hydride
fracture with increasing plastic deformation [73, 74]. In addition, these studies show plastic
deformation of the hydride, as evidenced by slip lines from the zirconium matrix penetrating the
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hydride phase and co-deformation of the hydrided and surrounding matrix in Zircaloy-4 at 20ºC,
as seen in Figure 1-29.

Figure 1-29 Slip bands in the zirconium matrix penetrating a hydride as observed by in an in-situ SEM tensile
test [73].

Hardness
Hardness has a qualitative relationship to tensile strength and ductility or resistance to
plastic deformation. Measurements of hydrided hardness versus hydrogen content are shown
Figure 1-30 [81]. The hardness of hydrides is higher than zirconium matrix by a factor of two.

Figure 1-30 Change in microhardness HV of δ ZrH2-x with the hydrogen content CH [81].
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Young’s modulus
Both Young’s modulus and the shear modulus decrease with increasing hydrogen content
in the hydrides, as seen in Figure 1-31 [81] and both are higher than the corresponding values for
zirconium. The results are quite different from the results of Puls and Xu discussed above, but the
methods of measurement may not be comparable because of varying hydrogen content in the bulk
hydrides and different methods of preparation of the bulk hydride samples.

Figure 1-31 Change in the Young’s modulus and the shear modulus in of δ ZrH2-x with the hydrogen content CH
[81].

Coefficient of Thermal Expansion
Yamanaka’s data presented in Figure 1-32 show that hydride thermal expansion
coefficient (estimated from high temperature lattice parameter measurements) is higher than that
of zirconium. The increase in expansion coefficient over zirconium metal is significant since it
can affect internal stresses as well as dimensional changes of the zirconium alloys by hydrides.
Earlier data from Douglass [7] gives a coefficient of 1.42 x 10-5/ºC for δ hydride in the
temperature range of 200º to 850ºC. This is lower than Yamanaka’s estimations but also includes
higher temperature data.
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Figure 1-32 Thermal expansion coefficient α as a function of δ ZrH2-x with the hydrogen content CH [81].

The effect of hydrogen and hydrides on the mechanical behavior of hydride zirconium
alloy is not discussed in detail here, but it should be noted that the tensile and yield strengths of
zirconium alloys are essentially unaffected by H content to levels > 2000 wt.ppm [55]. However,
the ductility is severely reduced at room temperature: the brittle-to-ductile transition varies
between room temperature and 200ºC depending on the material and the test procedure [55].
Finally irradiated and hydrided zirconium alloys have a greater loss in ductility as a function of
increasing H content than unirradiated hydrided materials due to the additive effects of irradiation
damage and precipitated hydrides [55].
Now that the precipitation and morphology of zirconium hydrides has been described in
unstressed conditions, in the following section the effect of applied stress on hydrides is
considered.
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1.3. Effect of Stress on Hydride Morphology and Orientation

1.3.1.

Context

As seen in the previous sections, the brittle hydride phase can reduce the fracture
toughness and the ductility of zirconium. At relatively low hydrogen concentrations (<100
wt.ppm) the effect of hydrides on mechanical properties is measurable, but does not significantly
alter the mechanical properties of zirconium under most conditions. However, under certain
conditions linked with external stress applied to the cladding, hydrides can dangerously embrittle
the fuel rods. In particular, during conditions met during dry-storage of spent fuel and
transportation, hydrides can dissolve and reorient radially to the tube and severely degrade the
cladding ductility. Another mechanism that can occur is a thermally assisted slow cracking
mechanism termed Delayed Hydride Cracking (DHC) that can occur at a stress concentration in
the material. A brief discussion on these mechanisms is presented below.

Dry Storage and Transportation of Spent Fuel
After operation in the core of a nuclear power plant, the spent fuel is stored in spent fuel
pools for a certain number of years so the decay heat is reduced. After this period, the spent fuel
is dried out and placed in dry storage. Several drying processes exist, the most severe of which is
vacuum drying which consists in heating the fuel rods to 400ºC for a short time, followed by
cool-down, this procedure is repeated up to nine times. The fuel rods in this case still have the
fuel pellets inside, and the heating of the rods raises the internal pressure from fission gases
produced during operation. The temperature increase during storage results in increased gas
pressure and generates a tensile hoop stress applied to the cladding tube. Typical temperatures
and stresses are schematically represented in Figure 1-33 [37]. During transportation, temperature
does not rise above 420 ºC. At the beginning of storage, the temperature is about 300ºC, slowly
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decreasing during the following years. The hoop stresses in the fuel cladding are about 35 to 65
MPa during spent fuel pool cool-down and 70 to 150 MPa during dry-out, transportation and
storage. During this time, several phenomena can occur which may affect cladding integrity such
as creep and hydride reorientation. Hydride reorientation can occur when the cladding is cooled
from elevated temperatures at which hydrides are dissolved and the hydrogen is in solid solution.
As the hydrides platelets precipitate under an applied hoop stress, they will tend to reorient
themselves perpendicular to the applied tensile load, thus becoming radial hydrides. Reorientation
of hydrides can seriously degrade the cladding ductility as illustrated in Figure 1-34 [82]. It is this
phenomenon of hydride reorientation that is studied in more detail in this dissertation.

Figure 1-33 From spent fuel pools to dry storage: orders of magnitudes of temperatures and hoop stresses of fuel
rods [37].

Figure 1-34 (a) Specimen ductility versus hydride reorientation treatment (HRT, proportional to radial hydride
fraction); (b) Micrograph of ring compression test sample showing crack propagating along radial hydrides
[82].
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Delayed Hydride Cracking
Another particular form of hydride embrittlement mentioned above is Delayed Hydride
Cracking (DHC) [83]. This is a time-dependent crack growth process resulting from the stressassisted diffusion of hydrogen to the crack tip, followed by the formation of radial hydrides and
the subsequent fracture of the hydrides in the crack-tip region, resulting in a crack advance at a
stress intensity factor K<KIC [10, 83, 84]. As explained in the previous section, the most common
orientation for zirconium hydrides in cladding tubes is in the circumferential direction. However,
under a crack-tip stress field or a stress gradient, the hydrogen atoms in solid solution migrate to
the tip of the crack, in the direction of increasing stress gradients. In CANDU reactors, DHC
occurs in the Zr-2.5%Nb pressure tubes especially in the weld regions [84, 85]. DHC has also
been suspected as the possible cause of fuel failure in reactivity-initiated accidents such as those
tested in the French CABRI test reactor [86]. The onset of DHC is controlled by the growth
threshold, KIH, which is the stress intensity factor that a crack must exceed for DHC growth to
occur [87-89]. The main factors influencing DHC and its growth threshold are the applied stress,
the size of cracks and defects present, temperature profile in the cladding, hydrogen content,
texture, fluence and cooling rate [31, 87, 90, 91]. Alloy composition, microstructure and heat
treatment might also affect the DHC susceptibility of an alloy. Thus, DHC is a serious issue, and
developing a mechanistic understanding of this phenomenon is essential to enable safe storage,
transportation and disposition of nuclear fuel.
Because applied stress can have a strong effect on the structural integrity of the zirconium
cladding, a more detailed description of the effect of stress on hydrides in presented in the
following sections. In Section 1.3.2, the effect of uniformly applied stress (such as can occur
during dry storage of spent fuel) on hydride precipitation and orientation is detailed. In Section
1.3.3 the effect of a stress concentration, such as can occur during DHC on hydride precipitation
is described.
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1.3.2.

Effect of Uniformly Applied Stress

As mentioned in the previous section, a behavior of interest of the zirconium hydrides is
their tendency to re-orient under stress. Since this is a very important phenomenon that can lead
to the embrittlement of nuclear fuel cladding, it has been thoroughly studied throughout the years.
Hydride reorientation can be described as the formation of radial hydrides that occur when a
tangential tensile stress above a critical value is applied during hydride precipitation. When a
compressive stress is applied, hydrides reorient parallel to the applied stress [92]. It has been
found that certain factors influence the hydrides capacity to re-orient. Hardie et al. showed that a
favorable texture of the zirconium matrix in Zr-2.5Nb strongly influences hydride re-orientation
[67] (a favorable texture is one that presents a high concentration of basal poles parallel to the
direction of applied stress). Is has been observed that intra-granular hydrides were found to
preferentially precipitate in grains with circumferential basal pole texture and the inter-granular
hydrides precipitate on grain faces perpendicular to the tensile stress axis. A study by Kim et al.
[93] demonstrated that the smaller hydride platelets that compose the larger macroscopic hydrides
by stacking always had the same habit plane {0001}α even when re-orientation under applied
stress of the macroscopic hydrides occurred using X-ray diffraction pole figures. The {111} pole
figure pattern of the reoriented hydrides was very similar to that of the {0001}α of the initial αzirconium matrix. It was concluded from this that the re-oriented hydrides nucleate first within
favorably oriented α-zirconium grains, keeping initial texture and maintaining the orientation
relationship of {111}δ // {0001}α. For irradiated Zircaloy, the habit planes of radial hydrides were
found to be {10 1}α pyramidal planes [62].
It was also demonstrated that a threshold or critical stress existed for re-orientation that
depends on material condition, the number density of circumferential hydrides already existing
prior to precipitation of hydrides and temperature. In the literature, quite different values were
reported for this critical stress. In thermal cycling tests the lowest critical stresses were observed

47
for fully recrystallized Zircaloy-2 samples with low hydrogen content, where the total H content
was dissolved at the peak temperature, and where rather low cooling rates (<50K/h) were used.
For unirradiated recrystallized Zircaloy-2 a critical tensile stress of ~70 MPa [94, 95] was
reported, as seen in Figure 1-35 and for irradiated material values as low as ~30 MPa were
reported [82]. Somewhat higher critical stresses for hydride reorientation under thermal cycling
were reported for stress relieved Zircaloy-4. Daum et al. [96] reported a threshold stress of
approximately 75-80 MPa for both non-irradiated and irradiated Zircaloy-4 after heating to 400ºC
and cooling, and Aomi et al. [82] found a critical stress of 100 MPa after heating to 250-340ºC
and cooling at 3-30 K/h for Zircaloy-4 irradiated to 48 MWd/kgU and H content of 40-230
wt.ppm. However, Bai et al. have found much higher critical stresses for reorientation of hydrides
in Zircaloy-4; namely a threshold stress between 95 and 170 MPa for recrystallized Zircaloy-4
and between 180 and 240 MPa for cold-worked stress-relieved material [97]. This demonstrates
the strong effect of microstructure on hydride reorientation. The number of thermal cycles also
affects hydride orientation strongly as can be seen in Figure 1-36 [98]. Another study of the value
of the threshold stress performed by Singh [99] found that it decreased non-linearly with an
increase in re-orientation temperature. For a given temperature and hydrogen content, the degree
of re-orientation was found to increase with re-orientation stress. Also at peak temperatures lower
that 200ºC, competition from existing circumferential hydrides reduced the efficiency of reorientation.
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Figure 1-35 Evolution of radial hydride percentage and of maximum hydride band length as a function of stress
in internal pressurization tests on 250 w.ppm H recrystallized Zircaloy-2 specimen after heating to 400ºC and
cooling by 30 K/h [95].

Figure 1-36 Micrographs showing reorientation of hydrides in CWSR Zircaloy-4 cladding specimens subjected
to thermal treatment to various cycle numbers [98].

49
Several equations have been proposed to describe the effect of stress. For example, Ells
and Chu have used the following equation [98, 100]:
1-18

where Nrad/Ntotal is the ratio between radial and total hydrides, D is a constant, σ is the applied
hoop stress (positive when tensile), ΔT is the magnitude of the undercooling, and T, the
temperature. Figure 1-37 to Figure 1-39 show the prediction and the measurement results of the
effect of solution temperature, hoop stress and hydrogen content on the fraction of radial hydrides

Figure 1-37 Effect of solution temperature on hydride reorientation in CWSR Zircaloy-4 tubing specimens
under a constant hoop stress of 160 MPa [98].

Figure 1-38 Effect hoop stress on hydride reorientation in SRA Zircaloy-4 tubing specimens solution annealed at
various temperature for 2h [98].
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Figure 1-39 Effect of hydrogen content on hydride reorientation in SRA Zircaloy-4 tubing specimens under a
constant hoop stress of 160 MPa (annealing temperature is 400ºC) [98].

The influence of time and plateau temperatures on hydride reorientation have been
conducted by Hong et al. [101]. In his experiments, the specimen’s temperature was maintained
at 300 ºC for seven hours before free cooling to room temperature. He found that the longer peak
temperature plateau greatly increased reorientation, in contradiction with results from Northwood
et al. that state that the degree of reorientation is insensitive to time under stress [10]. The cooling
rate was found by Aomi et al. to affect the length of radial hydrides but had only a small effect on
the percentage of reoriented hydrides [82].
Hydride reorientation was also extensively studied in cold worked (CW) Zr2.5Nb used
for the pressure tubes of the CANDU reactors. These tubes are fabricated differently from
cladding tubes; they are hot extruded and 20% cold drawn. Their basal pole density is, in contrast
to fuel rods, mostly in the tangential direction. As a consequence of the final cold deformation,
the pressure tubes show preferentially tangential hydrides but also have a certain fraction of radial
hydrides which can be between a few % and almost 50% depending on the microstructure
(samples with equiaxed structure exhibit a high fraction of radial hydrides whereas samples with
elongated grains have a rather low fraction [102]. Several experiments [67, 91] have shown that

51
reorientation readily occurs only for a favorable texture (as mentioned above). Due to the fact that
only hydrides taken into solution can become reoriented, the maximum degree of reorientation
was found to depend on temperature and hydrogen content. These considerations are similar to
those seen for Zircaloys. Thus it can be inferred than the higher capacity of reorientation observed
for Zr-2.5Nb alloys compared to the Zircaloys is due to a very different microstructure and
texture. Recent studies on Zirlo and M5 have shown lower threshold stresses for reorientation
than for CWSR Zircaloy-4 after irradiation [82].
The effect of irradiation on hydride reorientation will not be discussed in detail here, but
it has been observed, as mentioned previously, that in irradiated material the critical stress for
reorientation is lower than for non reoriented material [82, 96].

Figure 1-40 Evaluation of Hydride Reorientation on unirradiated claddings [103].

A review of data needs for dry storage stated that insufficient data was available in order
to define hydride reorientation parameters well enough for irradiated cladding alloys, particularly

52
for those that have been exposed to high burnup, at least at the time of the study [103]. The
current limits of 400ºC maximum temperature for the cladding and 90 MPa hoop stress, as well
as the comparison to existing data, is presented in Figure 1-40. This can be compared to the
summary of the effect of stress and temperature presented by Chu in Figure 1-41 [98]. This lack
of thorough understanding of hydride reorientation has been one of the motivations for the project
presented in this dissertation.

Figure 1-41 Applied hoop stress for hydride reorientation as a function of isothermal solution temperature and
specimen hydrogen concentration [98].
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1.3.3.

Effect of a Stress Concentration

As mentioned in Section 1.3.1, Delayed Hydride Cracking (DHC) is a sub-critical
cracking process which requires hydrogen diffusion to a stress concentration, precipitation,
growth and fracture of hydrides. The first observed component failure by DHC occurred in the
end cap welds of a Zr-2.5Nb experimental fuel element [85]. Cracking occurred during storage at
room temperature and was attributed to residual stresses from welding and to the sharp notch at
the weld upset which acted as a stress concentrator. DHC has also been observed in irradiated
Zircaloy fuel bundle endplates. For DHC to occur, the presence of a flaw must be assumed in the
material. This flaw can come from the manufacturing process or from in-service operation such
as can occur with debris fretting. Several additional conditions are required for DHC to occur as
described below.
First, a driving force is required for hydrogen accumulation. Initially the driving force for
hydride precipitation at a flaw had been thought to be due to a change in TSSp due to stress[31].
However, as mentioned in previous sections, the effect of stress on the TSS is minimal. It has
been shown by Li et al. [104] that the chemical potential of a mobile species in a stressed solid is
lowered by stress. Thus, hydrogen will diffuse from the low stress region to the stress
concentrator until equilibrium is achieved. In the case of zirconium, stress is the main
contribution to the chemical potential gradient [16, 105].
A second condition for DHC is to have a sufficient hydrogen concentration in the high
stress region to precipitate hydrides. This depends on the hydrogen concentration in the low stress
region, the peak stress at the stress concentration, temperature, thermal history and the terminal
solid solubility for hydride precipitation. Coleman [56] and Simpson [87] have determined the
maximum DHC temperature as a function of hydrogen concentration in unirradiated Zr-2.5Nb. It
was found that, all other parameters being equal, the DHC concentration was similar to the TSSd
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concentration obtained for the unstressed condition. Therefore, TSSd has been used to represent
the concentration limit for DHC growth from a sharp crack.
The hydride concentration in the region of high stress intensity must reach a critical
condition for fracture, under the loading conditions and metallurgical properties of the material.
This requires the stress or stress intensity factor to be above the threshold value. Incubation time
or thermal cycling may be required for the hydride to reach the critical condition for fracture
[106]. The initiation of fracture also depends on whether the stress concentrator is a sharp crack
or a smooth surface [107-115]. For sharp cracks, there is a threshold stress intensity factor, KIH,
below which DHC cannot occur even with sufficient hydrogen concentration. An average value
of KIH observed in this study is 8.2 MPa√m. An illustration of a crack tip hydride is shown in
Figure 1-42. Blunt flaws can arise from fuel bundle scratches, crevice corrosion marks, abnormal
fuel support and debris fretting. Given the wide variety of shapes that these flaws can have, a
standard procedure has been developed to test the acceptability of a flaw with respect to hydrogen
concentration, peak stress at the flaw tip and operating history such as the number of thermal
cycles. Tests performed in cantilever beam specimens have shown that specimen failure was a
function of peak stress and the number of thermal cycles [116, 117]. With increasing peak stress,
the number of thermal cycles for failure decreases. Based on these tests, the threshold notch tip
peak stress for cracking was found to be between 675 and 750 MPa. That is, DHC initiation will
not occur at stresses below this level even after a large number of thermal cycles.
Once DHC has been initiated, the crack extends through the hydride region and arrests in
the unhydrided ductile matrix. Then the hydrogen migration, hydride precipitation, cracking of
hydride process can start over. This step-wise crack growth process produces striations which are
due to the successive steps of hydride precipitation and cracking on the fracture surface, as seen
in Figure 1-43. DHC depends on the stress intensity factor, material yield stress, temperature,
hydrogen concentration and bulk hydride distribution. Steady-state diffusive models for hydrogen
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embrittlement have been developed by Dutton and Puls [17, 118, 119]. In these models, boundary
conditions depend on the direction of approach of the test temperature (cooling or heating) and to
a first order a stress-free solvus can be used to model hydride dissolution and precipitation.
Solution of the governing differential equation for diffusion under steady-state conditions then
gives the equation for the hydrogen flux to the crack tip [118, 119]. Subsequent additions to this
model have been to consider the hydride solubility hysteresis [16], the effect of direction
approached (heating or cooling) [107] and temperature gradients [108]. As the flux to the crack
tip is known, converting this to a volume of hydride at the crack tip yields an expression for the
average crack tip velocity if a constant hydride thickness is assumed. Although this approach
yields an expression for the crack velocity, several of the assumptions implicit in the approach do
not match experimental DHC measurements such as the immediate cracking of the hydride as it is
formed. In a review paper, Puls summarizes the evolution of the model [119]. Recent increases in
computational power have now allowed for the coupling of diffusive models for hydrogen
transport with finite element and phase field modeling as will be described in the following
section.

Figure 1-42 Crack tip hydride formed at 250ºC [106].
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Striations

Figure 1-43 DHC Striation in Zr-2.5Nb material [106].

1.4. Previous Modeling work of hydride formation

1.4.1.

Phase field modeling

As mentioned above, the prediction of the kinetics and microstructure evolution of
hydride precipitation is important to ensure the safety of used nuclear fuel. Several models have
attempted to predict the precipitation and growth of hydrides in zirconium. This section focuses
on the phase-field modeling approach. Other models, such as finite element approaches will be
discussed in Section 1.4.2. Phase field modeling (PFM) is based on minimizing the total free
energy of the system which may include contributions from the bulk chemical free energy,
interfacial energy, elastic strain energy, magnetic energy, electrostatic energy, and applied
external fields such as stress, electrical, temperature and magnetic fields. PFM approaches have
been applied to many problems such as the solidification problem (dendritic growth), grain
growth, solid-solid phase transitions and dislocation dynamics [120]. In PFM, a microstructure
represented both by the compositional and structural domains and their interfaces is described as
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a whole by using a set of field variables. These variables are continuous across interfacial regions
which makes these interfaces diffuse [121, 122]. The characteristics of continuity of variables and
diffuse interfaces separates the phase-field modeling from other conventional models that
describe interfaces as sharp and thus require tracking of the interface locations and calculation of
their velocity, making calculations of three dimensional structures complex. There are two types
of field variables: conserved variables which satisfy the local conservation conditions and nonconserved variables which do not. The total free energy of a system is a combination of the local
contribution to the free energy from short-range chemical interactions (local free energy function
and gradient energy for the interfaces) and a non local term that contains contributions to the total
free energy from any one of more of the long-range interactions such as elastic interaction. Once
the total free energy is expressed in terms of the field variables, the evolution of these variables is
obtained by solving the Cahn-Hilliard non linear diffusion equation [123] and the Allen-Cahn
relaxation equation [124].
In the case of modeling hydrides in a zirconium matrix, the field variables are defined by
local hydrogen concentration, orientational variants distribution, morphology of hydrides and
grain orientation in the case of a model of polycrystalline material. In this case, the contributions
to the total free energy of the system are the local bulk chemical free energy density, the
interfacial energies and the strain energy. Much of the input data needed for modeling of hydrides
is already available in the literature such as the stress-free transformation strains [125], the elastic
moduli of hydrides and zirconium [126], the thermodynamics of the Zr-H system [127] and the
diffusion coefficients of hydrogen in zirconium [128]. Ma et al. have implemented a PFM for the
precipitation of γ hydrides in an elastic-plastic zirconium matrix [129-132]. The simulations are
run in a single basal grain or in a continuum where average elastic-plastic properties of the
zirconium matrix are assigned to simulate the behavior of a polycrystalline material. The
orientation and morphologies of the hydrides predicted by the simulations show the development
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of plastic strains as the hydride grows in the zirconium matrix. Stress distributions in the hydride
and surrounding matrix are also predicted. The macroscopic hydrides predicted form as a stacking
of smaller hydrides with different orientational variants. An illustration of the grown hydrides and
the stress distribution in the matrix are presented in Figure 1-44 [130]. Modeling of hydride
growth at a stress concentration has also been performed [131, 133], using finite element
approaches to calculate the local applied stress field. The calculated microstructures are
representative of the experimentally observed microstructures, as shown in Figure 1-45. Hydride
stress state can be predicted in these microstructures. The effect of a uniformly applied stress on γ
hydride orientation has also been studied by Ma et al. [129, 134] in a single crystal and a bicrystalline material. Hydride reorientation perpendicular to the applied stress can be observed as
seen in Figure 1-46 [134].
While PFM is a promising technique to predict hydride precipitation, especially with new
models starting to incorporate dislocations, crack growth, etc, it should be noted that these models
are still in the early stages of development [131]. In particular, modeling of δ-hydrides brings
additional challenges because of the martensitic characteristic of the hcp-Zr to fcc-ZrH1.66
transformation. Also applying the PFM approach in 3D polycrystalline zirconium aggregates is
not available in the current literature. Some of the experimental findings of the work presented in
this dissertation will be combined with the first steps of the development of a PFM model to
accurately predict δ-hydride precipitation and reorientation in a polycrystalline material with and
without flaws.
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Figure 1-44 Intragranular hydride precipitation in a elasto-plastic zirconium matrix with coalescing hydrides
[130]. In this simulation precipitation of hydrides on an existing hydride was allowed.

Figure 1-45 Phase-field simulation result of γ-hydrides precipitated near a notch on a loaded cantilever [133].

(a)

(b)

Figure 1-46 Simulations of γ hydride precipitated (a) under no applied load, (b) under 0.32% tensile strain
applied vertically [134].
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1.4.2.

Other modeling methods

Several other methods have been used to describe the growth of zirconium hydrides in a
matrix with its associated strains and stresses. The Eshelby approach [135, 136] in particular
provides general analytical solutions for the total elastic accommodation energy and for the
stresses and strains generated inside and just outside an inclusion. This model assumes that both
matrix and precipitate are linearly elastic. The results from this approach give a good
approximation for actual precipitates provided that they are very small and have only a small
misfit. However, modeling of large hydride precipitates of the order of the μm with their
associated volume expansion difference is difficult with such models. Indeed such large misfit
strains produce sizable stresses that are expected to result in plastic deformation of the matrix
surrounding the matrix. While analytical solutions for elastic-plastic models can be determined
for spherical precipitates [137], it is very difficult to find such a solution to ellipsoidal precipitates
such as the δ-hydride platelet. Leitch and Puls [138] have used finite element (FE) calculations to
calculate the accommodation energy of an inclusion in elastic-plastic solids. Typically, the
hydride is considered to be an inclusion in an infinite zirconium matrix. Average properties are
assigned to the two phases present. Most often, the hydride is considered elastic and the matrix
elastic-plastic (the effect of a potentially plastically deforming inclusion has also been studied and
was found not to have a very strong effect on the accommodation energy and stresses). The effect
of deviatoric and hydrostatic stress states on the accommodation energy is studied by varying
external stresses acting on the matrix. Figure 1-47 represents the extent and the shape of the
calculated plastic zone around an ellipsoidal inclusion. Trends show that in the case of an elastic
matrix, the hydride accommodation energy is independent of stress state, in good agreement with
analytical solutions [139, 140]. If the matrix is treated as elastic-plastic, the deviatoric stress has
an effect on the accommodation energy of the hydride but these effects are only seen when the
yield stress of the matrix is approached (high deviatoric stresses). Specifically Puls et al. [28]
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have reported that deviatoric stresses tend to increase hydride accommodation energy on
precipitation (raising the solubility limit of hydrogen on precipitation) while Lufrano et al. [139]
have reported the opposite effect (decreasing the solubility limit of hydrogen on precipitation).
The two models use different boundary conditions, which result in a particle modeled with
different constraints. Further work is required to resolve these differences, although the authors of
both studies indicate that relatively small changes in hydride accommodation energy are expected
at a stress concentration such as those observed in DHC.

Figure 1-47 Plastic zone (von Mises equivalent stress criterion) around the spheroidal inclusion with 0.1 aspect
ratio [138].

Finite element methods have also been employed to study the effect of residual stress
state on hydrides and on hydride fracture (in particular for DHC applications). They have the
advantage of not being restricted by geometry such that the elastic/plastic properties of both
hydride and the matrix can be readily modified. Taking into account the previously existing
compressive stresses in the hydride phase (from the volume expansion of the hydride phase), the
stress for hydride fracture during tensile testing has been calculated to be around 575 MPa at
room temperature [138, 141]. The effect of hydride plasticity show that allowing the hydride to
plastically yield does not significantly affect calculations of the residual stresses in the hydrides
[138, 141]. Although thermal expansion differences have not been included in the current models,
they could be a significant contribution to the residual stress state of the hydride at room
temperature.
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Hydride growth at a stress concentration has also been modeled by FE methods coupled
with hydrogen diffusion models. Several of these models calculate a local hydride volume
fraction and use this to assess the effect of a precipitating hydride on the local stress state. It
should be noted that these methods convert the mechanical properties of the crack tip to account
for the presence of a hydride (in particular the transformation strains associated with the volume
expansion of the hydride phase) but the hydrides are not directly precipitated. However, it is
possible to calculate the hydride morphology if a hydrogen solubility limit is assumed. This is
illustrated in Figure 1-48 which represents the calculated hydride shape at a crack tip and shows
good agreement with experimental observations [142].
As seen in this section, several methods are available to estimate stresses and strains in
growing hydrides and their fracture behavior. Many of these models are limited to a
homogeneous matrix and do not take into account the polycrystalline nature of the zirconium
cladding material and its texture. In addition, very few authors have attempted to model hydride
reorientation. Also most of the existing models do not account for the effect of differential
thermal expansion coefficients between matrix and hydride on internal hydride strains and
stresses. In this dissertation, some of the experimental data needed to validate such models will be
presented, as well as some first steps to modeling hydride reorientation.

Figure 1-48 Calculation of a crack tip hydride morphology using FE method (a) calculated crack tip hydride
volume fraction, lines of constant concentration (b) calculated crack tip hydride shape, assuming uniform
hydrostatic stress state at hydride/zirconium matrix boundary (c) comparison to experimental observation
[142].
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1.5. Motivation of Study
In the previous sections, it was demonstrated that the precipitation behavior of hydrogen
in cladding under load must be well understood for the safer storage of spent fuel. The key
elements of its understanding are the determination of the hydrogen terminal solid solubility limit
and the factors that influence it, the determination of hydride orientation and morphology as a
function of stress, temperature, texture, heating and cooling rates and the kinetics of hydride
dissolution and precipitation. As mentioned previously, most of the studies on hydride dissolution
and precipitation have been performed post-facto. There is presently much uncertainty on the
mechanisms of hydride reorientation under stress, at least partly because the examinations have
been conducted after cool-down and stress relaxation. These factors can confound the
interpretation of results, as some of the hydrides observed at low temperature are not present at
high temperature. As a result parameters such as the actual concentrations of hydrides needed for
crack tip advancement, the kinetics of precipitation under different states and levels of stress as
well as temperatures are not well known such that predictions from these studies are not accurate
enough for reactor conditions or spent fuel storage.
The objective of this work was to present a new type of in-situ experiment using
synchrotron radiation. Using the unique capacity of third generation synchrotron to perform high
resolution diffraction, hydrided Zircaloy samples are studied at temperature and under stress. The
precipitation/dissolution of pre-existing hydrides can be studied while it occurs and thus reveal
phenomena that might not be observed when studies are performed post-facto or with very long
diffraction measurement times, such as occurs for neutron diffraction. The use of twodimensional detectors and transmission XRD allows the recording of the full texture information
on re-oriented hydrides. Synchrotron micro diffraction is also used to study the strains of
individual hydrides grown at a crack tip. The samples used for the XRD experiments are also
analyzed post facto using transmission electron microscopy (TEM) and Electron Backscattered
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Diffraction (EBSD). Findings from these experimental studies were combined with existing
phase-field and finite element models to better predict hydride behavior under stress and
temperature.

Chapter 2
EXPERIMENTAL PROCEDURES
This chapter describes the materials and the experimental techniques used in this study.
The first section details the microstructure and the characteristics of the materials used in this
study. The second section presents how samples were prepared from the as-received material. In
the third section, metallography of the prepared samples is presented. The third section describes
the thermo-mechanical procedures used in this study to reorient hydrides. In the fourth section,
several of the x-ray diffraction techniques are presented. Finally in the last section, the different
optical and electron microscopy techniques used in this study are presented.

2.1. Materials
Two types of alloys were used: Zircaloy-4 and Zircaloy-2. These materials were initially
in the form of thin sheet (cladding thickness ie ~ 600 μm) or thick plate (several mm thick). Also
some of the material was in the cold-worked stress relieved condition whereas other material was
in the recrystallized condition. A description of the original mechanical processing and thermal
treatment, the microstructure, the texture, the mechanical properties and the uses of the material is
given for all 4 types of material used in this study. Using materials in different states of cold
work, thicknesses, etc, allowed us to study the influence of these parameters on hydride
precipitation and reorientation. The four types of materials used were:





Zircaloy-4 cold worked stress relieved thin sheet.
Zircaloy-4 recrystallized thin sheet.
Zircaloy-4 cold worked stress relieved thick plate.
Zircaloy-2 recrystallized thick plate.
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2.1.1.

Zircaloy-4 Cold Worked Stress Relieved thin sheet

Origin and thermal treatment
Zircaloy-4 sheet metal with a thickness of 675μm was obtained from Teledyne WahChang in the cold-worked material state in order to be closer to fuel cladding microstructure and
have a higher yield stress. Prior to testing, stress relief was performed for two hours at 510°C
under vacuum at ~3 x 10-4 torr, resulting in a cold-worked-stress-relieved (CWSR) material state.
This material is the same material used by Raynaud for his dissertation. Some of the
microstructural characterization and texture information presented below were obtained from his
work [143].
Microstructure
The general grain microstructure of the CWSR Zircaloy-4 sheet was characterized by
Raynaud in the three orthogonal directions of the sheet using polarized-light microscopy. The
specimens were polished using silicon carbide paper down to a 1200 grit finish and chemically
etched by swabbing for ~ 5 seconds using a solution of 45% water, 45% nitric acid and 10%
hydrofluoric acid, as recommended in the ASM handbooks [115]. The resulting micrographs are
shown in Figure 2-1. The grains in the CWSR Zircaloy-4 sheet appear to be of ‘pancake’ shape,
oriented parallel to the plane of the sheet, and elongated in the rolling direction (see Figure 2-1).
Line intercept counts gave an average grain size of roughly 6μm x 4.5μm x 3μm, with an error of
±1μm. The observed microstructure is that expected from the cold rolling operation used to
fabricate the Zircaloy-4 sheet. Since the stress-relief heat treatment does not cause
recrystallization to occur, this microstructure is also typical of cold-worked-stress-relieved sheet
Zircaloy-4.
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Figure 2-1 Polarized-light micrographs of CWSR Zircaloy-4 used in this study in the three orthogonal
directions. The grain shape and size is schematically shown in the top-left corner. Micrograph from [143].

Texture
Texture has a marked influence on hydride orientation and mechanical properties, as seen
in Chapter 1. The texture analysis of this material was performed by Raynaud [143]. Pole figures
were generated for the {002}, {100}, {110}, {101} and {103} planes using a four-circle
goniometer. The Kearns factors [65] were computed using two different methods in all three
orthogonal directions (sheet/tube): normal/radial (ND), transverse/circumferential (TD) , and
rolling/axial (RD). The Kearns factor is a parameter that quantifies basal pole intensity and is
calculated for a given reference direction. The Kearns factor is defined as the resolved fraction of
basal poles along a particular macroscopic direction. For example, for the normal direction of the
model sheet material, the Kearns factor (denoted fN) is given by Equation 2-1:
2-1

where IΦ is the average basal pole density at an angle Φ from the reference direction (in
this case the normal direction). The value of the Kearns factor can vary between 0 (indicating
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perfect alignment of basal poles (or plane normal) perpendicular to the reference direction), and 1
(indicating perfect alignment of basal poles parallel to the reference direction). When basal poles
are randomly distributed in all directions, the Kearns factors fN, fR, and fT equal 1/3 for the three
reference directions. The calculated Kearns factors for this material are 0.59 in the ND, 0.30 in
the TD and 0.14 in the RD1. The normalized pole figures, which were measured up to χ=85° for
the {002} and {100} planes are shown in Figure 2-2. This figure shows that the basal poles are
tilted about 30° away from the normal direction in the transverse direction, and that one of the
prism pole directions is aligned with the rolling direction, as described by Tenckhoff for sheet
metal with an hexagonal close packed crystal structure for a c/a ratio <1.633 (Zr is 1.594) [144].
In addition, the splitting of the basal pole maxima confirms that the material was not
recrystallized during stress relieving as is also obvious in the light micrographs shown in Figure
2-1. The pole figure obtained for this material is representative of the typical texture of Zircaloy-4
CWSR sheet cladding tube [145, 146]. However, a noticeable asymmetry is observed in the basal
pole figure with the left pole maximum being about 54% larger than the right pole maximum.
This asymmetry could originate from the rolling process occurring during manufacturing [147].

1

Although the Kearns factors should add up to 1, the small difference seen here is not significant
and are within the experimental error margin.
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Figure 2-2 Pole figures measured for CWSR Zircaloy-4 thin sheet for the {002} and {100} planes, respectively
top and bottom. The intensities have been normalized to the average intensity [143], so that a value of 1 means
average intensity. The highest value in the {002} pole figure is 7.1 x average while it is 2.56 in the {100} pole
figure.

Mechanical Properties
The mechanical properties of this material were investigated at various temperatures as
presented in Figure 2-3. Stress strain curves were obtained from tensile tests in which the load
was applied in the transverse direction. Additional mechanical testing was performed at Penn
State at different temperatures, for different sample geometries and for different orientations.
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Results from these tests are summarized in Table 2-1. The results are shown to be within
reasonable agreement with each other.

Figure 2-3 Stress-Strain curves for Zircaloy-4 CWSR material used in this study at different temperatures.
Note: the tensile stress is applied in the transverse direction.
Table 2-1 Yield Stress [74] at 0.2 % measured for CWSR Zircaloy-4 thin sheet.

Transverse

25 ºC

300ºC

375ºC

400ºC

450ºC

Raynaud [143]

575

315

290

-

-

This study

625

-

-

330

240

600

362

-

262

180

485

273

250

-

-

Direction
Other studies at
Penn State

Rolling Direction

Raynaud [143]
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Uses of this material in this study
The CWSR Zircaloy-4 sheet was used in this study for bulk reorientation of hydrides.
The higher yield stress and favorable texture allowed for full reorientation of hydrides without
plastic deformation of the sample. Samples were machined as dogbones with the gage section
along the transverse direction, as described in Section 2.2.3. Results from these reorientation
experiments are discussed in Chapter 3.

2.1.2.

Zircaloy-4 Recrystallized thin sheet

Origin and thermal treatment
The Zircaloy-4 recrystallized thin sheet used in this study was furnished by Western
Zirconium in the form of a 0.5 mm thin sheet in the recrystallized condition.

Microstructure
As a result of the recrystallization treatment, the grains are equiaxed and approximately
10 μm in diameter, as illustrated in the micrograph of the as-received material seen in Figure 2-4.

100 μm

Figure 2-4 Optical micrograph of the as-received recrystallized thin sheet Zircaloy-4.
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Texture
The basal pole figure for this material is shown in Figure 2-5. As expected for
recrystallized sheet material, the basal poles are aligned along the normal direction and do not
show the 30º split around the normal direction that can be seen in cold worked stress relieved
material.

Figure 2-5 Basal pole figure for the recrystallized Zircaloy-4 thin sheet material used in this study.

Mechanical Properties
The mechanical properties of this recrystallized material were tested at room temperature
and 400ºC under tensile loading. The stress strain curves for this material at these two different
temperatures are presented in Figure 2-6 and Figure 2-7. The yield stresses, determined by the
0.2% strain offset method, are indicated in these figures. The tensile test strain rate used for these
experiments is 10-3 s-1.
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Figure 2-6 Stress strain curve for the Zircaloy-4 recrystallized thin sheet performed at room temperature.

Figure 2-7 Stress strain curve for the Zircaloy-4 recrystallized thin sheet performed at 400ºC.

Uses of this material in this study
The Zircaloy-4 recrystallized thin sheet presented in this section was used to study
hydride dissolution, precipitation and reorientation in bulk samples. The material has been
machined as dogbones shaped samples and the results from experiments performed on this
material are presented in Chapter 3.
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2.1.3.

Zircaloy-4 CWSR thick plate

Origin and thermal treatment
The material used in this study was 4.5 mm thick Zircaloy-4 plate obtained from
Teledyne Wah-Chang. The plate material initially obtained in the recrystallized condition was
then 30% cold rolled and stress-relief annealed at 500°C for one hour in a vacuum furnace at 10-6
Torr. This material is the same material used by Flanagan for her thesis. Some of the
microstructural characterization, texture information and mechanical testing presented below
were obtained from her work [148].

Microstructure
The processing procedure for this material resulted in a microstructure consisting of
slightly elongated grains measuring about 15 μm in the plate rolling direction and about 10 μm in
the plate normal direction, as seen in Figure 2-8. These grains are noticeably less elongated than
those in the CWSR material discussed in the previous section. This is due to the fact that the
material was initially recrystallized, then very slightly cold-worked thus showing a microstructure
in between recrystallized and cold worked material. This micrograph was obtained using a light
microscope with polarized light, after polishing and swab etching the surface for 10-15 seconds
with an acid solution of 45% H2O, 45% nitric acid (70%) and 10% hydrofluoric acid (52%)).
Metallography showed no change in grain size and grain shape after stress relief, indicating no
recrystallization had taken place during the one hour stress relief.
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Figure 2-8 Optical micrograph showing the grain structure of the CWSR Zircaloy-4 thick plate material [148]

Texture
As is the case for cold worked stress relieved Zircaloy-4 cladding tube, the plate exhibits
a strong crystallographic texture. Texture measurements were performed at CEA Saclay and are
courtesy of J. L. Béchade. Calculated pole figures were generated based on five diffraction
angles, chosen to identify the {0002}, {10 0}, {10 1}, {10 2}, {1100} planes using Cu-Kα
radiation. The specimen tilt (angle between the plate normal and the diffraction vector) was
varied between 0° and 75° [148]. The basal pole figure is shown in Figure 2-9. This pole figure is
slightly different from a typical thin sheet or cladding pole figure. For example, the plate basal
pole figure exhibits two intensity peaks that are both within ≈15° of the plate normal direction;
both peaks are slightly inclined from the plate normal along a plane parallel to the rolling
direction. In addition, the plate material basal pole figure shows two peaks angled ≈50° from the
normal direction, along a plane parallel to the transverse direction, with an intensity
approximately half that of the peaks aligned in the rolling direction. In contrast, a typical texture
of CWSR Zircaloy-4 cladding tube shows basal pole maxima located approximately 30° – 40°
from the radial direction, along a plane parallel to the transverse direction. It is likely that the
additional forming processes used in cladding manufacturing result in the increased alignment of
basal poles in the transverse-normal plane as the material is thinned and formed into cladding.
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The calculated Kearns factors for the normal, rolling and transverse directions for the Zircaloy-4
thick plate material presented in this section are fN = 0.49, fR = 0.19, fT = 0.32 respectively.

Figure 2-9 Basal pole figure for the CWSR Zircaloy-4 plate used in this study [148].

Mechanical Properties
The mechanical properties of this material were well characterized in Flanagan’s work
[148]. The stress-strain curves for different orientations, hydrogen content and temperature are
presented in Figure 2-10. As seen from these curves, although hydrogen does not influence the
yield stress of the material, temperature and direction of loading have a strong effect on the
mechanical properties. This effect is more clearly visible in Figure 2-11 were the yield stress is
plotted as a function of temperature for various directions for the as-received material. This
anisotropy in mechanical behavior is due to the strong texture of the material and the local
anisotropy of hcp material.
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(b)

(c)
Figure 2-10 Stress-strain behavior of as-received and 400-420 wt.ppm hydrided material in the (a) Rolling
directions, (b) Transverse direction and (c) Normal direction at different temperatures. The 0.02% and 1% yield
limits are indicated [148].
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Figure 2-11 Yield stress versus temperature in rolling, transverse and normal direction for as-received material
[148].

Uses of this material in this study
This CWSR Zircaloy-4 thick plate was used to study the effect of a stress concentration
of hydride precipitation. The samples were prepared as thick compact tension specimens and the
results from experiments and observations on this material are presented in Chapter 4.

2.1.4.

Zircaloy-2 recrystallized thick plate

Origin and thermal treatment
The Zircaloy-2 material used was taken from a warm-rolled and fully re-crystallized
square bar of 60 x 60 mm2. This material was provided by Queen’s University and has been well
characterized by Xu et al. [149].
Microstructure
The recrystallization process produced an equiaxed grain structure with an average
diameter of 20 µm as can be seen in the micrograph presented in Figure 2-12. This micrograph
was obtained by polishing to a fine grit finish then electro-polishing. The hydrides in this
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micrograph are the dark elongated features. The small dark spots are the intermetallic
precipitates.
ND
RD

50 μm

Figure 2-12 Scanning Electron Micrograph of the recrystallized Zircaloy-2 sample used in this study [Courtesy
of Stephanie Stafford, Kinetrics, Canada].

Texture
The texture was obtained by neutron diffraction and the {0002} and {101 0} pole figures are
shown in Figure 2-13. The pole figure shows a strong normal texture, with the basal poles
concentrated along the normal direction to rolling, with some intensity along the transverse
direction and little intensity in the rolling direction. For the Zircaloy-2 square-section bar used in
this study, the values of the Kearns factors are: fN = 0.887, fT = 0.101 and fR = 0.012 that is, a
much stronger alignment of the basal pole with the normal direction. This higher texture is due to
the manufacturing process of the material.
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Figure 2-13 (a) Basal {0002} and (b) prismatic {
} pole figures for the Zircaloy-2 plate. The intensity scale is
shown on the right [149].

Mechanical Properties
The mechanical properties for this slab of Zircaloy-2 were characterized by tensile and
compressive testing at Queen’s University [149]. The resultant stress/strain curve is presented in
Figure 2-14. These curves fully characterize the mechanical behavior of the samples used in this
study for different orientations at room temperature. To calculate the mechanical properties at
temperature the MATPRO model was used [150]. The equation used to calculate Young’s
modulus at temperature is given by Equation 2-2:
2-2
In this equation E is the elastic modulus in GPa and T is the temperature in Celsius. In
order to estimate the value of yield stress at temperature, the elongation of the material before
yield was calculated using thermal expansion then, using Hooke’s law and Young’s modulus at
temperature, the resulting stress is calculated.

Uses of this material in this study
The material in this study was used for bulk observation of hydride dissolution and
precipitation as well as hydride reorientation. It was also used for the study of hydride precipitates
at a stress concentration. This material was machined as thick plates, dogbones and compact
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tension specimens as described in Section 2.2.3. The results from the experiments performed on
these samples are presented in Chapters 3 and 4.

Figure 2-14 Stress-Strain curve for the Zircaloy-2 plate measured at Queen's University at room temperature
[149].

2.2. Sample Preparation
Since the level of hydrogen in the as-received material is very low (about 20 wt.ppm as
determined by hot vacuum extraction), in order to obtain hydrogen levels of the order of those
observed in reactor condition, the samples were hydrogen charged prior to the experiments. Two
main methods are commonly used for hydrogen charging of zirconium alloys: gaseous charging
and cathodic charging. Both methods were used in this work and are described in the two
following sections. Finally, the design of final sample geometry and the sample fabrication
techniques are described in Section 2.2.3.
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2.2.1.

Hydriding by gaseous charging

In order to hydrogen charge samples using the gaseous charging technique, several steps
are needed. First, the native oxide layer present on the surface of the Zircaloy samples must be
removed to allow penetration of the hydrogen atoms into the sample. This layer was removed by
dipping the samples for 1 minute in an acid solution of 1 part HF, 10 parts nitric acid and 10 parts
H2O. It was found by previous workers at Penn State that more consistent results for hydrogen
charging could be obtained by depositing a thin nickel window on the sample surface to prevent
re-oxidation from air while allowing easy ingress of hydrogen atoms. Using an electron-beam
evaporator available at the Penn State University National Science Foundation (NSF) National
Nanotechnology Infrastructure Network (NNIN) facility, a 200 Angstrom thin layer of nickel was
deposited on one of the sample surfaces using a Semicore® electron beam evaporator [151]. This
was performed immediately after removing the oxide layer to prevent re-oxidation in air. The
samples were then hydrogen-charged in a vacuum furnace using a mixture of 12% hydrogen and
82% argon, introduced at 450°C. A detailed description of the vacuum furnace system used at
Penn State is presented in Appendix A. The initial vacuum necessary to prevent oxidation is
about 1 x 10-5 torr. Once this vacuum is reached, the system is sealed and a controlled pressure of
hydrogen and argon gas is introduced. This particular pressure is calculated using the perfect gas
law, knowing the initial sample mass, the system volume and the desired amount of hydrogen
needed. Different heating/cooling profiles were used for different samples depending on their
capacity to absorb hydrogen atoms. A typical temperature profile is presented in Figure 2-15.
The total time at 450˚C was 2 hours, so no significant recrystallization of the matrix occurred [7].
The samples were charged to different contents varying between 40 wt.ppm and 1280 wt.ppm of
hydrogen. The first estimation of how much hydrogen the sample absorbed was done by noting
the pressure drop in the furnace before and after the temperature cycles. In most cases, for the
first cycle there was a pressure drop of approximately 10% which suggests most hydrogen has
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been absorbed since the gas composition of the mixture in the furnace is 12.5% H and 87.5%
Argon. In the following cycles it appeared that less hydrogen was absorbed, since a very small or
no pressure drop was observed. In addition to the pressure drop measurement, the weight of each
sample was measured before and after hydriding and the mass difference was an indicator of how
much hydrogen had been absorbed. This first approximation method was found to be close to hot
vacuum extraction results for samples of masses equal or above 4g. For lighter samples the
measurement was not precise enough. For a more exact determination of the hydrogen content
actually obtained, hot vacuum extraction (HVE) was systematically performed by Luvak Inc
(Boylston, MA). Other methods to estimate the hydrogen content of zirconium alloys by
metallography or x-ray diffraction were used, as described elsewhere [152]. During gaseous
charging of thick plate material, a rim of higher hydride distribution appeared near the nickel
coated surface. This rim was polished off in order to obtain a homogeneous distribution of
hydrides. Also, it was noticed that within large sheets hydrided by gaseous charging, an
inhomogeneous distribution of hydrides was detected. However, the samples machined out of
these sheets were significantly smaller, within those samples a homogeneous distribution of
hydrides existed but the hydride content had to be individually tested to ensure a correct
measurement.

Figure 2-15 Typical temperature-pressure cycle for gaseous hydriding of zirconium alloys.
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2.2.2.

Hydriding by cathodic charging

Hydriding by cathodic charging was performed at Queen’s University on thick plate
material. Prior to the charging, the material was polished using 800 grit silicon carbide paper then
cleaned with acetone and ethanol in order to remove any native oxide layer. The samples were
then spot-welded to a zirconium wire and electrolytically charged with hydrogen in a solution of
100mL of distilled water and 1 mL of sulfuric acid at 65ºC for 24 hours producing a maximum
hydride layer thickness without spalling [153]. A picture illustrating the hydriding system used is
presented in Figure 2-16. Following the creation of the hydride layer, samples were homogenized
at 340ºC for 12 hours, yielding a hydrogen concentration of approximately 150 wt.ppm. This
concentration was then measured more precisely by HVE similarly to samples hydrided by
gaseous charging. The samples were then cooled to room temperature at 1ºC/min, to produce a
coarse hydride microstructure. Finally the remaining hydride layer was polished off of the sample
in order to obtain a homogeneous distribution of hydride particles through the thickness of the
sample.
A discussion on the hydride microstructures obtained by gaseous charging and cathodic
charging for the different materials used in this study is presented in Section 2.3.

Figure 2-16 Cathodic charging set-up used to charge samples to approximately 150 wt.ppm of hydrogen [154].
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2.2.3.

Sample fabrication (geometry and machining)

Two main types of sample geometry were used in this study. The first type of samples
used for the study of bulk hydrides is a typical dogbone-shaped tensile test sample. The second
type of sample used in this study is a compact tension (CT) specimen used to observe the effect of
a stress concentration on hydride precipitates. A description of these test specimens and
specifications is presented below.

Dogbone shaped specimens
In order to study bulk hydrides and the effect of uniformly applied tensile stress, tensile
specimens were designed. The design of these tensile specimens had to take into account several
considerations. First, the cross-sectional area of the gage section was chosen so that the load at
which hydride reorientation occurs was achievable with the load cell used at Penn State and at the
Advanced Photon Source synchrotron beamline of interest. The length of the gage section was
chosen to be four times its width. This proportion permits uniform strain over 83% of the gage
section [151]. The tensile samples were designed to be pin-loaded and the diameter of the pins
had to be chosen in order to prevent the pin from shearing. Finally the distance from the pin hole
to the edge of the samples was designed to avoid failure of the specimens in this area (distance of
about 2 diameters of the pin hole). The final design dimensions are illustrated in Figure 2-17.
Some variations of this design were found depending on the material used but the general
proportions were maintained for all samples. A notable variation of this dogbone tensile specimen
used in this study is a tapered gage design. In this case the thin gage section varies in width along
the length of the sample, effectively giving a variation of the stress with distance along the gage
length. The sample design was patterned upon reorientation studies from Singh et al. [155] and is
illustrated in Figure 2-18. All these samples were cut by electric discharge machining from larger
hydride plates. The gage section was cut along different texture directions in the initial material as
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illustrated in Figure 2-19 and Figure 2-20. These orientations play an important role in the
capacity of hydrides in a sample to reorient as seen in Chapter 1.

Figure 2-17 Dogbone specimen geometry (sample thickness was 0.6 mm).

Figure 2-18 Tapered dogbone sample geometry (all dimension in inches).

Figure 2-19 Dogbones gage section orientation.
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Figure 2-20 Illustration of the different dogbone sample orientation.

CT Specimens
In order to study the effect of a stress concentration on hydride morphology, notched
compact tension specimens were designed. The sample dimensions were based on mini-compact
tension samples used in Kerr’s work [55], as illustrated in Figure 2-21. Only thick plate material
was used for experiments with CT samples (thickness was about 2 mm). Machining of the
hydride plates was performed by electric discharge machining and the final notch radius at the
notch tip was 50 μm.

Figure 2-21 Mini Compact tension specimen dimensions (all dimensions are in mm).
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2.3. Metallography
Metallography was performed to characterize hydride orientation and morphology. The
samples were cold-mounted in epoxy casts and mechanically polished with 180 to 1200 grit
silicon carbide paper, followed by chemical etching using the same solution used for oxide layer
removal (10 parts water, 10 parts nitric acid and 1 part hydrofluoric acid). This solution
preferentially etched the zirconium hydrides, which allowed their observation using optical
microscopy. Figure 2-22 illustrates the different hydride morphologies found in the 4 types of
materials used in this study with approximately 500 wt.ppm of hydrogen introduced in all four
samples. First it can be noticed that the macroscopic hydride platelets are mostly oriented
perpendicular to the normal direction plane as expected from the literature presented in Chapter 1.
The main difference appears between cold-worked stress-relieved (CWSR) (Figure 2-22 (a)) and
recrystallized (RX) (Figure 2-22 (b) and (d)). In the case of CWSR material, the hydride platelets
are aligned very sharply perpendicular to the normal direction. This is likely due to the fact that
the grains are thin in the normal direction and elongated along the rolling and transverse
directions. Because the hydrides tend to precipitate inter-granularly they tend to align along these
grain boundaries. In RX material, the zirconium grains being equiaxed, their grain boundaries are
oriented in multiple directions, creating an overall more random orientation for hydrides, as
explained in Chapter 1. One important parameter is the connectivity of hydrides which can be
defined as the inverse of the minimum distance between neighbouring hydrides (see Figure 2-23).
This parameter is essential since it defines the fracture path a crack can follow through brittle
hydrides. The connectivity of hydrides in CWSR material seems larger than that of hydrides in
RX material. Figure 2-22 (c), however, shows a hydride microstructure in between that of RX and
CWSR material. This is due to the very small amount of cold rolling that material has undergone,
creating an ‘in-between’ microstructure and texture as shown in Figure 2-9. Finally, as expected,
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no noticeable differences appear in hydride morphology when comparing thin sheet material and
thick plate material once the thick plate hydride rim has been removed.

Figure 2-22 Metallography of (a) Zircaloy-4 CWSR thin sheet sample with 571 wt.ppm of H; (b) Zircaloy-4 RX
thin sheet sample with 500 wt.ppm of H; (c) Zircaloy-4 CWSR thick plate sample with 420 wt.ppm of H [148];
(d) Zircaloy-2 RX thick plate with 500 wt.ppm of H.

Some image analysis of the metallographs was performed in this study in order to
quantify hydride orientation, length and connectivity. Firstly, using the image analysis software
ImageJ® the metallographs were transformed into binary images with only black and white
pixels. This was achieved by adjusting the threshold values to transform levels of grey into black
and white. These binary images were then input into a hydride analysis software called
Hydromorph® developed by the CEA (Commissariat à l’Energie Atomique, French Atomic
Energy Commission). This program identifies individual hydrides from the metallographs,
extracts ‘hydride skeletons’ and measures their orientation, their length, the number of branches
they are made of, etc., as illustrated in Figure 2-24. Several options to define each of these
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parameters are possible and were tested in this study. To define the particle orientation, we chose
to have the program calculate the weighted average of the orientation; this means that for a
particle made of two branches with different lengths, the orientation is defined as the orientation
of one branch multiplied by the length of this branch plus the orientation of the other branch
times its length, and all this would be divided by the sum of the two branches lengths. The
particle length was defined as the distance between the two farthest points of the particle. The
connectivity of hydrides was defined as the inverse of the minimum distance between closest
hydride neighbours as illustrated in Figure 2-23. These parameters were tested on several samples
of known geometry to validate their relevance.

Figure 2-23 Schematic illustrating the connectivity of hydrides and its effect of crack propagation.

The reorientation of hydrides is quantified by the parameter Radial Hydride Fraction
(RHF) using the data produced by Hydromorph®. The parameter is defined by Raynaud [143] as
a percentage of hydrides that are classified as “radial”. It is calculated as a weighted average of
hydride lengths; where hydrides with an orientation between 0 and 40 º to the Transverse
direction are have a weight fi of 0, hydrides with an orientation between 40 and 65º have a weight
fi of 0.5, and hydrides with an orientation of 65 to 90º degrees have a weight fi of 1 as illustrated
in Figure 2-25. The weighted average is then given by Equation 2.3.
2-3
Where Li is the length of the ith hydride and fi is the weighting factor as described above.
This definition for Radial Hydride Fraction has been chosen over a definition that uses a
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continuous weighting function, such as sine or sine2. This is because the slight inclination of
circumferential hydrides provides a contribution to RHF that tends to inflate the RHF values
beyond what is represented in the corresponding micrographs. This definition of RHF was found
to accurately represent our type of hydride morphology with low percentages for fully
circumferential samples and percentages close to 90-100% for fully reoriented hydrides. As an
example, the RHF of a sample such as the one seen in Figure 2-22 (b) is about ~10 %.

Figure 2-24 Hydromorph analysis process: from the original metallograph picture to the individual binary
image then to the calculation of individual hydride orientation angle in degrees and connectivity in microns.

Figure 2-25 Radial Hydride Fraction determination bins.

2.4. Ex-Situ Hydride Reorientation Equipment
As seen in the previous section, once hydrogen is introduced, and the samples are cooled
down to room temperature, hydrides precipitate in their circumferential orientation with the
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platelet surface perpendicular to the Normal direction. In order to study hydride reorientation, a
system that applies a tensile load in a controlled manner at varying temperatures is necessary.
Two types of hydride reorientation were studied in this dissertation with two different systems:
bulk hydride reorientation in dogbone samples and reorientation at a stress concentration in CT
samples. The loading and heating systems necessary to study hydride reorientation ex-situ (i.e.:
outside of the Advanced Photon Source synchrotron) are described in this section. In addition, insitu (ie: with data collected during the reorientation process) heating and loading was performed
at the Advanced Photon Source synchrotron with equipment designed for the specific needs and
restrictions of a beamline. These in-situ systems are described in Section 2.5.
Ex-situ Hydride Reorientation in Bulk Samples
The equipment designed at Penn State was aimed at testing several reorientation
procedures in order to reproduce them in-situ at the Advanced Photon source synchrotron. As
shown in Figure 2-26, the reorientation equipment consists of a clamshell furnace and an Instron
loading machine (Model No. 4202). The temperature of the furnace was controlled using a WEST
4400 setpoint controller that allows the development of up to 8 programs. The Instron machine
allows load control while compensating for the thermal expansion of the sample occurring during
heating and cooling. The load control was performed by a LabView VI program that allowed the
specification of a preload during heating and a hold load during cooling. The load control
program was designed to maintain a constant load by a feedback loop that controls the extension
of the Instron machine’s crosshead. A data collection system was also installed to record load and
temperature during the entire reorientation procedure. Pull rods used to connect the sample to the
load cell were designed and fabricated to work with the dimensions of the furnace and a 1-kN
Instron load cell. Adapter pieces were also designed and machined to attach the pull rods to the
load cell and Instron machine. These adapters were designed to provide a tight clearance fit
between the pull rods and the Instron and to provide cooling to avoid heating the Instron machine
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and the load cell. Detailed design considerations and dimensions for the pull rods and the adapters
are given in Appendix A. Finally, the dogbone samples were loaded to the system by using small
M2/M7 steel pins.
The in-situ loading/heating system used at the Advanced Photon Source at beamline 1-ID
is of similar design and will be described in further detail in Section 2.5.2.

Figure 2-26 Loading and heating system designed at Penn State University for hydride reorientation.

Ex-Situ Hydride Reorientation at a Stress Concentration
The purpose of this system is to precipitate hydrides at a stress concentration by heating
and cooling under tensile load. This system was used for CT shaped specimens. This thermomechanical procedure was performed ex-situ at Queen’s University using a DHC oven. As can be
seen in Figure 2-27 (a), a large oven capable of accommodating four pull rod systems was
controlled in temperature. The pull rods were connected to load cells controlled by a feedback
system similar to the one described in the previous paragraph. In Figure 2-27 (b), a close-up of
the pull rod with a mounted sample is shown. As can be seen from this picture, the CT samples
were also loaded with steel pins.
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A system was designed to perform in-situ loading and heating of CT samples at the
Advanced Photon Source at the beamline 2-ID-D. This in-situ system is quite different from the
system described here due to size restrictions in the beamline and will be further described in
Section 2.5.3.
(a)

(b)

Figure 2-27 Experiment set-up used for CT sample heating and loading at Queen’s University; (a) Oven and
controllers; (b) Sample loading set-up (inside oven during use) [154].

2.5. X-Ray Diffraction Experiments Using Synchrotron Radiation

2.5.1.

General Description of XRD using Synchrotron Radiation

The main technique used in this study is synchrotron radiation X-Ray diffraction at the
Advanced Photon Source (APS) at Argonne National Laboratory (Argonne, Ill). X-Ray
diffraction is the process of the scattering of an X-Ray beam by an atom or a plane of atoms and
is governed by Bragg’s law [156, 157]:
λ = 2 d sinθ

2-4

where λ is the wavelength of the x-ray beam (m), d is the interplanar spacing of the atoms (m)
and θ is the diffraction angle (radians) as illustrated in Figure 2-28. The quality of X-Ray
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diffraction data is directly related to the quality of the X-Ray source used. In this study, the XRay source is the APS synchrotron. The APS is a third generation synchrotron which produces Xrays at a very high brilliance which allows enhanced resolution and high energy radiation
compared to conventional laboratory X-ray sources such as Cu-Kα for example. The brilliance is
a measure of the intensity (photons per second per unit area) and directionality of the X-ray beam
through its divergence (milliradians squared). The brilliance of the APS is 6-10 orders of
magnitude higher than that of a conventional X-Ray source such as Cu-Kα. This very high
brilliance allows quick acquisition of data, high resolution and low background. This enables us
to detect small volume fractions of phases that would otherwise not be detected. In addition, the
high photon flux can be produced over a various range of energies. This enables the use of a
monochromatic beam with an energy of choice for our material or the use of a polychromatic
beam. In the experiments performed for this study, several incoming energies were used to study
our samples, allowing flexibility and customization of our experiments.
In the next sections, the different beamlines used for our experiments, 1-ID, 2-IDD and
34-ID are described. Their position along the APS synchrotron ring is presented in Figure 2-29.
These beamlines all have unique capabilities allowing us to study different properties of our
material. Beamline 1-ID operates at very high energy which allows the X-Ray beam to transmit
through the thickness of a 1 mm thick sample providing bulk information. Beamline 2-ID has a
very small focused X-Ray beam allowing the measure of individual particles and individual
grains. Finally, beamline 34-ID, has a polychromatic beam, allowing three-dimensional
information on grain orientation, strain and texture to be obtained. A more detailed description of
these beamlines and their capabilities is presented in Sections 2.5.2, 2.5.3 and 2.5.4.
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Figure 2-28 Illustration of Bragg’s law.

Figure 2-29 Advanced Photon Source synchrotron and position of the beamlines used in our experiments.

2.5.2.

Beamline 1-ID: High Energy In-Situ Transmission XRD

Beamline properties
Beamline 1-ID has the unique capability to operate at very high photon energies (more
than 80 keV) allowing X-Rays to penetrate through the sample, thus operating in transmission XRay diffraction. This allows data to be averaged over the full sample thickness which provides
very good statistics. This beamline is also equipped with a fast amorphous silicon GE detector
that allows very fast data collection rates. The beam is focused to a rectangular shape with slits
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which can be as small as 50 x 50 μm [158]. The geometry of the beamline illustrated in Figure
2-30 allows the full diffraction rings to be recorded, which helps reveal in-plane texture.
The 1-ID beamline is also equipped with an MTS load frame. This load frame is used
for applying stresses to samples by computer monitoring of the applied force, the displacement,
or the displacement rate. In addition, an optical furnace can heat the samples up to 900ºC while
continuously gathering X-Ray diffraction data. The heating and cooling rates can be monitored by
temperature controllers using K-type thermocouples, spot welded onto the sample surface as
feedback. The load frame and furnace can be seen in Figure 2-31.

Experimental procedures
Sample Preparation
One of the advantages of the 1-ID beamline is the very limited amount of samples
preparation needed in order to get good X-Ray diffraction data. Since the X-Rays will penetrate
through the entire sample thickness, no particular surface preparation is needed although having
two parallel surfaces through the sample thickness simplifies the calculation of sample to detector
distance. The only requirement is to allow full transmission of X-Rays through the sample. In the
case of zirconium atoms probed by 80 keV X-Rays, a maximum thickness of 2mm is allowed for
the samples.
Calibration
A calibration sample of ceria powder is run at the beginning of every experiment in order
to measure the exact beam position, angle and sample to detector distance. The X-Ray diffraction
data from this sample is fitted, and the results of the fit are also used to account for experimental
broadening of the peaks and wavelength shift along the different integration directions.
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Data Acquisition
The data is acquired on a large two-dimensional plate detector that allows recording of
the full diffraction ring. The detector recording area is 2048 x 2048 pixels big with each pixel
being 200 x 200 μm which gives an angular resolution of 4.6 x 10-3 º with our typical set-up. In
the experiments performed at beamline 1-ID, continuous recording of data was performed while
heating and cooling of samples under load. This allowed studying the kinetics of hydride
dissolution, precipitation and reorientation in situ. One diffraction frame was recorded as ten
consecutive images with a typical exposure time of 1 second (this would avoid saturation of the
detector). While recording data, the temperature and load were monitored and recorded by control
computers.
Data Analysis
Several steps were needed to analyze the raw two-dimensional diffraction frames. The
ten images recorded for one frame were summed and averaged by a Matlab® routine developed
by J. Almer [158] and the background was subtracted. Using the Matlab® routine, full diffraction
rings were integrated over four specific banks or ±10º around 0º, 90º, 180º and 270º. The ‘pizzaslices’ obtained were then reduced to a one dimensional GSAS file by the Matlab® routine as
illustrated in Figure 2-32. The GSAS peaks obtained were then analyzed using GSAS/Rawplot®
[159]. This software program is primarily a Rietveld refinement program that can fit all the
different parameters that would affect peak height, shape and position (these parameters can be
sample characteristics such as composition, crystal structure, atom positions, etc. or exterior
parameters such as sample-to-detector distance, temperature, pressure, etc). However GSAS also
allows a faster refinement by only fitting the peak shape, position and intensity of the raw data in
a sub routine called Rawplot. For our peak fitting, the precision and amount of information given
by Rawplot were sufficient. The peaks are fitted to a pseudo-Voigt function which is a
convolution of Gaussian and Lorentzian peak shapes. Only the Gaussian full-width at half-
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maximum (FWHM) was fitted while the Lorentzian FWHM remained constant; this Gaussian
FWHM gives an understanding of the sample contribution to broadening. The background was
modeled to a third degree polynomial function and several refinement steps were iterated (usually
10 successive refinements for each parameter we chose to refine). This allowed us to fit the
diffraction peaks and obtain (i) the integrated intensity, (ii) the Gaussian full width half
maximum (FWHM), (iii) the peak positions for the desired peaks. Additional details on the data
analysis procedure can be found in Appendix C.

Figure 2-30 Schematic representation of beamline 1-ID experimental set-up.

Figure 2-31 Picture of the experimental set-up at beamline 1-ID.
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Figure 2-32 Data Analysis procedure for X-Ray diffraction data collected at beamline 1-ID.

2.5.3.

Beamline 2-IDD: Micro Diffraction

Beamline properties
The 2-ID-D beamline is specialized in sub-micron high resolution X-Ray studies. For the
2-ID-D beamline, the insertion device used to produce the X-Rays is an undulator. The X-Rays
are then focused using various optics such as Fresnel zone-plates for example. The detector used
for the experiments conducted at this beamline is a CCD camera. The beam was focused to
0.2µm x 2µm for our studies. An illustration of the focusing optics used at this beamlines is
presented in Figure 2-33. This beamline has the capacity to measure X-Ray fluorescence. While
this is very useful to study element segregation, in particular in oxide phases, this technique was
not used for our experiments. The micro-beam produced by this beamline was used to acquire
diffraction patterns of individual hydride particles and individual zirconium grains in a compact
tension specimen in order to study their orientation and strain.
Contrarily to beamline 1-ID, beamline 2-ID-D is not equipped with an in-situ load frame
and furnace. In order to study in situ loading and heating, a tensile frame and button heater
system was designed. The tensile frame used is based on an SEM load frame that is computer
controlled and attached to a cooled aluminum frame in order to fix the system to the four circle
diffractometer used in the beamline. A small heating element was also designed based on a button
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heater from Heatwave® Labs to fit below the sample mounted on the SEM frame. Unfortunately
due to size and heat tolerance limitations, the heater could not operated at more than 80ºC. An
illustration of the tensile frame, the compact tension sample and the button heater is presented in
Figure 2-34(a). Figure 2-34(b) shows how the frame is mounted on the four-circle diffractometer
in the beamline. A schematic representation of this set-up is presented in Figure 2-35.
Experimental Procedures
Sample Preparation
This beamline operates in micro-beam X-Ray diffraction. For the typical X-Ray energy
of about 10 keV used in experiments run at this beamline, the interaction depth is about 25 μm.
Also, in this beamline, several two-dimensional area scans on the sample surface were performed.
For these reasons, a good surface preparation must be achieved. The sample surface must be as
flat as possible. The samples were polished with silicon carbide paper from grit 180 to 1200 in
several steps. Then the samples were polished using diamond paste with 3 μm and 1 μm diameter
particles. A final polish of 0.05 μm colloidal silica was then used to obtain a mirror finish on the
samples.
Calibration
Since the beam is focused to a micron size, a very good beam calibration is needed. This
calibration was performed once at the beginning of the experiments using a sharp-wedge-shaped
piece of pure material that is scanned across the beam. More details on this calibration procedure
can be found in [160]. Then alignment of the CCD detector is performed. This alignment depends
on the operating energy and the angular range of interest which in turns depends on the phases
present in the sample. Finally sample alignment is performed in order to have a constant sample
to detector distance along the entire two-dimensional scan performed.
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Data Acquisition
X-Ray diffraction data is acquired using a CCD detector. This detector measures partial
diffraction rings which will be in turn integrated as described in the following section. The
samples used in these experiments are CT samples. The sample notch tip was found by scanning
the area around the beam and measuring the total diffracted intensity. Once the notch tip was
found, a two-dimensional grid of diffraction patterns (the grid size was typically 150μm x
150μm) was recorded on the sample surface with diffraction patterns acquired in steps of 1.5 μm.
Some scans were recorded while the sample was under applied tensile load and temperature.
Data Analysis
The two-dimensional images collected by the CCD camera were reduced to onedimension diffraction patterns by a software developed by the 2-IDD beamline staff called CCD
Sum. Following this step the Lorentz polarization correction factor was applied [156]. All the
integrated X-Ray diffraction patterns were assembled using Matlab® in order to visualize the
evolution of the patterns along one scan dimension. This data integration process is described in
Figure 2-36. In order to observe the grain orientation of the different phases without having to fit
all diffraction files, the diffraction peak intensity of chosen peaks was integrated by summing the
intensities that composed the diffraction peak (typically 5 points around the peak maximum). This
rough integration overestimates the actual peak intensity but provides a qualitative estimate of the
grain orientation. Then based on the Matlab® plots and the rough intensity plots, carefully chosen
diffraction patterns were fitted using PeakFit®. The background was removed by linear
approximation and the peaks were fitted by a Pearson VII function. This peak fitting procedure
gives peak integrated intensity, peak position and peak width. Details on the peak fitting
procedure can be found in Appendix C.
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Figure 2-33 Schematic representation of experimental set-up at Beamline 2-ID-D.

(a)

(b)

Figure 2-34 (a) Tensile frame used to apply load while recording XRD data at beamline 2-ID-D; (b) View of the
tensile frame mounted in the beamline.

Figure 2-35 Schematic representation of the tensile frame and button heater geometry used at beamline 2-ID-D
(note: only the left-hand grip is represented for the sake of clarity; the right-hand grips is exactly symmetric to
the left-hand one).
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Figure 2-36 Data Analysis procedure of X-ray data collected at beamline 2-ID-D.

2.5.4.

Beamline 34-ID: Laue Diffraction

Beamline properties
The particularity of beamline 34-ID is its capacity to perform spatially-resolved studies of
materials by using a polychromatic X-Ray beam [161]. This beamline has unique capabilities for
three-dimensional spatially resolved measurements of phase, texture, strain and deformation
distributions in single and polycrystalline materials. A schematic representation of this beamline
is presented in Figure 2-37. This beamline is based on the idea that with a monochromatic beam,
each grain in a polycrystalline material has a low probability for Bragg scattering at a given
angle, requiring sample rotation for acquiring various reflections. In contrast, using
polychromatic radiation, every grain illuminated by the x-rays generates a complete Laue pattern
without sample rotations. A differential scanning aperture consisting of a wire scanned 200
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microns above the surface can then be used to determine the depth from where the diffraction
signal comes by intercepting particular beams. This depth resolving technique was not used in the
experiments presented in this dissertation. In this work, two-dimensional maps were acquired.
Strains in the plane of the sample surface were determined in order to study sample texture and
stress state. No loading or heating elements were used in these experiments.

Experimental Procedures
Sample Preparation
Since this beamline probes mainly in the surface of the sample (maximum interaction
depth is around 30 μm), a similar sample preparation to the one used for beamline 2-ID-D was
used. The sample surface was ensured to be flat and polished for good quality diffraction data.
Calibration
The beam was focused and calibrated prior to running the experiments. Once calibrated a
telescope was used to observe the sample surface and find an area of interest. For CT sample, the
area of interest started below the notch tip. For cross-sectional dogbone samples, a scratch was
made to the sample surface in order to correlate the area of interest observed with X-Ray
diffraction and optical micrographs.
Data Acquisition
Data was acquired on a fast two-dimensional amorphous silicon GE detector. Full Laue
diffraction patterns were recorded at each location on the sample surface. Full two-dimensional
grids of diffraction patterns were recorded, similar to the ones recorded for beamline 2-ID-D. The
difference from 2-ID-D experiments came in the fact that in-plane strains of zirconium grains
could be precisely measured with the Laue diffraction technique. Hydride peaks, however, could
not be detected. Also cross-sectional dogbone samples were observed. Full texture and strain
information could thus be extracted from experiments conducted at the 34-ID beamline.
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Data Analysis
The Laue diffraction patterns recorded by the two-dimensional detector were fitted and
indexed using a routine written in Igor® by the 34-ID beamline staff. Once the diffraction
patterns were fitted, an orientation map of the grains in the area of interest could be generated. Inplane strain maps could also be generated as well as out of plane strain maps (calculated using
Poisson’s ratio). An illustration of the data analysis procedure can be found in Figure 2-38.

Figure 2-37 Schematic representation of beamline 34-ID.

Figure 2-38 Schematic example of data analysis procedure of X-Ray diffraction data collected at beamline 34ID.
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2.6. Optical and Electron Microscopy

2.6.1.

Optical Microscopy

Instrument Properties
The optical microscope, or light microscope, uses the visible light or near-visible portion
of the electromagnetic spectrum. Typically white light resolution up to 0.2 μm can be achieved.
Modern light microscopes can operate in reflection or transmission. Also bright, dark and
polarized imaging techniques are available in modern light microscopes. In this dissertation, a
Zeiss microscope was used in reflection under bright and polarized light conditions.
Experimental Procedures
In order to observe samples in a light microscope, the sample surface must be prepared to
a smooth finish with visible contrasting elements. The sample preparation for optical observation
consists in mounting a sample in epoxy, polishing and etching as described in detailed in Section
2.3. In Section 2.3, optical images recorded in bright field imaging mode are presented (Figure
2-22). Bright field imaging mode was used in this work to study macroscopic zirconium hydride
platelets. Polarized light imaging was also used in this dissertation in order to observe the matrix
zirconium grains. This technique is illustrated in Figure 2-39. The hydride traces are visible as
dark lines in this picture and the zirconium grain structure is also visible.

Figure 2-39 Polarized light image of recrystallized Zircaloy-2.
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2.6.2.

Scanning Electron Microscope

Instrument Properties
In the Scanning Electron Microscope (SEM), a source of electrons is focused in vacuum
into a fine probe that is rastered over the surface of a sample as illustrated in Figure 2-40. As the
electrons penetrate the surface, a number of interactions can occur that can result in the emission
of electrons or photons from the surface. The images produced in an SEM are typically of three
types: secondary electron (SE) images, backscattered electron images (BSE) and elemental XRay maps. SE and BSE electrons are conventionally separated according to their energies. They
are produced by different mechanisms. The energy of the primary electron beam can range from a
few hundred eV up to 30 keV. The value of the BSE yield increases with atomic number Z, but
its value for a fixed Z remains constant for all beam energies above 5keV. The SE yield decreases
slowly with increasing beam energy after reaching a peak at a low voltage (~1 keV). Both SE and
BSE yield increase with decreasing angle of incidence because more scattering occurs closer to
the surface. This is one of the major reasons why SEM provides excellent topographical contrast
in SE mode; as the surface changes its slope, the number of secondary electrons produced
changes as well.
In this dissertation, three different SEMs were used: an FEI Philips XL-20 with SE and
BSE detectors, a Hitachi S-3500 N with Orientation Imaging Mapping and Energy Dispersive XRays capabilities and a Jeol 340 at Queen’s University with Orientation Imaging Mapping
capabilities.
Experimental Procedures
In an SEM, since the resolution is higher than that of optical microscopy, the sample
surface must be as free of defects as possible. Additional polishing steps are required to obtain
good surface quality. In addition to the silicon carbide polishing presented in the previous section,
the samples were polished with diamond paste of 3 μm and 1 μm diameter. A final polish of 0.05
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μm colloidal silica was also performed. Some etching and electro polishing were also used to
reveal the zirconium hydrides. Once polished, the samples are mounted on to SEM aluminium
stubs and in the case of samples encased in epoxy a conductive layer is painted from the sample
to the aluminium stub in order to avoid charging on the sample surface.
In this dissertation, SEM was used to image macroscopic zirconium hydrides with greater
resolution than optical microscopy. In addition, electron backscattering was also performed in the
SEM and will be briefly described in the next section.

Figure 2-40 Schematic description of the scanning electron microscope [162].

2.6.3.

Electron Backscattered Diffraction

Instrument Properties
Electron Backscattered Diffraction (EBSD) is an SEM based technique which uses
electron diffraction patterns to give orientation data. Patterns are formed by electrons which have
undergone several scattering events in the sample and are subsequently diffracted by lattice
planes before being re-emitted from the surface. Patterns can then be indexed to extract data on
the lattice spacings of the material. Because it uses backscattered electrons which have a very
small interaction depth (10-40 nm in most materials) [163], the technique is capable of giving
orientation data for individual grains. Typically, the resolution limit for EBSD is below 10 nm
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and is of the order of the probe size. Automation software then allows mapping of regions of
sample to be carried out relatively rapidly. A typical diffraction pattern for Zircaloy-4 is
presented in Figure 2-41 [164]. In the work presented in this study a Jeol 840 SEM from Queen’s
University equipped with Nordic X-Ray camera was used. The probe electric current used was 6
x 108 A. A step size of 1 μm was typically used for the grain maps.

Experimental Procedures
The sample preparation for this technique proved to be very challenging because of the
high capacity of hexagonal α-zirconium material to deform during the final polishing steps. The
X-Rays generated by electron-atom interactions come from a very small interaction volume (only
a few 10s of nm deep). Thus, the sample surface must be as free of defects and deformation as
possible. Unfortunately, zirconium alloys deform very easily during mechanical polishing. In
order to obtain samples ready for EBSD, extensive attack polish with a mixture of colloidal silica
and diluted hydrofluoric acid was necessary. In addition, electro polishing in a 10% Perchloric
acid-Methanol solution at -40ºC with a current of 0.1 A was also necessary. It was found that it
was not possible to obtain acceptable surfaces for EBSD for heavily cold-worked material within
the available polishing time frame and equipment. Other research groups have suggested that
polishing for several days with a vibrating polisher could provide the acceptable sample surface
[164].
Once acceptable diffraction patterns are obtained, they are indexed by an independent
software that bases its calculations of expected peak positions from powder diffraction files as
presented in Appendix B. The indexing procedure is repeated for each data point recorded on a
two-dimensional map on the sample surface. This creates an orientation map giving the local
orientation of each phase studied.
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In this work, EBSD was only performed in large grains in recrystallized Zircaloy-2. The
texture and grain maps of zirconium grains were obtained using EBSD. Observation of the
hydride position within this grain map was also performed although it was not possible to index
the zirconium hydrides with the resolution of the X-Ray diffraction camera.

Figure 2-41 Typical electron backscatter pattern from Zircaloy-4 after polishing [164]

2.6.4.

Transmission Electron Microscopy

Instrument Properties
In Transmission Electron Microscopy (TEM), a thin solid specimen (less than 100 nm
thick) is bombarded in vacuum with a highly focused, mono-energetic beam of electrons.
Diffracted electrons are observed in the form of a diffraction pattern at the microscope back focal
plane. Transmitted electrons form images from small regions of sample, by using contrast, due to
several mechanisms associated with interaction between electrons and the atomic constituents of
the sample. Analysis of transmitted electron images yields information both about atomic
structure and defects in the materials. A schematic representation of a TEM is presented in Figure
2-42. The TEM can be operated in diffraction mode, where the post-specimen lenses are set to
examine the information in the transmitted signal at the back focal plane of the objective lens.
Diffraction can be obtained in Selected Area Diffraction (SAD) mode or in Convergent Beam
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Diffraction (CBD). In SAD, the condenser lens is defocused to produce parallel illumination at
the specimen and a selected-area aperture is used to limit the diffracting volume. The lenses
condense the diffracted beam into spots in the back focal plane. In CBD, the incident electron
probe is focused to illuminate a crystallite in the center of the image. The diffraction patterns then
consist of discs rather than spots. In imaging mode, the post-specimen lenses are set to examine
the information in the transmitted signal at the image plane of the objective lens. The contrast
comes from the fact that the diffraction aperture selects only one of the beams and blocks the
others. When the image is reconstituted, the strongly diffracting locations will be lighter than the
rest. The two primary image modes used in this study are bright field and dark field imaging. In
bright field imaging, a small objective aperture is used to block all diffracted beams and allow
only the transmitted, undiffracted electron beam to pass. In dark-field imaging, the beam is tilted
to move one of the diffraction spots to the primary beam position along the optical axis. Since the
objective aperture blocks all other reflections other than the one in the center, dark-field image is
obtained by using one of the diffraction spots [165].
In this thesis work, a 200 keV Jeol® EM-2010 TEM with LaB6 emitter housed at the
Material Research Institute at Penn State University was used. The point-to-point resolution is
0.23 nm.
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Figure 2-42 Schematic diagram of a transmission electron microscope, showing the location of a thin sample and
the principal lenses within a transmission electron microscope column [166].

Experimental Procedures
Sample Preparation: Focused Ion Beam Lift-out Technique
The technique used for sample preparation is Focused Ion Beam (FIB) Lift-out. The
reason for the use of such a complex technique was the sample geometry (600 μm thick cross
section) for the epoxy mounted dogbone samples and the need to probe individual hydrides for
the CT samples. This technique produces electron-transparent samples with an area of about 1015 μm in length and 5-10 μm in width of specific hydrides. The FIB used in this study is a FEI
Quanta 200 3D Dual Beam FIB, which is a dual SEM-FIB system using Ga+ ions for the ion
beam. The SEM and the ion beam are separated by a 52angle and have to be aligned before use
at eucentric height so both beams converge on the same spot on the sample surface. The ion beam
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can be used to image, mill a material or deposit platinum or tungsten on a surface while the SEM
is mainly used to image without damaging the sample.
The method used in this research is similar to the in-situ lift-out (INLO) technique
described by Gianuzzi [167]. In order to prepare a sample, an area of interest (in this work, a
hydride) is chosen. Then a strip of platinum or tungsten is deposited on the area of interest to
protect the sample surface during the next sample preparation steps as seen in Figure 2-43(a).
This strip is about 1μm wide, 10-15μm long and about 3-5μm high. Then the region of interest is
trench-milled to free it from the bulk sample (Figure 2-43(b)). The trench milling process was
done in two different manners throughout the study giving similar results. The first one used a
horseshoe pattern milling successively on both sides around the region of interest at an angle of
22. The second is slightly different in the sense that it uses first the horseshoe pattern straight on
at 0and then mills a line at 52. Trench-milling is performed at the highest ion beam current of
7nA to minimize milling time. In both cases the milling may require going back and forth
between the two steps because of material re-deposition due to milling (material is removed by
sputtering and is re-deposited in the previous trench).
A microprobe (also called Omniprobe®) is used to make sure the sample is free before
moving on to the next step (Figure 2-43(c)). Once the sample is free from the bulk it is attached to
the microprobe by depositing platinum on an area covering the tip of the probe and the sample
surface, thus connecting the sample to the microprobe (Figure 2-43(d)). The sample is then lifted
out and transferred onto the TEM sample holder where it is attached once again by depositing
tungsten or platinum on a joint sample-sample holder area (Figure 2-43 steps (e) to (g)). The
sample is detached from the probe by milling it off and is then ready for thinning (Figure
2-43(h)). The thinning process consists of multiple iterations of milling small areas of the sample
using decreasing ion beam current (from 1nA to 30pA) until the sample has reach electron
transparency which is typically about 100 nm thick for most material (Figure 2-43(i)). The
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electron transparency is determined by reducing the SEM voltage to 5kV and imaging the sample,
which appears bright when electron transparency is reached. All the milling was done using an
ion beam energy of 30keV. This technique has the advantage of having a negligible potential of
introducing hydrides artificially during the sample preparation contrarily to electropolishing.

Figure 2-43 Various steps of the focused ion beam lift off technique for sample preparation for TEM [168].

Data Collection and Analysis
The samples prepared by FIB were imaged in the TEM in bright and dark field. Also,
SAD was performed on areas of interest. The goal of the TEM work was to image the fine
structure of the microscopic hydrides, their interface with the zirconium grains and their stacking
sequence. SAD was performed to measure the orientation relationship of the hydrides with the
zirconium matrix grains. Diffraction patterns were indexed based on the reference powder
diffraction files [157].
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Chapter 3
HYDRIDE BEHAVIOR IN BULK SAMPLES UNDER UNIFORMLY
APPLIED STRESS
In this chapter, the study of hydride formation in bulk zirconium alloy samples is presented. In
the first section the study of the dissolution and precipitation temperature as well as the kinetics of
hydride dissolution and precipitation is studied using in-situ XRD. In the second section, some
characteristics of hydride reorientation studied with optical and electron microscopy are presented. The
hydride strains during precipitation and growth under various levels of stress are presented in the third
section and are studied using in-situ synchrotron XRD. In the fourth section, the orientation relationship
between the hydrides and the zirconium matrix for reoriented and non reoriented hydrides is studied using
electron microscopy and Laue diffraction. Finally in the fifth section, some first steps in modeling hydride
precipitation in single crystal and polycrystalline zirconium using the phase field modeling method are
presented.

3.1. In-situ Kinetics of Hydride Dissolution and Precipitation

3.1.1.

Determination of dissolution/precipitation temperatures and kinetics

In this section, the dissolution and precipitation of hydrides is studied using in-situ transmission XRD as
discussed in Section 2.5.2. A typical diffraction pattern obtained using this technique is presented in
Figure 3-1 which shows the diffracted intensity versus d-spacing (equivalent to two-theta angle) for a
hydrided Zircaloy-2 sample with 530 wt.ppm of hydrogen. Most peaks can be indexed as one of two main
phases: the hcp α-zirconium phase and the fcc δ-hydride phase. Some intermetallic precipitates can also
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be seen around 2.1 Angstroms. As the sample is heated and data is recorded continuously, the diffraction
signal from the hydride peaks becomes less and less intense, finally disappearing once the solubility limit
has been reached. Figure 3-2 shows the evolution of the δ(111) hydride peak, as the temperature is
increased for the sample shown in Figure 3-1. The dissolution temperature for a hydrogen content of 530
wt.ppm is 530ºC(at a slow heating rate of 5ºC/min), which is why no hydride peak is observed at 550ºC.
The zirconium peak intensity however is unchanged by the increase in temperature. Both zirconium and
hydride peak position increase towards higher d-spacing due to thermal expansion.

Figure 3-1 Diffraction pattern versus d-spacing obtained for integration over the entire diffraction ring for a Zircaloy-2
sample with 530 wt.ppm of hydrogen acquired at room temperature (logarithmic scale).
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Figure 3-2 Evolution of the δ(111) hydride peak with temperature in a Zircaloy-2 sample with 530 wt.ppm of hydrogen
(full ring integration, logarithmic scale).

The integrated intensity Ihkl of any peak corresponding to a given hydride plane is a function of
the multiplicity of the plane family (hkl), temperature and diffracting volume, as given by the following
equation [169]:

(3-1)
where I0 is the incoming intensity, fδ the volume fraction of hydride and C is a factor accounting
for texture, for the rigid lattice contribution to the structure factor and for the Debye-Waller factor which
characterizes the temperature contribution to the peak intensity. A recent study using in-situ synchrotron
XRD has shown that changes in integrated intensities usually reflect changes in phase volume fractions fδ
[170]. Because all hydride peaks disappear at the same temperature, the dissolution temperature can be
determined independently of this assumption, but the kinetics may be different.
This is illustrated in Figure 3-3 where the integrated intensity for the δ(111) hydride peak (after
deconvolution from the zirconium peak as explained in Section 2.5.2) is plotted (green circles) as a
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function of time for the same Zircaloy-2 sample with 530 wt.ppm of hydrogen. In this case the diffracted
intensity comes from integration along the rolling direction (RD). The integration along the transverse
direction (TD) yields very similar results and is not shown in this figure for simplicity. The temperature
during the heating cycle (solid red line) is shown on the right hand axis. As the temperature is increased
from ambient to 550ºC the hydrides begin to dissolve, causing their diffracted intensity to decrease
steadily until, at the dissolution temperature, (in this case 542ºC) the δ(111) peak disappears. After
holding for a few minutes the temperature decreases from the maximum part of the cycle, hydrides
precipitate from solid solution causing the hydride diffracted intensity to increase. This process starts at
the precipitation temperature in this case 448ºC. This temperature is lower than the dissolution
temperature because of the aforementioned hysteresis caused by the plastic deformation of the matrix
necessary for hydride precipitation.
When hydrides are already present, the hysteresis disappears. This is illustrated in Figure 3-4,
which shows the hydride diffraction signal from a sample containing 246 wt.ppm of hydrogen, when
subjected to a heat treatment at 400ºC. Because not all the hydrides dissolve in these conditions hydrides
are already present when cool-down starts. As shown in Figure 3-4, the diffracted intensity starts to
increase as soon as the temperature is decreased (without hysteresis) indicating that the hysteresis is
linked to the initial hydride precipitation. As a reference, the arrow represents the temperature at which
hydrides would start precipitating if full dissolution had been achieved.
Continuing the discussion of Figure 3-3 we can see that the diffracted hydride intensity after full
reprecipitation is similar to the initial peak intensity. The dissolution temperature, Td, is defined as the
temperature at which the diffracted intensity reaches zero upon heating (as all the hydrides have
dissolved) and the precipitation temperature, Tp, is the temperature at the last intensity at zero (i.e. no
hydrides have yet precipitated) upon cooling.

120

Figure 3-3 Evolution of the δ(111) hydride peak integrated in the angular range RD with temperature for a Zircaloy-2
sample with 530 wt.ppm of hydrogen.

This experiment is then repeated with samples containing different hydrogen content in order to
study the evolution of the dissolution and precipitation temperatures with hydrogen content. This is
illustrated in Figure 3-5 where, in addition to the results for the 530 wt.ppm sample observed previously,
the results for the hydride peak intensity of a sample containing 110 wt.ppm of hydrogen are presented. It
is clear that the diffracted intensity from the sample containing 530 wt.ppm of hydrogen is higher than
that of the sample containing 110 wt.ppm of hydrogen, in roughly the proportion of their hydrogen
amounts. The actual measured values to Td and Tp are also shown in this graph. A hysteresis is observed
between the dissolution and precipitation temperatures. This hysteresis is related to the plastic
deformation associated with the precipitation of hydrides, as discussed in Chapter 1.
The determination of Tp and Td described above was performed for several samples of various
hydrogen contents, and the results compared with the conventional DSC technique for their
determination. Figure 3-6 shows the experimental Td and Tp compared to Td and Tp curves determined in
Une et al. [34] using differential scanning calorimetry. The measured Td and Tp for all samples
correspond reasonably well with the temperatures measured in [34] using DSC. The magnitude of the
hysteresis observed between Td and Tp is also similar to that observed in [34]. The good agreement
between the synchrotron XRD technique and the DSC techniques validates the used of in-situ
transmission XRD to study hydride dissolution and precipitation.
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Figure 3-4 Evolution of the intensity of the hydride δ(111) peak intensity with temperature when full dissolution is not
achieved ( CWSR Zircaloy-4 sample with 246 wt.ppm of hydrogen).

Figure 3-5 Evolution of the δ(111) hydride peak integrated in the angular range RD with temperature for two Zircaloy-2
samples with 530 wt.ppm and 110 wt.ppm of hydrogen.
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Figure 3-6 Dissolution and precipitation temperatures measured from in-situ XRD compared to DSC [34].

In addition to the determination of dissolution and precipitation temperatures, the kinetics of
hydride dissolution and precipitation can also be compared to DSC results for further validation of the insitu XRD technique. As described in Chapter 1, the evolution of the hydrogen concentration in solid
solution with temperature can be fitted to a classical exponential behavior:
(3-2)
with [H] and A in wt.ppm, Q in J/mol, R = 8.314 J/mol/K and T the temperature in K. In order to
obtain the [H] in solid solution, a simple subtraction has been performed:
(3-3)
where [H]tot is the total hydrogen content in wt.ppm (measured by hot vacuum extraction), I(T) is
the hydride peak intensity at temperature T and I(30ºC) is the hydride peak intensity at 30ºC. This
equation assumes that the hydrogen solubility in Zircaloy at 30ºC is zero (in the literature, it has been
found to be less than 1 wt.ppm) [170]. Using equation 3-3, the hydrogen in solid solution for the δ(111)
peak for the Zircaloy-2 sample with 530 wt.ppm of hydrogen as a function of temperature is presented in
Figure 3-7. In this figure the hysteresis between heating and cooling is visible. Also, since the integration
along both RD and TD is shown, it can be seen that both integration directions yield similar dissolution
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and precipitation kinetics, as mentioned above. The in-situ XRD data compared to results from DSC
results shown in Figure 3-7 [34] match very well. It is then possible to find the A and Q values from
Equation (3-3) from an Arrhenius plot as illustrated in Figure 3-8. Although this plot is for the hydride
peaks integrated in the RD only, the data for the TD is very similar as seen in Figure 3-7. The data was
fitted in the higher temperature range due to the noisy low temperature data. This noise could be due to
different precipitation kinetics occurring at lower temperatures. The measured A and Q values for heating
and cooling are presented in Table 3-1 and compared to literature results. It can be seen that the values of
A and Q obtained here are in good agreement with other literature results.
The data shown in this section shows that in-situ synchrotron diffraction can be used to study Td,
Tp and the thermodynamic behavior of hydride dissolution and precipitation. In the following sections, a
study of some influencing factors on the kinetics of hydride dissolution and precipitation is presented.

Figure 3-7 Evolution of hydrogen in solid solution with temperature for integration along TD and RD for a Zircaloy-2
sample with 530 wt.ppm of hydrogen. The fitted curves are from DSC results [34].
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Figure 3-8 Arrhenius plot of hydrogen in solid solution for integration along RD for a Zircaloy-2 sample with 530 wt.ppm
of hydrogen.
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Table 3-1 Fitted and literature parameters for the dissolution and precipitation kinetics of zirconium hydrides.

Material

Technique

[H] range
(wt.ppm)

Max
temp
(°C)

Heating/
Cooling
rates
(°C/min)

Dissolution
A
(wt.ppm)

Q
(J/mol)

Precipitation
A
(wt.ppm)

Q
(J/mol)

McMinn 2000
[14]

Zr2-Zr-4

DSC

20-80

400

2

106447

35991

138746

34469

Une 2003
[34]

Zr2-High
Fe
Zry

DSC

40-542

600

10

128000

36540

52600

28068

Une 2004
[171]

Pure Zr

DSC

9-281

500

10

141000

38104

33900

27291

Tang 2009
[172]

Zr-4

DSC

20-240

500

10

52575

32117

40135

27336

Zanellato 2012
[170]

Zr-4

in-situ
XRD

470-600

570

5

510800

45610

66440

29630

Present study

Zr-2

in-situ
XRD

530

550

60

108150

36360

13320

21170

3.1.2.

Effect of matrix microstructure and alloy

Using in-situ transmission XRD, it is possible to investigate many factors influencing the
kinetics of hydride dissolution and precipitation. As discussed in Section 1.2.2., alloying elements
can influence the dissolution and precipitation kinetics. The two alloys used in this study are
Zircaloy-2 (Zr2) and Zircaloy4 (Zr4). As seen in Table 1-1, they differ mainly by the presence of
Ni in Zr2, a higher Cr content in Zr2 and a higher Fe content in Zr-4. Also, since we used samples
with the same alloy composition (Zr4) but different microstructures, a study of the effect of
microstructure on the kinetics of dissolution and precipitation is also performed.
A similar fitting procedure as the one explained in the previous paragraph for Figure 3-8
and Table 3-1 was used for three samples: Zr2 recrystallized (RX), Zr4 RX and Zr4 cold-worked
stress relieved (CWSR). These samples were heated until full dissolution of hydrides occurred
and cooled back to room temperature while diffraction data was acquired continuously during the
thermal cycle. By fitting the [H] content in solid solution in an Arrhenius plot, the A and Q from
equation 3-2 defining the kinetics of dissolution and precipitation where determined. The results
of these fits are presented in Table 3-2. The order of magnitude of Q is the same for all samples
and is similar to the literature values shown in Table 3-1. The parameter A seems to vary much
more but also varies a lot in the literature. It should be noted that there is no precipitation data for
the Zr4 RX sample. This is because during the precipitation run load was applied, thus this data
cannot be compared to the other two unstressed samples.
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Table 3-2 Fitted kinetic parameters for dissolution and precipitation for three samples with different alloys and
microstructure.

Material

Micro
structure

[H]
content
(ppm)

Max
temp
(°C)

Heating/
Cooling
rates
(°C/min)

Zr-2

RX

530

550

60

Zr-4
Zr-4

CWSR
RX

294
525

450
550

25/1
60

Dissolution
A
(ppm)
10815
0
55270
39820

Precipitation

Q
(J/mol)

A
(ppm)

Q
(J/mol)

36360

13320

21170

33190
29340

238610
-

38400
-

Figure 3-9 is the plot of the Q for dissolution and precipitation determined by fitting the
kinetic parameters for dissolution and precipitation for three samples with different
microstructure and composition as presented in Table 3-2 for dissolution and precipitation
respectively. From Figure 3-9, it can be seen that there is not much difference in the dissolution
kinetics of Zr2 and Zr4 and of CWSR material and RX material. However this figure shows a
much more significant difference for the precipitation kinetics of Zr2 RX and Zr4 CWSR.
Hydride precipitation appears to occur faster for Zr4 CWSR than for Zr2 RX. Unfortunately, with
the current data, we cannot dissociate the effect of alloying elements from that of microstructure.
However, this faster precipitation of hydrides in Zr4 is coherent with Kearns’ study presented in
Figure 1-8. This difference in kinetics could be explained by the presence of Ni and higher Cr
contents in Zr2 that increase the hydrogen solubility, and forestall precipitation.
In this section, we have seen that dissolution of hydrides appears to be very little affected
by alloying elements and microstructural differences in the zirconium matrix. Precipitation
however occurs faster in CWSR Zr4 than in RX Zr2. This is in agreement with previous literature
results on the effect of alloying element on the solubility of H in zirconium. However, the effect
of residual stresses present in CWSR and other microstructure difference associated with the
different heat treatments cannot be dissociated from the effect of alloying elements with the data
available. A more detailed study of the effect of stress (specifically applied stress) on the kinetics
of hydride dissolution and precipitation is presented is the next section.
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Figure 3-9 Results of experimental fit for Q (J/mol) of hydrogen in solid solution during dissolution and
precipitation for three zirconium alloy samples (Hydrogen content between 294 and 530 wt.ppm).

3.1.3.

Effect of stress on precipitation kinetics

In order to understand the mechanisms of hydride reorientation, it is important to
understand the effect of stress on hydride precipitation. We have seen in Chapter 1 that whereas
stress is believed not to have a significant effect on the solubility of hydrogen, it does have a
strong effect on hydrogen mobility [27, 31]. However, most of these studies have been performed
on samples in which hydride reorientation did not occur. The combined effect of stress and
reorientation on hydride precipitation kinetics is presented in this section.
First the precipitation temperature was measured for different samples that were subject
to stress below the level resulting in reorientation. These results are presented in Figure 3-10. It
can be seen that the precipitation temperature remains well within the expected range from DSC
[34], and thus no significant effect of stress is observed for samples without reorientation. This is
consistent with the literature results by Kammenzind [27] discussed previously in Chapter 1. The
dissolution temperature is not presented here, since in most of our studies dissolution was
performed under no applied stress. The precipitation temperature measured for samples which
showed some reorientation (and for one reference sample with similar hydrogen content but
without any applied stress) are presented in Figure 3-11. It can be seen that for reoriented
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samples, the precipitation temperature is below the expected value. This means that a greater
degree of undercooling is required to precipitate hydrides in the reoriented direction than to
precipitate hydrides in their common circumferential orientation.

Measured Tp
Expected Tp

Figure 3-10 Precipitation temperature of three CWSR Zr4 samples with hydrogen content of 120 wt.ppm under
stress without hydride reorientation compared to expected results from DSC [34].

Expected Tp

Measured Tp

Figure 3-11 Precipitation temperature of four CWSR Zr4 samples with hydrogen content of 250 wt.ppm under
stress with hydride reorientation compared to expected results from DSC [34]. The threshold stress for hydride
reorientation is indicated by the dashed line (~200 MPa).

The effect of stress and reorientation on the kinetics of hydride precipitation can also be
studied using the in-situ synchrotron diffraction technique discussed in Section 3.1.1. The kinetic
parameters A and Q have been determined for several samples in which precipitation occurred
under different levels of stress. This was done in a similar way as presented in the previous
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paragraphs. The results of this analysis are presented in Table 3-3. The fitted curves from this
table are then plotted in Figure 3-12 and Figure 3-13. In Figure 3-12, the effect of stress on
samples without reorientation is illustrated. It can be seen that stress seems to suppress
precipitation of hydrides but not by a large amount. In Figure 3-13, the effect of stress on samples
with reorientation (and one sample without applied stress as a reference) is presented. The
precipitation kinetics of hydrides also appears to slow down under an applied stress, but in a more
significant manner than for samples in which hydride reorientation did not occur. This apparent
lowering of the activation energy Q with stress could mean that samples precipitated under stress
have lower activation energies for hydride precipitation than those without stress. Stress could
play a favorable role for hydride precipitation. Given the large error bars this effect could be
small however.
Table 3-3 Fitted kinetic parameters for precipitation for different CWSR Zr4 samples precipitated under
different levels of stress.

Applied
Stress
(MPa)

[H]
content
(ppm)

Max
temp.
(°C)

Cooling
rates
(°C/min)

Precipitation

No Reorientation
No Reorientation
No Reorientation
No Reorientation

0
60
160
160

130
119
124
90

450
450
450
450

1
1
1
1

A (ppm)
19700
1110
1850
598

Q (J/mol)
24320
12850
16300
12040

No Reorientation
Partial
Reorientation

0

294

450

1

238600

38400

160

246

410

1

8630

20980

Partial
Reorientation

230

209

410

1

28500

26230

Partial
Reorientation

230

245

410

1

85190

30970
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Figure 3-12 Results of experimental fit of hydrogen in solid solution during precipitation under stress for four
CWSR Zr4 samples without reorientation.

Figure 3-13 Results of experimental fit of hydrogen in solid solution during precipitation under stress for four
CWSR Zr4 samples with partial or total hydride reorientation (note: the 160MPa sample did not dissolve fully
at our maximum temperature of 410ºC).

In summary, in this section, we have seen that the presence of an applied stress during
precipitation does not have a significant effect on hydride precipitation in samples in which
hydride reorientation does not occur bur that the precipitation temperature is lower when
reorientation does occur but does lower the precipitation temperature of reoriented samples. Also,
the activation energy of hydrides is slightly decreased by the applied stress.
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3.1.4.

Effect of cycling on dissolution/precipitation kinetics

Thermal cycling under stress has a strong effect on hydride reorientation and in particular
on the morphology of reoriented hydrides. The effect on hydride morphology will be described in
more detail in Section 3.2. However, the effect of thermal cycling on the dissolution and
precipitation kinetics of hydrides is presented here.
The dissolution and precipitation temperatures measured for samples cycled under
various levels of applied stress are summarized in Table 3-4. The dissolution and precipitation
temperatures are not significantly changed by the number of thermal cycles the sample has
undergone. In Figure 3-14, the dissolution and precipitation temperatures of a sample cycled
under 230 MPa stress are also seen to be constant with the number of cycles, even though the
degree of reorientation increases with the cycle number (as will be described in more detail in
Section 3.2 on hydride morphology). Also, the precipitation temperature measured by DSC for
unstressed samples [34] for this sample is seen to be below the expected temperature which is
consistent with what was described in the previous paragraph. It is interesting to note that
although the hydriding cycle differs in cooling rate (<0.5ºC/min) from the in-situ experiments
presented here (1 ºC/min), the measured dissolution and precipitation temperatures are the same
for all cycled. The first cycle in particular does not differ from the following ones.
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Table 3-4 Measured and expected dissolution and precipitation temperatures for CWSR Zr4 samples cycled
with and without stress.

Cycle
#

[H=d
content
(wt.ppm)

Max
temp.
(°C)

No stress
No
reorientation

1

130

450

Heating/
Cooling
rates
(°C/min)
25/1

2

130

450

160MPa
stress
No
reorientation

1

90

2

1
2
3
4

230MPa
stress
Reorientation

Measured
Tp (°C)

DSC Tp
(°C)

Measured
Td (°C)

DSC Td
(°C)

300

320

420

370

25/1

310

320

420

370

450

25/1

330

300

380

340

90

450

25/1

310

300

380

340

192
192
192
192

410
410
410
410

25/1
25/1
25/1
25/1

340
335
340
340

360
360
360
360

400
390
390
390

410
410
410
410

Figure 3-14 Dissolution (Td) and precipitation (Tp) temperatures of a CWSR Zr4 sample thermally cycled under
230 MPa stress (full reorientation). The expected Td and Tp are from DSC of unstressed samples [34].

These results indicate that there is no significant effect of cycling on the dissolution and
precipitation temperatures. The effect of cycling on the rate of dissolution and precipitation can
be described by the fitted kinetic parameters A and Q presented in Table 3-5. The results of these
fits are then plotted in Figure 3-15 to Figure 3-17. Figure 3-15 and show the dissolution and
precipitation kinetics for a sample cycled under no applied stress. The goal of this experiment was
to investigate the potential ‘memory effect’ of hydrides re-precipitating more easily when a

134
dislocation nest is already present. The activation energy for dissolution and precipitation of
hydrides does not appear to be affected by thermal cycling. The precipitation activation energy
decreases slightly with cycling. This could be due to the dislocation nests that have been created
by hydrides when they first precipitated that then make reprecipitation of hydrides in these
dislocation nests more easily. This results shows memory effect can be observed for hydride
precipitation under no stress.
Table 3-5 Fitted kinetic parameters for precipitation for different CWSR Zr4 samples precipitated under
different levels of stress and thermally cycled.

[H]
Cycle
content
#
(ppm)

Max
temp
(°C)

Heating/Cooling
rates
(°C/min)

Dissolution

Precipitation

No stress
No
reorientation

1

130

450

25/1

A
(ppm)
580

2

130

450

25/1

5360

20720

1550

13580

160MPa stress
No
reorientation

1

90

450

25/1

160

7220

598

12040

2

90

450

25/1

870

14730

1610

15980

1
2
3
4

192
192
192
192

410
410
410
410

25/1
25/1
25/1
25/1

21680
88070
843190
446500

27886
34720
45520
42770

564635
207367
1000000
5000000

40070
35540
43730
51400

230MPa stress
Reorientation

Q
(J/mol)
10810

A
(ppm)
19740

Q
(J/mol)
24320

Figure 3-15 Results of experimental fit of hydrogen in solid solution during dissolution and precipitation of a
CWSR Zr4 sample with 130 wt.ppm of hydrogen.
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Now that the effect of cycling under no applied stress on hydride dissolution and
precipitation kinetics has been described, the effect of applied stress without reorientation on
hydride precipitation is presented in Figure 3-16. It should be noted that the dissolution occurs
without stress whereas the precipitation occurs under a 160 MPa stress. The dissolution activation
energy is very similar to the one seen in Figure 3-15 for an unstressed sample. This is logical
since the sample is not stressed during dissolution. But this also shows that the stress applied
during precipitation of the first cycle does not affect the dissolution of the second cycle. The
precipitation however is slower (higher activation energy) for the first cycle under applied stress
which is consistent with the results presented in the previous paragraph. The precipitation rate
during the second cycle is very similar to the first cycle. This implies stress does have an effect
on the ‘memory’ of hydrides.
The effect of cycling under sufficient applied stress for reorientation on hydride
dissolution and precipitation is presented in Figure 3-17 for four thermal cycles. Again, hydride
dissolution occurs without applied stress. The dissolution rate increases with the number of
cycling suggesting reoriented hydrides dissolve more easily than non reoriented ones.
Precipitation under stress also seems to occur faster with every cycle. This suggests reoriented
hydrides must create a completely new dislocation nest and a new ‘memory’. Once it has been
created, it is easier and easier to precipitate and dissolve out of it. This change in dissolution and
precipitation kinetics could also be due to the movement of hydrogen between the two
populations of hydrides, circumferential and reoriented.
The precipitation rate behavior of reoriented hydrides appears different than that of
unstressed samples and of stressed but non-reoriented samples. When fitting the precipitation of
hydrides in reoriented samples, two different precipitation kinetics regimes have been observed.
This is shown in Figure 3-18 where the precipitation data for samples cooled under different
levels of stress for CWSR Zr-4 samples is presented. The precipitation rate appears constant for
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unstressed samples (Figure 3-18(a)) and samples that are stressed but not reoriented (Figure
3-18(b)). In samples that exhibit hydride reorientation (cooled under 230 MPa applied stress), the
precipitation rate of hydrides is different at low temperature and at high temperature. It is clear
that at higher temperature, hydride precipitation is slower than at lower temperature, with a
transition to a higher rate at above 230ºC. The results in Figure 3-17 are from the higher
temperature fit. This means that even faster precipitation occurs below 230ºC. This behavior is
observed for all four cycles but is much more pronounced for cycles 2, 3 and 4. The same
behavior is observed in other samples undergoing the same thermo-mechanical treatment. The
reason for this change of regime is still unclear. It could be caused by the end of hydride
nucleation and the switch to a growth-only regime but more investigation is needed.

Figure 3-16 Results of experimental fit of hydrogen in solid solution during dissolution and precipitation of a
CWSR Zr4 sample with 90 wt.ppm of hydrogen for several thermal cycles. Precipitation occurred under 160
MPa stress (no reorientation).
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Figure 3-17 Results of experimental fit of hydrogen in solid solution during dissolution precipitation of a CWSR
Zr4 sample with 192 wt.ppm of hydrogen for several thermal cycles. Precipitation occurred under 230 MPa
stress (reorientation).

In summary, in this section, we have seen that cycling affects hydride dissolution and
precipitation kinetics due to a memory effect. For samples in which reorientation does not occur,
stress appears to slow the precipitation kinetics. When reorientation is present both dissolution
and precipitation show higher activation energies every cycle which means precipitation of
reoriented hydrides require additional energy than that of circumferential hydrides. There is also
appearance of a secondary kinetic regime with increased speed of hydride precipitation at the
second cycle under stress for reoriented hydrides. The dissolution and precipitation temperatures
seem unaffected by cycling in all the samples studied.
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(a) No stress

(b) 160 MPa stress – No reorientation

Q=24320
Q=12040

(c) 230 MPa stress – Reorientation
Cycle 1

(d) 230 MPa stress – Reorientation
Cycle 2

Q=40070
Q=35540

Q=53000

(e) 230 MPa stress – Reorientation
Cycle 3

Q=43730

Q=99360

(f) 230 MPa stress – Reorientation
Cycle 4

Q=51400

Q=88140

Q=102000

Figure 3-18 Evolution of hydrogen in solid solution as a function of inverse temperature for the CWSR Zr-4
samples (with 200-300 wt.ppm of hydrogen) during cooling under (a) no stress; (b) 160 MPa stress (no
reorientation); (c)-(d)-(e)-(f) 230 MPa stress, for 1, 2, 3 and 4 thermal cycles respectively (reorientation);
(integration along the transverse direction).

139
3.1.5.

Effect of cooling rates precipitation kinetics of reoriented hydrides

In addition to cycling, another parameter that could potentially affect hydride
morphology is cooling rate. The effect of cooling rate on the precipitation temperatures and
thermodynamics of hydride formation is presented in this section, with special attention to the
effect of cooling rate on reoriented hydrides is discussed.
Figure 3-19 shows the dissolution and precipitation temperatures for a RX Zircaloy-2
sample with 80 wt.ppm of hydrogen heated and cooled at different rates. Little effect is seen of
the heating rate on the dissolution temperature and the values correspond with those measured by
DSC. A small decrease is observed in the precipitation temperature at high cooling rates. It
should be noted that the different cooling rates were obtained for consecutive thermal cycles.
Measurements of the dissolution and precipitation temperatures in later cycles can be affected by
a ‘memory effect’ on hydride precipitation as has been seen previously. Thus, although these
measurements should be considered preliminary, the more pronounced effect of cooling rate on
Tp than heating rate on Td is consistent with previous work in DSC and synchrotron XRD [21,
170].
Figure 3-20 shows the precipitation temperature of several CWSR Zr4 samples cooled at
different rates under 230 MPa applied stress. The final microstructure of these samples presented
in Figure 3-28 shows reorientation in all samples, but with much smaller hydrides and less
pronounced reorientation in the faster cooled samples. A more detailed analysis of the hydride
microstructure is presented in Section 3.2. In Figure 3-20, the precipitation temperatures are
consistently below the expected values. This is consistent with the results presented in the two
previous paragraphs, in that Tp is affected by stress but not by the cooling rate.
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Figure 3-19 Precipitation and dissolution temperatures as a function of heating and cooling rate for a RX Zr2
with 80 wt.ppm of hydrogen (no stress applied).

Figure 3-20 Precipitation temperature of several CWSR Zr4 samples with hydrogen content ranging from 190245 wt.ppm cooled at different rates under 230 MPa applied stress (reorientation).

The A and Q values determined for the CWSR Zr4 sample precipitated under 230 MPa
stress at different cooling rates are summarized in Table 3-6 and illustrated in Figure 3-21. The
cooling rate does not seem to affect the activation energy Q or the parameter A in a very
significant manner. Similarly to the precipitation temperature, the precipitation rate is not
dependant on the cooling rate at the level of cooling rates we have studied (1-70 ºC/min). A and
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Q values were not calculated for the Zr2 sample with 80 wt.ppm shown in Figure 3-19. This is
because with so little hydrogen content and such fast heating/cooling rates, no reliable fit could be
obtained.
Table 3-6 Fitted kinetic parameters for precipitation for different CWSR Zr4 samples precipitated under 230
MPa applied stress at different cooling rates.

Applied
Stress
(MPa)

230
230
230
230

[H]
content
(ppm)

245
188
187
198

Max
temp.
(°C)

410
410
410
410

Cooling
rates
(°C/min)

1
5
10
50-70

Precipitation
A
(ppm)
85190
31027
79032
13048

Q
(J/mol)
30970
28260
32733
24519

Figure 3-21 Results of experimental fit of hydrogen in solid solution during precipitation of a CWSR Zr4 under
230 MPa applied stress at different cooling rates (reorientation).

In summary, we have seen that the cooling rate has little effect on the precipitation
temperatures and kinetics of hydride precipitation with and without applied stress. For unstressed
samples, there seems to be slightly more effect on the precipitation behavior than on the
dissolution behavior, but it is still very minor.
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3.1.6.

Discussion

In the previous paragraphs, in-situ X-Ray diffraction has been used to study the kinetics
of hydride dissolution and precipitation. The dissolution and precipitation temperatures were
determined and correspond well with literature values. Thermodynamic quantities such as
activation energy for hydride dissolution and precipitation have also been determined and are
close to literature values obtained by DSC [34]. This validates the use of in-situ XRD to study
hydride dissolution and precipitation. In addition, it has been observed that the dissolution and
precipitation behavior of hydrides is very similar in the transverse and the rolling directions.
Alloying elements and microstructure differences do not affect the dissolution behavior. There is
however a lower activation energy for hydride precipitation in recrystallized Zircaloy-2 compared
to CWSR Zircaloy-4. This difference is most likely due to alloying elements, although the
available data does not provide a definitive answer.
Hydride precipitation temperature is significantly affected by stress only when hydride
reorientation occurs. This suggests that the precipitation of reoriented hydrides occurs at more
significant undercooling than the precipitation of circumferential hydrides. This suggests that
stress acts to suppress circumferential hydride precipitation. The activation energy of both
reoriented and non reoriented hydrides is decreased when stress is applied. This is logical, since
its contribution will directly affect the strains in the hydrides during their formation.
The dissolution and precipitation temperatures are not affected by the number of thermal
cycles. However the ‘memory’ effect likely due to pre-existing dislocation nests appears to lower
the activation energy of circumferential hydride precipitation with increasing cycling. When
samples are thermally cycled under stress, the ‘memory’ effect seems to be different with an
overall lower activation energy that remains consistent with the cycles. When hydrides are
reoriented during several cycles, the activation energy seems to increase with the number of
cycles. In addition, two different thermodynamic regimes seem to appear after cycle 2. When
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hydrides are reoriented and cycled, we can observe a coarsening of the hydrides (as seen in the
micrographs in Section 3.2) as well as an increase of the total percentage of reoriented hydrides.
The increase of activation energy indicates that it gets harder and harder to reorient more hydrides
in a coarser microstructure.
Finally, cooling rate seems to have a minimal effect on the precipitation temperature of
hydrides and on the thermodynamic behavior.
Now that the kinetics of hydride dissolution and precipitation has been described, the
resulting microstructure of hydrides from these thermo-mechanical treatments will be described
in the next section. In particular the necessary parameters to achieve hydride reorientation will be
described in more detail.

3.2. Hydride Reorientation Under Stress
In this section, image analysis of micrographs taken from samples with circumferential
and reoriented hydrides is presented. Hydride microstructure is studied as a function of (i) applied
stress during cool down, (ii) hydrogen content, (iii) cooling rates and (iv) number of cycles.

3.2.1.

Threshold Stress for Reorientation

The threshold stress for reorientation was determined by heating and cooling different
samples under different applied load and observing the resulting hydride microstructure using
optical microscopy. Using a tapered sample geometry (see Figure 2-18), the evolution of hydride
microstructure with applied stress can be studied in one single sample. The tapered sample gage
thickness and corresponding applied stress as a function of distance along the gage section is
presented in Figure 3-22. In Figure 3-23, a cross section of the tapered gage section of a CWSR
Zr-4 sample with 200 wt.ppm of hydrogen heated to 410ºC and cooled under a maximum stress
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of 230 MPa (calculated at the thinnest part) can be observed. The thinnest part of the gage section
is located just above the right hand arrow where the maximum amount of reorientation is
observed. Using Hydromorph, image analysis was performed on 200 μm x 200 μm sections of
these micrographs in order to determine the radial hydride fraction (RHF) in percent as a function
of applied stress. The results for CWSR Zr-4 samples are presented in Figure 3-24. From this, the
threshold stress can be determined as the onset of hydride reorientation. For the 200 wt.ppm
samples, the threshold stress for reorientation is between 140 and 200 MPa. There seems to be a
variation due to the number of cycles at which the sample was heated and cooled under stress but
this variation could also be caused by sample to sample variation. In addition, the RHF of the data
point at 230 MPa for the 200 wt.ppm-2 cycles sample is around 70% which is lower than the
previous point at 210 MPa (83%). This could be due to a local variation of the hydride population
and does not affect the measure of the threshold stress for reorientation (measured at around 170
MPa). For samples with 300 wt.ppm of hydrogen, the threshold stress also appears to be around
200 MPa. These values are consistent with literature results for CWSR samples discussed in
Chapter 1. The observed hydride density is constant along the gage section for all observed
samples.

Figure 3-22 Width of tapered sample gage section and corresponding applied stress. Note: the sample thickness
is constant along the entire gage section at 1.9 mm.
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Figure 3-23 Microstructure along the gage section of a CWSR Zr-4 sample with 200 wt.ppm of hydrogen heated
and cooled under a maximum stress of 230 MPa for two thermal cycles.

Figure 3-24 Radial Hydride Fraction as a function of stress in CWSR Zr-4 tapered specimen.

Results for recrystallized Zircaloy-2 and Zircaloy-4 have been obtained on dogboneshaped samples. Different samples were heated then cooled at different applied stress. The
resulting microstructure was analyzed by the same Hydromorph image analysis method. The
starting RHF for hydrides precipitated under no applied stress in RX Zr-2 and Zr-4 is about 1015%. This is due to the fact that circumferential hydride platelets are less aligned for samples
with larger grains since they tend to follow grain boundaries with favorable orientation
relationships which lead to less circumferential morphology. The RHF for recrystallized Zircaloy2 and Zircaloy-4 samples cycled under stress are presented in Figure 3-25. From this graph, we
can determine that the threshold stress for hydride reorientation is between 75 and 85 MPa for RX
Zr-4 and below 75 MPa for RX Zr-2. These results are also consistent with earlier literature
results presented in Chapter 2. The variation of threshold stress for reorientation from material to
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material could be linked to different yield stresses of the zirconium matrix in these materials. It
appears that the stronger the material, the higher the threshold stress needed for hydride
reorientation. This implies hydride reorientation is a process governed by stress/strain
mechanisms as will be discussed in Section 3.3.

Stress
Figure 3-25 Radial Hydride Content as a function of stress for RX Zr-2 and Zr-4.

3.2.2.

Study of Influencing Factors on Reoriented Hydride Morphology

In the previous paragraph, the threshold stress for onset of reorientation was studied as a
function of hydrogen content and number of thermal cycles. The total fraction of reoriented
hydrides also affects the cladding capacity to fracture. Hydride connectivity, which can be
defined as the inverse of the distance to the closest hydride neighbor, and hydride size are also
crucial factors for cladding failure analysis. When the hydride population is highly reoriented and
with high connectivity and long hydrides, a crack can easily propagate through a brittle path thus
leading to early failure. In this paragraph, the influence of number of thermal cycles, hydrogen
content and cooling rate on the radial hydride fraction and hydride size is presented. The hydride
microstructure after thermo-mechanical treatment is observed by optical microscopy and
analyzed using Hydromorph.
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The results of varying the number of thermo-mechanical cycles for samples with 200
wt.ppm of hydrogen heated to 410ºC and cooled under an applied stress of 230 MPa are presented
in Figure 3-26. The resulting macroscopic hydride microstructure can be seen in the optical
micrographs (The microscopic microstructure such as individual hydride platelets can not be
observed with the etched optical imaging presented in this section but will be discussed in Section
3.2.3).The radial hydride fraction (RHF) and hydride length calculated by Hydromorph are
presented as a function of number of thermo-mechanical cycles in the graph below. With
increasing number of cycles, the RHF increases. As the hydrides reorient, the hydride particle
size initially decreases then steadily increases. The hydrides coarsen with increasing number of
cycles. Thermal cycling also drastically increases hydride connectivity. Cycling is thus very
detrimential in terms of cladding embrittlement.

Initial

1 cycle

2 cycles

4 cycles

Figure 3-26 Evolution of RHF and hydride size with number of thermal cycles for CWSR Zr-4 samples with 2—
wt.ppm of hydrogen cooled under 230 MPa applied stress (cooled at 1ºC/min). Optical micrographs are 200μm x
200 μm.
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Results from varying the amount of hydrogen content in samples heated to 410-450ºC
and cooled under an applied stress of 230 MPa are presented in Figure 3-27. It can be seen that
for hydrogen content above 200 wt.ppm of hydrogen, the degree of hydride reorientation
decreases with increasing hydrogen content. This is likely because for the higher hydrogen
content not all hydrogen is dissolved during high temperature treatment. It should be noted that
for samples with hydrogen content much lower than 200 wt.ppm (such as 100 wt.ppm for
example) the degree of hydride reorientation also decreases, because hydride precipitation occurs
at a lower temperature and the hydrogen is less mobile.The size of the reoriented hydride particles
does not seem to vary significantly for hydrogen content above 200 wt.ppm.

230 wt.ppm

300 wt.ppm

330 wt.ppm

Figure 3-27 Evolution of RHF and hydride size with hydrogen content for CWSR Zr-4 samples cooled under
230 MPa applied stress (1 thermal cycle, cooled at 1ºC/min). Optical micrographs are 200μm x 200 μm.
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The data from Figures 3-26 and 3-27 was obtained with a cooling rate of 1ºC/min. The
effect of increasing cooling rate on hydride microstructure for samples with 200 wt.ppm of
hydrogen heated to 410ºC and cooled under 230 MPa is shown in Figure 3-28. The fraction of
reoriented hydrides decreases with increasing cooling rate (above 10ºC/min). There is also a very
slight decrease of the average hydride length for cooling rates of 60ºC/min. Hydride length is
fairly constant for cooling rates from 1ºC/min to 10ºC/min.

1°C/min

5°C/min

10°C/min

60°C/min

Figure 3-28 Evolution of RHF and hydride size with cooling rate for CWSR Zr-4 samples with 200 wt.ppm of
hydrogen cooled under 230 MPa applied stress (1 thermal cycle). Optical micrographs are 200μm x 200 μm.

In this section, we have seen that cycling has a strong effect on hydride reorientation. The
amount of hydrogen in the sample and the cooling rate under load also affect the RHF but in a
less marked fashion than the number of cycles.
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3.2.3.

Reoriented Hydride Microscopic Morphology

In the previous two sections, hydrides were observed by optical microscopy after having
been preferentially etched. As explained in Chapter 2, etching polished samples preferentially
attacks hydrides creating a clear contrast between hydride and matrix that can be observed with
optical microscopy and secondary electrons in the SEM.
In Figure 3-29(a) and (b), optical micrographs and SEM images of etched samples are
visible. The hydrides are clearly seen as dark features in the optical microscope. In the SEM, the
‘valley’ nature of the features associated with the etched hydrides in the zirconium matrix surface
is clearly shown. While useful and easy to implement, etching can introduce confounding effects
when studying hydride microstructure. Figure 3-29(c) and (d) show SEM and STEM images of
the same sample shown in (a) an (b), but this time a cross-section cut has been made using FIB
milling. The image of the sub-surface hydrides is pointed to by red arrows. It is clear that at least
in this case the real hydrides are actually 7-10 times smaller than the etched trace of the hydride.
In addition, the fine structure of hydride precipitates as seen in Figure 3-29(c) and (d) is lost when
looking at etched traces of hydrides. Thus, in order to better understand hydride precipitates, it is
necessary to observe their fine structure by FIB milling samples using nano-SEM (better
resolution) and TEM.
Thin samples were prepared with FIB Milling and examined using transmission electron
microscopy (TEM). Two CWSR Zr-4 samples were prepared: one with circumferential hydrides
(no reorientation) and one with fully radial hydrides (full reorientation, applied stress during cooldown 230 MPa, 2 cycles). The results from the sample with circumferential hydrides are
presented in Figure 3-30. The RD is horizontal in those micrographs, so the hydrides are observed
edge-on. The hydrides (indicated with white arrows) are identified by analyzing the diffraction
patterns. Some of the hydride diffraction patterns are presented in Section 3.4. The individual
hydride particles are schematically represented in Figure 3-30(c). In Figure 3-30(b), several

151
microscopic hydrides seem to have stacked up with individual platelets roughly aligned to the
ND, as expected from the literature. The small individual hydride platelets are about 300 nm thick
a much larger value that the 30-50 nm reported in the literature [37]. This hydride thickness
corresponds well to the ‘macroscopic hydride’ thickness observed in the literature.
Hydrides from a CWSR Zr-4 fully reoriented sample are observed with TEM in Figure
3-31. In these micrographs, the transverse direction is approximately horizontal and the rolling
direction is vertical. A single large precipitate of about 200 nm in thickness is identified. There is
no evidence of stacking of precipitates even in dark field imaging, which contradicts some of the
previous literature [59]. The hydride particle is roughly perpendicular to the applied direction of
the load (TD). Discussion on the orientation relationship of these precipitates is presented in
Section 3.4.

Figure 3-29 Comparison of circumferential hydrides in the same sample (200 wt.ppm, CWSR Zr-4) observed by
different microscopy techniques. The sub-surface hydrides are indicated with red arrows in the bottom pictures
(images courtesy of Zeiss).
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Figure 3-30 (a) Bright field and (c) dark field image (on a hydride reflection) of a CWRS Zr-4 with
circumferential hydrides (image in the RD/ND plane, RD horizontal). The hydrides are indicated with white
arrows. (c) schematic representation of the hydrides (white particles) as seen in the TEM images.

Figure 3-31 (a) Bright field and (b) dark field image (on a hydride reflection) of a CWRS Zr-4 with reoriented
hydrides (image in the TD/RD plane, TD horizontal). The hydride is indicated with white arrows. (c) schematic
representation of the hydrides (white particles) as seen in the TEM images.
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3.2.4.

Discussion

The results shown earlier in Section 3.2 show that the threshold stress for the onset of
hydride reorientation varies with the alloy and the starting zirconium microstructure. In CWSR
Zr-4, the threshold stress is 140-200 MPa while it is between 75-80 MPa for RX Zr-4. For RX Zr2, the threshold stress is below 75 MPa. For all material studied, the threshold stress for
reorientation is between 60-85% of the yield stress at the maximum temperature of the thermomechanical reorientation treatment. This variation of the threshold stresses is thus likely linked to
the matrix yield stress. The effects of hydrogen content and number of cycles on the threshold
stress were investigated and found not to be very significant, although increasing number of
cycles has a strong effect on the fraction of reoriented hydride and on hydride morphology (size
and connectivity). More hydrides reorient with increasing number of cycles. The hydrides also
become larger and more connected with increasing number of cycles. Both of these effects lead to
increased probability of cladding failure. Increasing hydrogen content results in a smaller fraction
of reoriented hydrides. This is likely because not all hydrides are dissolved at high temperature.
However, even when all the hydrides are dissolved, higher hydrogen content leads to less
reorientation of hydrides. This could be because there are not enough favorable sites for
reoriented hydride precipitation. Increasing the cooling rate also leads to less hydride
reorientation and smaller hydrides because hydrides hydrogen atoms have less time to precipitate.
Using FIB sample preparation techniques, it has been shown that the hydrides are 7-10
times smaller than the etched hydrides seen in optical imaging. TEM analysis of circumferential
hydrides shows that the platelets are perpendicular to the ND, as expected. The hydrides are
stacked but the individual particles are larger than previously reported in the literature with a
typical thickness of 300 nm. Reoriented hydrides are not stacked and are 200 nm in thickness.
Now that the effect of stress on hydride morphology and global orientation has been studied, the
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hydride elastic strains measured in-situ during hydride precipitation are presented in the next
section.

3.3. Hydride Strains During Precipitation/Growth

3.3.1.

Strains in Hydrides Grown Under No Applied Stress

In this section, we discuss the observed elastic strain in the zirconium matrix and the
hydrides as the hydrides dissolve and re-precipitate. These strains were measured in situ using
transmission XRD, studied by observing the shift in the diffraction peak of hydride or matrix
planes and the broadening of these peaks.
Strains in the zirconium matrix
Unhydrided sample
During hydride dissolution and precipitation experiments, the temperature is increased to
a temperature high enough to dissolve all hydrides present in our samples. In order to determine
the effect of temperature and thermal expansion strains on the overall strains in the matrix an
unhydrided CWSR Zr-4 sample was heated and cooled in situ. The results are shown in Figure
3-32 and Figure 3-33. The strain represented here is the uniaxial strain calculated using the first
data point at time zero and room temperature in the following manner:
3-4
The reference d-spacing at room temperature for the zirconium peaks comes from the
first diffraction pattern recorded at room temperature before any thermo-mechanical treatment.
Using the evolution of strain in the Zr{100} peak with temperature shown in Figure 3-32,
the coefficient of thermal expansion in the a direction for the hexagonal structure was calculated
to be about 6.2 x 10-6 ºC-1 in the transverse direction and 5.6 x 10-6 ºC-1 in the rolling direction.
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These thermal expansion coefficients are calculated during the cool-down phase since it was
performed more slowly than the heat-up phase. However, as seen in Figure 3-32, the coefficients
of thermal expansion calculated during heat-up and cool-down are very close. Using the evolution
of strain in the Zr{002} peak with temperature as shown in Figure 3-33, the coefficient of thermal
expansion in the c direction was found to be 8.2 x 10-6 ºC-1 in the transverse direction (there are
almost no basal planes in the rolling direction, so the coefficient of thermal expansion was only
calculated in the TD). In this case the coefficient was also calculated during the cool-down step.
These values are very close to the expected literature values of 5.7 x 10-6 ºC-1 and 7.6 x 10-6 ºC-1
reported for CWSR Zr-4 [170].

Figure 3-32 Strain as a function of temperature in Zr(100) peak for an unhydrided sample heated and cooled
under no applied stress.
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Figure 3-33 Strain as a function of temperature in Zr(100) peak for an unhydrided sample heated and cooled
under no applied stress

Hydrided samples
The zirconium strain behavior during heating and cooling of hydrided samples is slightly
different than that of unhydrided samples such as those discussed above. The additional strain in
the zirconium matrix caused by hydrogen atoms in solid solution can be observed as the hydrides
dissolve and re-precipitate. The expected effect of hydrogen atoms in solid solution on zirconium
strains is schematically represented in Figure 3-34. As the temperature increases from room
temperature, the Zr{100} d-spacing increases proportionally as predicted by the thermal
expansion coefficient of 6.2 x 10-6 ºC-1 in the transverse direction. When hydrides start to
dissolve, the hydrogen atoms in solid solution cause an additional expansion of the zirconium
planes (red curve in Figure 3-34). This additional expansion ends when all hydrides are dissolved,
whereupon additional expansion comes from the thermal expansion of the samples. During cooldown, the same process is seen in reverse. Thus the change in zirconium d-spacing can also be
used to determine the dissolution and precipitation temperatures. Figure 3-35 and Figure 3-36
show the measured strain in the TD and RD respectively for the Zr{100} peak in a sample with
129 wt.ppm of hydrogen. In these graphs, it can be seen that the strain upon heating follows the

157
expected thermal expansion behavior. However, upon cooling, there is a change of slope of the Zr
strain at about the hydride precipitation temperature. This change of slope is due to the fact that
below the precipitation temperature, hydrides start precipitating and fewer atoms remain in solid
solution in the matrix. The effect of these atoms in solid solution on the matrix strain is thus
mitigated at lower temperatures. After most of the hydrides have precipitated, the zirconium
strains become governed by thermal expansion only. This effect is even more pronounced for
samples with higher hydrogen content, as can be seen in Figure 3-37 where strains in a sample
containing 294 wt.ppm of hydrogen are shown. These effects of hydrogen on zirconium strains
are coherent with the schematic representation of Figure 3-34.

Figure 3-34 Schematic of the effect of hydrogen in solid solution on zirconium strains with temperature in
unhydrided and hydrided samples.
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Figure 3-35 Strain in TD in the Zr(100) peak in a sample with 129 wt.ppm of hydrogen heated and cooled under
no applied stress. The strain in unhydrided material is represented as well.

Figure 3-36 Strain in RD in the Zr(100) peak in a sample with 129 wt.ppm of hydrogen heated and cooled under
no applied stress.
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Figure 3-37 Strain in TD in the Zr(100) peak in a sample with 294 wt.ppm of hydrogen heated and cooled under
no applied stress.

Strains in hydrides
Similarly to the strain evolution in the zirconium matrix, the strain in the hydrides can
also be followed by observing the peak shift of chosen hydride peaks. In the case of hydrides, the
calculated strain was also based on a uniaxial type calculation. Even though hydrides are really in
a multi-axial stress state, this simpler calculation of strains provides us with a good first-order
approximation. For hydrides, the question of which reference value should be chosen is a
complex one, since no proper reference exists for the d-spacing of hydrides given that the dspacings are normally measured by hydrides that form under compressive stresses in the
zirconium matrix. Measurements on bulk hydrides have been reported in the literature but these
hydrides may have a slightly different stoichiometry and be in a different stress state than the
hydrides precipitating in a zirconium matrix. In the following section, it is assumed that at the last
point before complete dissolution, the hydrides are very small and fully relaxed. Therefore their
d-spacing at that temperature is that of unstressed hydrides and was used as the reference dspacing. It has been found that this value of d-spacing is often close to the bulk hydride reference
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d-spacing called ddiss at the same temperature. The resulting formula for calculating the elastic
strain in hydrides is:
3-5
Strain in delta(111) Hydride Peak
The elastic strains in the hydride measured for the δ{111} planes in the TD in a sample
with 294 wt.ppm of hydrogen are presented in Figure 3-38 as the hydrides are dissolved and reprecipitated. As the hydrides dissolve, the hydride d-spacing follows the same trend as the
zirconium d-spacing (represented in dark blue dotted line in the figure), rather than the thermal
expansion coefficient of hydrides of 14.2 x 10-6 ºC-1, likely because their expansion is limited by
being embedded in the matrix. In the final stages of dissolution, the hydrogen in solid solution
increases the zirconium d-spacing (as discussed in the previous paragraph) while the hydride dspacing is very close to the unstressed d-spacing value from the literature [157] calculated at T =
450ºC, of 2.7672 Angstroms. This has been found to be approximately true for most samples, and
therefore this value was taken as the real unstressed value.
Beyond 450ºC, all diffraction signal disappears so the hydrides are completely dissolved.
As the temperature is decreased, precipitation starts to occur near the precipitation temperature of
398 ºC. At that stage, a small diffraction peak appears. Analysis of the peak full-width at halfmaximum (as seen in the ‘Hydride Peak Broadening’ paragraph below) shows that down to
354ºC, size broadening is the dominant mechanism. The other feature is that the δ(111) d-spacing
in the TD (Figure 3-38) and in the RD (Figure 3-39) is much lower than the unstressed value,
indicating that these particles are under compression at about 10 millistrains which corresponds to
a stress of 660 MPa, at their edges (This high compressive strain could also be due to the fact that
the initially forming hydrides have a slightly different stoichiometry than the δ-hydride phase.
Hydride phases forming with proportionally less hydrogen would lead to a lower d-spacing [173].
Formation of a γ-hydride phase for example would however only account for ~3-4 millistrain of
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the compressive strains observed). The average compressive strain of the hydride population
decreases as the temperature decreases to 375ºC. This could be due to a change of shape from
spherical to platelet precipitate. In the case of platelet-shaped precipitates, shear stresses lead to
formation of dislocations in the matrix (whereas for spheres, only hydrostatic stresses are present
thus not forming dislocations). Also sympathetic nucleation enabling new hydride nuclei to
precipitate in the strain field of neighboring hydrides, thus requiring less strain to form, likely
contributes to the decrease in average strain of the hydride population during cool-down. The
available data does not enable us to distinguish between these possible causes. Although the
differential thermal expansion of hydrides (14.2 x 10-6 ºC-1) and zirconium (6x 10-6 ºC-1) could
cause some relaxation it would only account for 7%-10% of the strain relaxation observed [on a
temperature change of 50ºC, εthermal difference = 50 x (14.2 x 10-6 - 6x 10-6) = 0.4 millistrain]. At
375ºC, half the hydrides are precipitated and the strains start to follow the thermal expansion of
zirconium. This suggests that below this temperature less nucleation occurs and thus less
relaxation due to post nucleation change of shape and/or dislocation formation. The strain value
at room temperature after the thermal cycle suggests hydrides are compressed with a stress of
about ~500-700 MPa which is below the hydride yield stress (calculated using a multi-axial stress
state) [174]. The observed strain behavior is the same in the rolling direction as can be seen in
Figure 3-39. This is logical since, in both cases, the planes observed are the side {111} planes of
the hydride platelet and the texture and microstructure of the edges or the hydrides are expected
to be similar in the TD and the RD.
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Figure 3-38 Strain in TD in the hydride δ(111) peak in a sample with 294 wt.ppm of hydrogen heated and cooled
under no applied stress. The strains in the Zr(100) peak in the TD are plotted for reference.

Figure 3-39 Strain in RD in the hydride δ(111) peak in a sample with 294 wt.ppm of hydrogen heated and cooled
under no applied stress.
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Figure 3-40 D-spacing in TD of the hydride δ(111) peak in a sample with 294 wt.ppm of hydrogen heated and
cooled under no applied stress. The d-spacing of the Zr(100) peak in the TD are plotted for reference.

Strain in delta(220) Hydride peak
The strain in the δ{220} show a similar secondary regime in the TD and the RD as seen
in Figure 3-41. The first regime of precipitation below 375ºC is not observed because the {220}
peak intensity is significantly smaller than that of the δ{111}peaks. Thus it is much more difficult
to discern and fit the {220} hydride peaks at higher temperatures, when the hydride volume
fraction is low.

Figure 3-41 Strain in the TD and the RD in the hydride δ(220) peak in a sample with 294 wt.ppm of hydrogen
heated and cooled under no applied stress.

164
Hydride Peak Broadening
Williamson-Hall Analysis
Diffraction peak broadening observed in XRD data can be caused by several factors.
Once instrumental broadening has been taken out, both strain broadening and size broadening
need to be considered. In order to quantitatively differentiate between strain and size broadening
and to better understand the general state of strain of the hydrides, an analysis was carried out
using Williamson–Hall plots [175]. The following relations allow us to distinguish between the
two types of broadening:
3-6
3-7

where FWHMSample is the measured Gaussian FWHM minus the instrumental broadening (in
radians 2θ), θ is the Bragg angle (in radians), εlattice is the root-mean-square strain, t is the sample
particle size (in nm) and λ is the x-ray beam wavelength (in nm). The instrumental broadening
was measured using a powder standard and removed by quadratic subtraction [FWHMSample =
√(FWHMMeasured2 - FWHMInstrumental2)]. A Williamson–Hall plot presents FWHM x cos θ - noted
B- as a function of sin θ for different peaks of the same phase. Strain broadening varies with the
2θ value of the peak under consideration, whereas size broadening is independent of angle when
plotted in the Williamson–Hall plots, as represented schematically in Figure 3-42. Therefore, the
slope of the curves plotted is proportional to strain, and the y-intercept is proportional to the
amount of size broadening. A Williamson–Hall plot is presented in Figure 3-43 for a Zircaloy-4
sample with 525 wt ppm of hydrogen for hydrides precipitated at slow cooling rate under no load.
Only two, δ{111} and δ{220}, out of the three hydride peaks are used in these graphs since the
third hydride peak δ{200} is too small and is highly convoluted with a very large α-zirconium
peak and thus its shape cannot be fitted properly. The line defined by the two points has a yintercept close to zero for both TD and RD. This implies that there is negligible size broadening
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of the hydride peaks at room temperature. This is likely because the hydride particles we are
detecting are too big to induce significant size broadening.

Figure 3-42 Schematic representing Williamson-Hall analysis.

Figure 3-43 Typical Williamson-Hall plot of a RX Zircaloy-4 sample with 525 wt.ppm of hydrogen.

The evolution of the slope and intercept of these Williamson-Hall curves can then be
followed as a function of temperature as the hydrides are dissolved and re-precipitated. The
results for these fits are presented in Figure 3-44. Fits at higher temperatures are, of course, less
accurate than those at lower temperature since when hydrides just start to precipitate, their
diffraction peaks are quite small and thus difficult to fit with good confidence. However, a trend
can be observed from the data presented in Figure 3-44. At higher temperatures during cooling,
the slope tends to decrease and approaches zero, the intercept on the other hand is actually
increasing at higher temperatures. This suggests that above 375ºC, there is mostly size broadening
in our samples, whereas below 375ºC, the peak broadening is dominated by strain. In the left-
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hand side of Figure 3-44, the size of the particles as calculated by size broadening is presented. It
should be noted that after 325ºC, only strain broadening is detected so the size of the particles
may be changing without being detected by the size broadening technique. The size of the
particles forming at high temperature calculated using Equation 3-6 is about 25 Angstroms. When
the particle size reaches approximately 300 Angstroms the size broadening effect becomes
negligible compared to the strain broadening effect.

Figure 3-44 Slope and intercept of the Williamson-Hall Plots for a sample with 294 wt.ppm of hydrogen, heated
and cooled under no applied stress.

FWHM of delta(111) Hydride peak
The direct observation of the FWHM also gives us information on the range of nonuniform strains present in the particles. In Figure 3-45, the FWHM of the δ{111} peak is
presented in the TD and the RD for the same sample as described above with 294 wt.ppm of
hydrogen. It can be seen that above 375 ºC the FWHM is quite high, likely due to size
broadening. However, below 375ºC, the FWHM is constant with temperature. This signifies the
strain distribution within the sampled hydride population remains constant during final
precipitation and cool-down. This behavior is the same in both TD and RD. This behavior is quite
different for partially reoriented sample and reoriented sample and is further discussed in the
following sections.
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Figure 3-45 FWHM in the TD and the RD in the hydride δ(111) peak in a sample with 294 wt.ppm of hydrogen
heated and cooled under no applied stress.

FWHM of delta(220) Hydride peak
The FWHM in the δ{220} presented in Figure 3-46 follows the same behavior than that
of the δ{111} discussed above in both the TD and the RD. This is consistent with our size
broadening explanation at higher temperatures and similar strain behavior at lower temperatures.

Figure 3-46 FWHM in the TD and the RD in the hydride δ(220) peak in a sample with 294 wt.ppm of hydrogen
heated and cooled under no applied stress.

Summary
In this section, the effects of temperature and hydrogen in solid solution on the zirconium
matrix strain have been observed. Strains in the hydrides have also been observed. From these
analyses, a model for elastic strains during hydride growth can be described. When hydrides
form, they are highly compressed small precipitates (of about 25 Angstroms in size) which induce
size broadening. These compressive strains relax, either by change of shape or formation of
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dislocations (or both). After half of the hydrides precipitate, there is no longer size broadening
(the particle size is above 300 Angstroms), and the hydride strains follow the thermal expansion
of the zirconium matrix as they keep growing and cooling. The effect of applied stress on the
strains in precipitating hydrides is described in the following sections.

3.3.2.

Strains in Hydrides Grown Under Stress but Not Reoriented

In this section, the effect of applied tensile stress during hydride precipitation on hydride
and zirconium strains is discussed. In the samples studied here, a stress of 160 MPa was applied
which was not sufficient to induce any reorientation of hydrides. This allows us to separate the
effects of stress in circumferential hydrides and reoriented hydrides. The effect of stress on
reoriented hydrides strains is discussed in Sections 3.3.3 to 3.3.5.

Strain in the zirconium matrix
The strains observed in the zirconium matrix in the TD and the RD are shown in Figure
3-47 and Figure 3-48 respectively. The 160 MPa stress was applied in the TD during cooling. The
tensile frame was operated in load control, ensuring a constant load was applied on the sample
during cooling. From Figure 3-47 and Figure 3-48, the effect of the dissolved hydrogen in solid
solution on the zirconium strains can also be observed at the expected temperature ranges. The
change of slope of the zirconium strains as hydrides dissolve and re-precipitate is similar to that
observed in Figure 3-35. The load was applied at high temperature and removed at 150ºC. The
applied load stretches the Zr {100} planes in the TD and compresses them in the RD by Poisson’s
effect as seen in Figure 3-47 and Figure 3-482. When the load is removed, the RD peak comes

When a tensile stress is applied in the TD, Poisson’s ratio is defined as
. For small deformations,
176.
Boresi, A.P., R.J. Schmidt, and O.M. Sidebottom,
"Advanced Mechanics of Materials". Strain, 1993, 29, p. 141-142..
2

169
back to its expected d-spacing value; however the TD planes remain a little stretched by 0.2
millistrain approximately compared to those in Figure 3-35. This could be due to relaxation of the
residual compressive strains of the zirconium matrix (the effect is mitigated in the RD due to a
Poisson’s ratio of 0.32 [81]) due to the thermal cycle under applied load.

Figure 3-47 Strain in TD in the Zr(100) peak in a sample with 124 wt.ppm of hydrogen heated and cooled under
160 MPa tensile stress (in the TD).

Figure 3-48 Strain in RD in the Zr(100) peak in a sample with 124 wt.ppm of hydrogen heated and cooled under
160 MPa tensile stress (in the TD).

Strains in hydrides
Strain in delta(111) Hydride Peak
The elastic strains in the hydrides δ{111} peaks are presented in Figure 3-49 and Figure
3-50 in the TD and the RD respectively for a sample with 124 wt.ppm of hydrogen cooled under
160MPa applied tensile stress. Since the hydrogen content is much lower than in the previous
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sample with 294 wt.ppm, the hydrides δ{111} peaks in the TD are less well defined and thus the
fit has greater uncertainty. As a consequence, not much can be told from Figure 3-49. Hydride
peak intensity being much higher in the RD (due to hydride texture), the δ{111} peaks in the RD
are much better defined than those in the TD and their fit is more accurate. The strains during
hydride dissolution seen in Figure 3-49 are similar to the ones observed in Section 3.3.1 (Figure
3-38). This is logical since hydrides were dissolved under no applied stress. During cooling, the
first regime of precipitation is similar and starts at about the same compressive strain of 10
millistrain. Even under stress, hydride particles start as highly compressed small precipitates then
relax some of these compressive strains as they grow, change shape and form dislocations. The
change to the second regime of precipitation occurs at 280ºC, which is also when half of the
hydrides are precipitated (as was the case for the 294 wt.ppm sample). However, this secondary
regime at lower temperatures is different than the one observed in the unstressed sample. In the
stressed sample, hydride compressive strains do not depend on temperature and are constant even
though the entire system is cooling. This could be explained by the fact that under a far-field
strain, the zirconium matrix deforms more easily and transfer some of the tensile strain to the
hydride. This load transfer gives enough tensile stress to compensate for the compressive strains
that would appear due to cooling. This explanation has been advanced by Kerr et al. when they
studied room temperature samples [76]. Finally when the applied load is removed at 150ºC, the
hydrides planes in the RD are slightly less compressed than initially at that temperature (seen
from the dissolution curve) which would indicate some strain relaxation occurs in hydrides grown
under tensile stress.
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Figure 3-49 Strain in TD in the hydride δ(111) peak in a sample with 124 wt.ppm of hydrogen heated and cooled
under 160 MPa tensile stress (in the TD).

Figure 3-50 Strain in RD in the hydride δ(111) peak in a sample with 124 wt.ppm of hydrogen heated and cooled
under 160 MPa tensile stress (in the TD).

Strain in delta(220) Hydride Peak
Since this sample has much lower hydrogen content, the intensity of the hydride δ{220}
peaks is much lower and thus the strain observed in these planes is noisier and less easy to
characterize, as can be surmised from Figure 3-51. One parameter that can be observed from this
graph however is that when the load is removed, the hydrides go to a sligthly more compressed
state in the TD and a less compressed state in the RD. This is logical, since there is some
relaxation of the zirconium matrix in these directions as seen in Figure 3-47 and Figure 3-48.
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Figure 3-51 Strain in the TD and the RD in the hydride δ(220) peak in a sample with 124 wt.ppm of hydrogen
heated and cooled under 160 MPa tensile stress (in the TD).

Hydride Peak Broadening
Williamson Hall Analysis
The calculated slopes and y-intercept for the Williamson-Hall plots in the sample that
was stressed but not reoriented are shown in Figure 3-52 in the RD (the data in the TD was too
noisy as explained above). It can be seen that the behavior is very similar to that observed in the
unstressed sample with some size broadening observed during the first regime of precipitation
then constant strain broadening due to strain distribution within the hydride population. This
shows that although the hydride strain behavior is different during the second precipitation
regime, the distribution of strains in the hydride population is constant as the sample is cooled.

Figure 3-52 Slope and Intercept of the Williamson Hall plots in a sample with 124 wt.ppm of hydrogen heated
and cooled under 160 MPa tensile stress (in the TD).
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FWHM of delta(111) Hydride peak
The FWHM of the hydride δ{111} hydride peaks shown in Figure 3-53 exhibit a similar
behavior to that shown by hydrides in unstressed samples. The applied stress does not seem to
affect the FWHM in the case of hydride precipitated under applied stress but not reoriented. As
discussed below, this is not the case for reoriented hydrides.

Figure 3-53 FWHM in the TD and the RD in the hydride δ(111) peak in a sample with 124 wt.ppm of hydrogen
heated and cooled under 160 MPa tensile stress (in the TD).

Additional information on FWHM of stressed non reoriented samples
In preparation to the comparison to reoriented samples, an additional piece of information
on hydrides cooled under stress but not reoriented can be found in Figure 3-54. In this figure, the
FWHM of the hydride δ{111} peaks in the RD and the TD for a sample heated then cooled under
an applied stress of 160 MPa is shown. Since this sample contained 246 wt.ppm of hydrogen and
was only heated to 410ºC, full dissolution was not achieved. However, once hydrides are fully
precipitated and load is taken off at 150ºC, the FWHM for both RD and TD is constant, even
though the hydrides are cooled fast to room temperature. This behavior is coherent with what was
previously observed, but different from that of reoriented hydrides when fast cooled without
stress from 150ºC to room temperature, as described below.
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Figure 3-54 FWHM of hydride(111) peak in a sample with 246ppm of hydrogen cooled under a 160 MPa applied
stress (stress applied in the TD).

Summary
In this section it has been shown that hydrogen in solid solution also affects the
zirconium matrix under an applied stress. In addition, when 160 MPa stress is applied in the TD,
the planes in the TD in the zirconium are in tension while those in the RD are in compression, due
to Poisson’s effect. When the load is removed after 1 thermal cycle, the planes in the zirconium
matrix remain stretched by 0.2 millistrain compared to their values before thermal treatment. In
the hydrides, the initial precipitation regime at high temperatures is similar to that of unstressed
samples. Size broadening is observed when particles are small (below 300 Angstroms), and a
state of compression exists which is relaxed as particles grow. When approximately half of the
hydride volume fraction has precipitated, the hydride lattice parameter stops relaxing as the
temperature decreases, as occurred for the unstressed samples with a distinct difference. In the
case of stressed but not reoriented samples, hydride lattice parameter does not decrease in the
second precipitation regime, indicating constant strain as they grow and cool-down. This suggests
that the matrix, (subjected to an applied far-field strain from the applied load) deforms more
easily and transfers some of the tensile load to the hydrides. This tensile load is then sufficient to
compensate for hydride compression due to thermal contraction. Once the load is removed,
hydrides are less compressed in the TD and more compressed in the RD due to the fact that the
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matrix relaxes previous compressive residual stresses during the thermo mechanical cycle. Finally
size broadening of the hydride diffraction peaks is observed at high temperatures. As hydrides
grow and are cooled, peak broadening is essentially due to a constant non-uniform strain
broadening in the TD and the RD. This strain distribution is unaffected by removing the applied
load, cooling fast or slow and whether hydrides are still growing or have achieved full
precipitation.

3.3.3.

Strains in Samples with Hydride Reorientation

In this section we discuss samples that have been cooled under an applied stress of 230
MPa, thus leading to hydride reorientation. The resulting microstructure from this thermomechanical treatment can be seen in Section 3.2.

Strain in the zirconium matrix
Figure 3-55 shows the strains in the zirconium {100} peak in the TD and the RD as the
sample is heated, loaded in tension, cooled, then unloaded. Also here the lattice parameter
increases in the direction of the load (TD) and decreases in the perpendicular direction (RD) due
to Poisson’s effect. The effect of hydrogen in solid solution on zirconium lattice parameter
(stretching the zirconium plane when in solid solution compared to when the hydrogen is
precipitated as hydrides) is also observed but at a lower temperature than the expected
precipitation temperature. This has already been observed in Section 3.1 on hydride dissolution
and precipitation. A larger undercooling is required to precipitate reoriented hydrides. Also, once
the load is removed, the zirconium planes do not return to their initial value. This added
relaxation is more significant in the 230 MPa sample than in the 160 MPa sample due to a higher
applied stress.
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Figure 3-55 Strain of Zirconium (100) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
under a 230 MPa applied stress (stress applied in the TD, reorientation of hydrides).

Strain in Hydrides
Strain in delta(111) Hydride Peak
The strain in the hydride δ{111} peak for the δ {111} planes oriented along the
transverse and the rolling directions can be seen in Figure 3-56. During heating (which is
performed under no applied stress), the strain curves in the TD and the RD are similar to those
observed for unstressed samples.
During cooling, the hydride planes oriented in the transverse direction are observed to be
at a similar level of compression as the unstressed and as the stressed but not-reoriented samples.
This compressive strain gradually decreases as the temperature decreases, possibly because of
change of shape and formation of dislocations. However, while relaxing the strain actually
becomes positive meaning that these hydride planes are then in tension. This could be due to the
applied tensile stress in the TD or to the fact that we are now observing hydride planes on the face
of the hydride platelet and no longer on the edge, as for circumferential hydrides. As measured
by the d-spacing in the RD, in that direction, the hydrides remain in compression during the entire
precipitation and cool-down process. This could be caused by the compressive stress applied by
the matrix due to the applied tensile stress in the TD, or because the hydride planes in the TD are
the edges of the hydride platelets, in contrast to those planes observed in the TD.
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The second regime of precipitation is ushered in at about 320ºC for measurements both in
the TD and RD. Similarly as observed in the stressed but non-reoriented sample, the strain does
not vary with cooling below 320ºC. After the sample is unloaded at 150ºC (most of the hydrides
are precipitated at this temperature), a small tensile strain remains in the TD while the strain in
the planes in the RD become slightly less compressed as the applied compressive stress field is
removed.

Figure 3-56 Strain of Hydride (111) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
under a 230 MPa applied stress (stress applied in the TD, reorientation of hydrides).

Strains measured in delta(220) Hydride Peak
The strains measured from the hydride δ{220} peaks in the TD and the RD are presented
in Figure 3-57. The strains during heating are similar to those observed in uncompressed samples,
as would be expected. The cooling in the TD exhibit a similar shape as that observed for the
δ{111} peaks but with the main difference that the strain does not become positive (tensile). This
implies that the δ{220} peaks remain in compression while those with the δ{111} peaks parallel
to the TD are in tension. This could be due to the fact that we are sampling a mixed population of
reoriented and not-reoriented hydrides and thus the signal from the δ{111} peaks could be
coming preferentially from reoriented hydrides while that from the δ{220} peaks could be
coming preferentially from not-reoriented hydrides .
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The δ{220} peaks in the RD planes exhibit a very different behavior than those in the
TD: initially they start in tension then progressively compress. This could be due to the added
compressive stressed in the RD due to the applied tensile stress in the TD. Reoriented hydrides
could be starting under a slightly tensile stress in the RD then compress as the hydrides grow and
the effect of the compressed matrix planes in the RD become more prominent.
After the transition to the secondary regime of precipitation, the strain of the δ{220}
planes is not constant with temperature and varies slightly according to thermal contraction. This
behavior could be due to the fact that we are looking at the mixed population of reoriented and
not-reoriented hydrides.

Figure 3-57 Strain calculated from the observed d-spacing of the hydride (220) peak in the TD and the RD in a
sample with 192ppm of hydrogen cooled under a 230 MPa applied stress (stress applied in the TD, reorientation
of hydrides).

Hydride Peak Broadening
Williamson-Hall Analysis
The results from the Williamson-Hall analysis for the TD and the RD are presented in
Figure 3-58 and Figure 3-59, respectively. In both directions the size broadening at higher
temperatures observed in previous samples is also present in this sample. The slope and intercept
behavior for the RD are similar to those observed in unstressed and in stressed but not-reoriented
samples, suggesting that we are probing similar edges of the hydrides in the RD. In the TD
however, there seems to be a slight non constant increase of the slope with decreasing
temperature as determined by Williamson Hall analysis. This slope change with decreasing
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temperature will be more evident when looking directly at the FWHM graphs in the following
paragraph.

Figure 3-58 Slope and Intercept of the Williamson Hall plots in the TD in a sample with 192 wt.ppm of hydrogen
heated and cooled under 230 MPa tensile stress (in the TD, reorientation of hydrides).

Figure 3-59 Slope and Intercept of the Williamson Hall plots in the RD in a sample with 192 wt.ppm of
hydrogen heated and cooled under 230 MPa tensile stress (stress in the TD causing reorientation of hydrides).

FWHM of delta(111) Hydride Peak
The FWHM of the δ{111} hydride peaks in the TD and the RD are presented in Figure
3-60. The behavior during heating is similar to that observed in unstressed samples. During
cooling, the FWHM starts at large values then decreases, as the size broadening effect
progressively disappears. However, after transition to a strain-broadening dominated regime, the
curves in the TD and the RD are slightly different. The curve in the TD seems to vary with
temperature, increasing as the hydride is cooled. The one in the RD on the other hand is constant,
or decreases very slightly. This difference in even more visible in Figure 3-61 which shows the
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evolution wih time of the FWHM of the δ{111} hydride peaks in the TD and the RD for a sample
with 246 wt.ppm of hydrogen cooled under 230 MPa applied stress (thus with reoriented
hydrides). In this figure, it is clear that the FWHM of hydrides in the TD keeps increasing as the
hydrides are cooled whereas that in the RD is constant. This appears to be a ‘signature’ of hydride
reorientation which was already previously observed in recrystallized material in previous work
[152]. The explanation for this effect comes from the fact that in a sample cycled only once in
temperature, two populations of hydrides (reoriented and not-reoriented) co-exist in the sample.
The diffraction signal for the planes in the TD comes from the faces of reoriented hydrides and
the edges of non-reoriented hydrides while the signal from the RD planes comes mostly from the
edges of hydrides (both reoriented and non-reoriented). This different distribution in the TD leads
to a wider range of strain accomodation mechanisms to thermal contraction of the matrix, thus
leading to a larger strain distribution in the hydrides in the TD and a larger FWHM. Since in the
case of the RD, all the signal comes from the edges of hydrides, there is no difference in strain
distribution due to thermal contraction of the matrix.
In addition, in Figure 3-61, it is seen that once the load is removed and a few minutes
later (arrowed) the hydrides are rapidly cooled to room temperature, the FWHM in the TD
increases drastically with cooling while the FWHM in the RD shows little change. Based on the
fact that the signal in the TD comes from reoriented hydrides (as well as from some nonreoriented hydrides), this could means that reoriented hydrides are less favorably oriented that inplane hydrides to accommodate the thermal contraction of the matrix.
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Figure 3-60 FWHM of Hydride (111) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
under a 230 MPa applied stress (stress applied in the TD, reorientation of hydrides).

TD Bank

RD Bank

Figure 3-61 FWHM of hydride (111) peaks in a sample with 246ppm of hydrogen cooled under a 230 MPa
applied stress (stress applied in the TD).

FWHM of delta(220) Hydride Peak
The FWHM evolution of the δ{220} hydride peaks in the TD and the RD is presented in
Figure 3-62 and is very similar to that of the δ{111} hydride peaks. This supports the hypothesis
that the planes aligned in the TD correspond to a different set of hydrides particles that those in
the RD.
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Figure 3-62 FWHM of Hydride (220) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
under a 230 MPa applied stress (stress applied in the TD, reorientation of hydrides).

Summary
When a sample is cooled under a 230 MPa applied stress, the zirconium matrix deforms
more than for lower stresses. In addition, the effect of stress is to suppress formation of zirconium
hydrides. Since the precipitation temperature of hydrides is lower for reoriented hydrides (as seen
in Section 3.1), the effect of hydrogen in solid solution on the matrix strains can be seen at lower
temperatures. In the hydrides, strains in the δ{111} start in a compressive state similar to all the
previous samples, but upon further cooling become tensile. Then, when the secondary
precipitation regime is reached, they remain constant. In contrast FWHM of the δ{111} peaks
aligned in the TD increases during cooling. This leads us to believe that the signal from the
δ{111} planes in the TD comes from both reoriented and not- reoriented hydrides and thus from
the faces and the edges of hydride platelets. This difference in population leads to a greater
distribution of strain response to cooling than for the planes in the RD which all come from the
edge of the platelet. After unloading, reoriented hydride faces remain in tension while the edges
remain in compression. In Section 3.2 it has been seen that cycling has a significant influence on
both reoriented hydride fraction and hydride connectivity. The effect of cycling on hydride strains
is discussed in the next section.
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3.3.4.

Effect of Cycling on Reoriented Hydride Strains

As seen in Section 3.2, thermal cycling can have a significant effect on reoriented hydride
fraction and connectivity. In this section, the strains measured from shift in d-spacing in hydrides
and matrix for a sample containing 192 wt.ppm and which was heated and cooled under a stress
of 230 MPa is studied during various thermal cycles. The results from cycle 1 were presented in
the previous section.
Strain in the zirconium matrix
The strains measured from shift in d-spacing of α{

} planes in the zirconium matrix

at the 4th heating/cooling cycle are presented in Figure 3-63 (Note: the thermal schedule for all
four cycles is seen in Figure 3-70). As can be seen from this figure, these strains are similar to
those observed to cycle 1 as one would expect since the hydrides should not affect the zirconium
matrix very much. The strains in the zirconium matrix for cycles 2 and 3 were also analyzed and
are also similar to those in cycle 4. Thus the matrix relaxation and lower hydride precipitation
temperature appear to be unaffected by the number of thermal cycles.

Figure 3-63 Strain of zirconium (100) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
for the 4th cycle under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).

Strain in Hydrides
Strain in delta(111) Hydride Peak
The strains in hydrides measured from the shift in d-spacing of the δ{111} planes,
oriented in the TD and the RD, for cycles 2 and 4 are presented in Figure 3-64 and Figure 3-65.
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The strains during both heating and cooling in cycles 2 and 4 are very reproducibles, indicating
that the increasing connectivity shown in Section 3.2. 2 does not have a significant effect on the
hydride strains. When compared to the graphs from cycle 1 presented Figure 3-56, the heating
curves are seen to be noticeably different. In the TD for the 2nd and 4th cycle, heating will dissolve
hydrides that were initially in tension because they are reoriented. Therefore heating will relax the
tensile strains in the hydride. For the first heating curve seen in Figure 3-56, compressed,
circumferential hydrides are dissolving. Therefore heating relaxed those compressive hydride
strains.
It can be seen that just before complete dissolution for the heating curves in Figure 3-64
and Figure 3-65, the hydride strain is close to zero, which confirms the hypothesis that the
hydride strain at high temperature is close to the unstressed value. For the planes oriented in the
RD heating also relaxes the hydrides but since they started in a compressive state in this direction,
no change is seen from cycle 1. The cooling curves for these strains are very similar to cycle 1.
One difference however is observed in cycle 4 when the hydrides are unloaded and cooled to
room temperature. As hydrides are cooled to room temperature , the strain in the TD is constant
with temperature whereas the strain in the RD decreases with temperature in a manner similar to
non-reoriented hydride platelets. This confirms our hypothesis that the signal from hydride planes
in the TD comes from reoriented hydride platelet faces, while the signal in the RD comes from
non reoriented hydride platelet edges.
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Cycle 2

Figure 3-64 Strain of hydride (111) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled for
the 2th cycle under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).

Cycle 4

Figure 3-65 Strain of hydride (111) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled for
the 4th cycle under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).

Strain in delta(220) Hydride Peak
The strain in the δ{220} hydride peaks for the 4th thermo-mechanical cycle are presented
in Figure 3-66. They are very similar to the ones presented for cycle 1 in the previous section. In
particular, the different behavior of the δ{220} hydride peaks in the RD at high temperature is
also observed.
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Figure 3-66 Strain of hydride (220) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled for
the 4th cycle under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).

Hydride Peak Broadening
Williamson-Hall Analysis
The results from the Williamson Hall analysis for the 4th thermo-mechanical cycle are
presented in Figure 3-67 and Figure 3-68 for the TD and the RD respectively. These curves are
very similar to those observed for cycle 1 although the size broadening effect is less visible in the
TD. This could be due to a greater difficulty to fit the data in this particular set of diffraction
patterns due to variations in background. In the TD, at lower temperatures, there also seem to be
a small slope in the WH slope while the WH slope in the RD is constant as seen before for the
first cycle.

Figure 3-67 Slope and Intercept of the Williamson Hall plots in the TD in a sample with 192 wt.ppm of hydrogen
heated and cooled for the 4th cycle under 230 MPa tensile stress (in the TD, reorientation of hydrides).
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Figure 3-68 Slope and Intercept of the Williamson Hall plots in the RD in a sample with 192 wt.ppm of hydrogen
heated and cooled for the 4th cycle under 230 MPa tensile stress (in the TD, reorientation of hydrides).

FWHM of delta(111) Hydride Peak
The FWHM of δ{111} hydride peaks for the TD and the RD in the 4th cycle are presented
in Figure 3-69. While the overall shape of the curve looks similar to the curves obtained for cycle
1 (Figure 3-60) , some small differences can be observed. First, the FWHM in the TD is smaller
by 1 centideg 2θ between 300ºC and room temperature in cycle 4 than in cycle 1. This could be
due to the greater alignment of reoriented hydrides in the 4th cycle compared to the 1rst cycle thus
leading to a smaller distribution of hydride strains, and a smaller FWHM. Also the ‘signature’ for
partial reorientation seems to have diminished since the FWHM of hydrides in the TD appear
relatively constant with temperature at lower temperatures. The FWHM of hydrides in the RD
appear quite similar to the FWHM of hydrides obtained for the 1rst cycle. This is logical, since the
signal for these hydrides comes from platelet edge (reoriented or non reoriented).

Figure 3-69 FWHM of hydride (111) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
for the 4th cycle under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).
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The overall evolution of the FWHM of δ{111} hydride peaks with temperature and
cycles is clearly shown in Figure 3-70. These results come from the same sample discussed above
and show the decrease of the final value of the FWHM of TD planes upon reaching 150ºC with
increasing number of cycles. The mitigation of the partial reorientation signature as hydrides
progressively align to a fully reoriented state is also observed. Finally when cooled to room
temperature under no stress, the FWHM in the TD in the 4th cycle seem to increase as seen for a
sample cycled only once as presented in Figure 3-61. This confirms the fact that reoriented
hydrides have greater difficulty accomodating to the shrinking of neighboring zirconium grains
compared to circumferential hydrides.

Figure 3-70 FWHM as a function of time for hydride (111) peak in the TD and the RD in a sample with 192ppm
of hydrogen cooled under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).

FWHM of delta(220) Hydride Peak
The FWHM of δ{220} hydride peaks in the TD and the RD for the 4th thermo-mechanical
cycle is shown in Figure 3-71, for the sake of compleness. These curves are also quite similar to
those seen for the 1rst cycle.
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Figure 3-71 FWHM of hydride (220) peak in the TD and the RD in a sample with 192ppm of hydrogen cooled
for the 4th cycle under a 230 MPa applied stress (stress applied in the TD, full reorientation of hydrides).

Summary
The effect of thermal cycling under load on strains measured from the d-spacing shifts of
zirconium matrix planes is small. The effect of cycling on the hydride strains, although small, is
more noticeable. In particular, during hydride dissolution, planes in tension in reoriented hydrides
(in the TD) and in compression on the edges of hydrides (in the RD) relax progressively to a zero
strain value. This supports the idea that the high temperature value for the hydride d-spacing just
before full dissolution is a valid unstressed value. The cooling strain behavior in the TD and the
RD is similar for all cycles while the load is on, except for the δ{220} planes which have a
different behavior possibly due to the fact that the edges of reoriented hydrides behave different
than their faces. This could also be due to the fact that the orientation relationship of the δ{111}
planes is maintained for reoriented hydrides whereas the δ{220} planes are less coherent.
When the load is removed and the sample is cooled fast to room temperature, the strain
behavior in reoriented hydrides is very different than for circumferential ones. Reoriented
hydrides seem to be unfavorably oriented to accommodate for thermal contraction of local
zirconium grains compared to circumferential hydrides. This behavior is seen in all cycles with
hydride reorientation. In the following section, the effect of the percentage of reorientation on
hydride d-spacing and FWHM is explained.
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3.3.5.

Effect of Amount of Reorientation on Hydrides Strains

In this section, the XRD data from a tapered gage samples with 201 wt.ppm of hydrogen
heated and cooled for 2 cycles under 230 MPa applied stress at the thinnest part of the gage
section are presented. The resulting microstructure has already been discussed in detail in Section
3.2 so that this section focuses on the d-spacing and FWHM analysis at room temperature, both
initially and after the sample is subjected to a thermo-mechanical treatment. In Figure 3-72, the dspacing and FWHM of the δ{111} hydride peak in the TD and the RD are presented as a function
of distance along the gage. The point at zero is at the thinnest part of the gage, while the point at 3
is 3mm away from the gage section. Figure 3-72 and Figure 3-73 represent d-spacing and FWHM
of the δ{111} peaks at room temperature without any applied stress along the gage section prior
to any thermo-mechanical treatment. It can be seen that the hydride d-spacing and FWHM are
fairly consistent along the gage section initially.
Figure 3-74(a) shows the cross section of the tapered sample 2 full cycles of heating to
410ºC then cooling under applied load. The maximum applied load of 230 MPa was applied at
the thinnest part of the gage section. Figure 3-74(b) shows the radial hydride fraction as a
function of distance along the gage section as calculated in Section 3.2.2. Figure 3-74(c) and (d)
represent the d-spacing and FWHM respectively of the δ{111} hydride peaks. This data was
obtained at room temperature with the applied stress removed.The XRD data shown in Figure
3-74(c) and (d) is taken between the white arrows in Figure 3-74(a). This means that at x = 0mm,
full reorientation is seen, at x = 2.25 mm, 50 % reorientation is observed and at x = 3mm 20%
reorientation is observed. The d-spacing of the hydride peaks in the TD seen in Figure 3-74(c)
shows significant variation along the gage section. In contrast the d-spacing of the hydride peaks
in the RD shows little change along the gage section. The large change in the TD is consistent
with our previous assumption that the signal in the TD comes from different populations of
hydrides (from both hydride edges and platelet faces) when there is reorientation while the signal
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in the RD always come from the edges of hydride platelets. Because the hydrides are fully
reoriented at x=0mm, the signal in the TD comes essentially from hydride platelet faces and is in
tension compared to the unstressed d-spacing value of 2.76 Angstroms. This is consistent with the
tensile strains observed in the previous paragraphs for reoriented samples. At about 2.25 mm
where there is 50% of reorientation, the hydride platelet is at the average of the fully reoriented
value of 2.766 Angstroms and the non-reoriented value of 2.754 Angstroms. This direct
correlation between the d-spacing value and the percentage of reorientation confirms the fact that
the TD signal can detect different populations of hydrides.
In Figure 3-74(d), the FWHM of the hydride peaks is also observed to vary significantly
in the TD and very little in the RD. At 100% reorientation, the FWHM of the hydrides in the TD
is lower than the initial value. This is due to a greater alignment of hydride particles when
reoriented, leading to a narrower distribution in strains in the total hydride population. For smaller
percentages of reorientation, since the range of strain distribution in hydride population increases,
the FWHM also increases. The FWHM in the TD reaches a peak when the hydride population
consists of 50% reoriented hydrides and 50% circumferential hydrides, where the distribution is
the highest at x = 2.25mm. Then from 2.25mm to 3mm the hydride population becomes
majoritarily circumferential, thus again the hydride FWHM decreases. At x= 3mm, the FWHM in
the TD is above that of fully reoriented hydrides. This is due to the fact that hydrides are less
aligned in the circumferential direction than reoriented hydrides are, thus there is a larger strain
distribution in circumferential hydride population than in reoriented hydride population. It could
also be due to the fact there there is still 20% of reoriented hydrides.
In this section, we have seen that d-spacing from hydrides in the TD is correlated with the
amount of hydride reorientation. The platelet faces of reoriented hydrides are in tension whereas
the edges are on compression just like circomferential hydrides. Also the reoriented hydride
population is more uniform in strain than the circumferential hydride population leading the
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minial strain broadening for fully reoriented hydrides. In the following section, the effect of
cooling rate during hydride precipitation under stress on hydride strains will be presented.

Figure 3-72 d-spacing of the hydride (111) peak in the RD and the TD along the gage section of a tapered sample
with 201 wt.ppm of hydrogen at room temperature.

Figure 3-73 FWHM of the hydride (111) peak in the RD and the TD along the gage section of a tapered sample
with 201 wt.ppm of hydrogen at room temperature.

(a)

500μm

(b)

(c)

(d)

Figure 3-74 (a) Micrograph of tapered sample with 201 wt.ppm of hydrogen at room temperature after 2 cycles
under tensile stress applied in the TD (230 MPa at thinnest part of gage section). (b) RHC determined by image
analysis. (c) d-spacing of the hydride (111) peaks in the TD and the RD after thermal treatment. (d) FWHM of
the hydride peaks in the TD and the RD after thermal treatment.
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3.3.6.

Effect of Cooling Rate on Reoriented Hydride Strains

As discussed in Section 3.2, both the radial hydride fraction and the connectivity are
affected by the cooling rate. The effect of different cooling rates on the strain in the matrix and in
the hydrides is presented in this section.

Strain in the zirconium matrix
The strains in the TD for the Zr{100} planes for four different samples cooled at various
cooling rates under 230 MPa stress are presented in Figure 3-75. As can be seen from this figure,
the matrix strains are similar for all cooling rates. As seen in Section 3.1, the precipitation
temperatures are below the expected values for the samples cooled at 1ºC/min and 5ºC/min since
they show significant hydride reorientation. In the sample at 10ºC/min however, hydrides seem to
precipitate at the expected value. The reason for this behavior is unclear and could be linked to
the effect of high cooling rates on hydride nucleation. For the sample cooled at 60ºC/min the
precipitation temperature cannot be measured with confidence due to the lack of data points
during cooling.
The strains in the RD are not presented here but behave similarly to those shown in
Figure 3-55 and are similar for all four cooling rates.

Strain in Hydrides
Strain in delta(111) Hydride Peak
The strains in the hydride δ{111} peaks in the TD for the 4 samples discussed above are
presented in Figure 3-76. In the four samples, the first regime of precipitation observed in the
previous paragraphs is not observed. This is likely due to the fast precipitation rate and the low
hydrogen content in these samples. The second precipitation regime and the cooling behavior
after the samples are unloaded show a similar trend for all samples.

Figure 3-75 Strains of zirconium (100) peak in the TD for four samples cooled at different cooling rates under 230 MPa applied stress (stress applied in the TD, partial
hydride reorientation). These samples have hydrogen content between 187 and 245 wt.ppm. Note: the Tprecip and Tdiss indicated represent the expected unstressed values
calculated from DSC.
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Figure 3-76 Strains of hydride (111) peak in the TD for four samples cooled at different cooling rates under 230 MPa applied stress (stress applied in the TD, partial hydride
reorientation). These samples have hydrogen content between 187 and 245 wt.ppm. Note: the Tprecip and Tdiss indicated represent the expected unstressed values calculated
from DSC.

The main observed difference between these four samples however is the actual value of
the strain during the second precipitation regime and cool down under no stress. For the 1ºC/min
sample, the hydrides in the TD are in tension. For the 5ºC/min sample, the hydrides are less in
tension and for the 10ºC/min and 60ºC/min samples the hydrides in the TD are either compressed
or relaxed. This diminution of the tensile stressed in the hydrides with the increase of the cooling
rate is directly linked to the amount of reorientation in the samples. As the samples are cooled
faster, there are less reoriented hydrides thus less hydrides in tension in the TD.
One odd feature observed in this figure is the second precipitation regime of the 5ºC/min
sample which seems to indicate that hydrides are initially at high tensile strain which later
decreases to a smaller value, still in tension. This could be due to the fact that the first hydrides
that are seen at higher temperature are reoriented hydrides then, as the sample is cooled, mostly
circumferential hydrides form. The preferential precipitation of hydrides induced by applied load
at high temperature disappears as the yield stress increases with decreasing temperature, causing
reoriented hydride formation to be more difficult. This behavior however is not observed for all
other samples showing hydride reorientation. Thus this explanation is still tentative and this
experiment should be repeated in order to confirm this behavior.
The strains in the hydride δ{111} peaks in the RD for these 4 samples are presented in
Figure 3-77. These curves presented similar trends to the curves in the TD. The first regime of
precipitation is observed for the sample cooled at the slowest rate but not for the other samples
because they are cooled faster and have less hydrogen. The level of compression observed in the
planes in the RD varies with the cooling rate but not in a consistent manner. As seen in the
previous section, this compression is not directly linked to the amount of reoriented hydrides.
This variation in compression could be linked to the cooling rate but since not trend is clear it is
hard to make any assumptions.

Figure 3-77 Strains of hydride (111) peak in the RD for four samples cooled at different cooling rates under 230 MPa applied stress (stress applied in the TD, partial hydride
reorientation). These samples have hydrogen content between 187 and 245 wt.ppm. Note: the Tprecip and Tdiss indicated represent the expected unstressed values calculated
from DSC.
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Figure 3-78 FWHM of hydride (111) peak in the TD for four samples cooled at different cooling rates under 230 MPa applied stress (stress applied in the TD, partial hydride
reorientation). These samples have hydrogen content between 187 and 245 wt.ppm. Note: the Tprecip and Tdiss indicated represent the expected unstressed values calculated
from DSC.
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Figure 3-79 FWHM of hydride (111) peak in the RD for four samples cooled at different cooling rates under 230 MPa applied stress (stress applied in the TD, partial hydride
reorientation). These samples have hydrogen content between 187 and 245 wt.ppm. Note: the Tprecip and Tdiss indicated represent the expected unstressed values calculated
from DSC.

The strains in the hydride δ{220} planes are not presented here because of the scatter of
the data due to low hydrogen content and fast cooling rates.

Hydride Peak Broadening
FWHM of delta(111) Hydride Peak
The FWHM of the hydride δ{111} planes in the TD for the four samples cooled at
different rates are presented in Figure 3-78. The trend for all four cooling rates is very similar. As
seen previously the precipitation temperature is below the expected value for samples with a
cooling rate below 10ºC/min. The actual value of the FWHM curves during the second
precipitation regime is lower for the 1ºC/min sample than for the faster cooling rate samples. This
is again directly linked to the amount of reoriented hydrides. As seen in the previous section,
reoriented hydrides have the lowest FWHM, so it is logical that the samples with the most
reorientation (the sample cooled at the slowest rate) exhibit the smallest FWHM.
The FWHM of the hydride δ{111} planes in the RD are presented in Figure 3-79. The
trends and values of the FWHM are similar for all four samples. This is logical since the FWHM
in the RD has been seen to not be significantly linked to the amount of hydride reorientation.
The FWHM of the hydride δ{220} planes for these samples are not presented here for the
same reason the strains were not presented (low hydrogen content, fast cooling rates, noisy data).

Summary
The rate at which samples are cooled under 230 MPa stress does not affect significantly
the zirconium matrix strains. As the cooling rate increases, the amount of radial hydride fraction
decreases, leading to lower tensile strains and larger FWHM in the TD in the δ{111} planes. The
strains and FWHM in the RD for the δ{111} planes seem unaffected by the amount of
reorientation and do not show a significant interpretable trend. In conclusion, cooling rate only
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seems to affect the amount of reoriented hydrides and does not present any significant effect on
hydride and zirconium strains.

3.3.7.

Discussion

In Section 3.3, two different aspects of hydride and matrix strains have been observed: (i)
the evolution of elastic strains calculated from the shift in peak positions and (ii) the evolution of
the FWHM of these diffraction peaks with temperature. The first yields information on the elastic
strains and the second on non-uniform strain and the distribution of strain in the sampled volume
as well as information on the size of the diffraction particles.
In samples cooled without applied stress, hydrogen in solid solution causes the zirconium
lattice parameter to increase. The precipitation temperature then corresponds to the temperature at
which the lattice parameter variation with temperature changes slope. This allowed us to verify
that the precipitation temperature matched with the expected values from DSC. Hydride particles
form as highly compressed, small precipitates as seen in Figure 3-81(A) (the hydride nuclei are
represented in bright red due to their high compressive strain state). The small precipitate size is
measured from the size broadening observed in the diffraction signal, while the compressive
strain state is measured by the shift in hydride peak position. As the temperature decreases the
hydride volume fraction increases as a result of new precipitates nucleating and from growth of
the previous ones. The average strain increases (Figure 3-81(B)) indicating that the new hydride
precipitates are less compressed (darker red color, less compression), or that some strain is
relaxed by plastic deformation (purple color, even less compression). The differential thermal
expansion of the matrix and the hydride could also account for the relaxation of the average
hydride strain but only for ~10% of the observed decrease. This continues until the hydride strain
reaches ~ -3.5 x 10-3 at which point half of the hydride population is precipitated (Figure
3-81(C)). From this point down to room temperature, hydride strains follow the thermal
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contraction of the zirconium matrix (thermal expansion coefficient of 6.2 x 10-6 ºC-1) instead of
their own thermal contraction (thermal expansion coefficient of 14.2 x 10-6 ºC-1) likely because
the hydride thermal contraction is limited by being embedded in the matrix (Figure 3-81(D) and
(E)). The hydride δ(111) diffraction peaks show predominantly size broadening from 450ºC to
360ºC and hydride size goes from 25 to 300 Angstrom. From 360ºC to room temperature, the
dominant broadening mechanism is strain broadening. This strain broadening is constant showing
that the strain distribution in the hydride population is constant from 360ºC to room temperature.
In samples cooled under an applied stress below the critical value to reorient, the strain
behavior in the zirconium matrix is similar. The zirconium matrix deforms slightly due to the
thermal cycle under applied stress. Hydride precipitation occurs at the expected precipitation
temperature for unstressed hydrides. Hydride precipitation is also divided into two precipitation
regimes. The first precipitation regime occurring at high temperature is nearly identical to that of
unstressed hydrides. The onset of the second precipitation regime also occurs when half of the
hydride population is precipitated. Hydride strains during this second precipitation regime behave
differently than unstressed hydrides. The strains in the case of stressed hydrides are constant as
the hydrides finish precipitating and cool down to room temperature. This is due to the fact that
with the far field strain, the matrix will deform more easily, transfer load to the hydrides thus
compensating for thermal contraction. Hydrides are still in compression after the load is removed
in both TD and RD although slightly less in the TD where the tensile load had been previously
applied. The degree of peak broadening is not affected by the cooling of hydrides and matrix once
the hydrides are in a strain-broadening dominated regime.
In samples cooled under an applied stress sufficient for reorientation, the zirconium
matrix relaxes more due to the higher applied stress. Hydride precipitation occurs at a
temperature below the value obtained from DSC under no load. During the first precipitation
regime, the measured hydrides strains are compressive but as the temperature decreases these
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strains become tensile in the direction of the applied stress (TD). During the second precipitation
regime, hydride strains in the direction of the load remain constant and tensile. These strains
remain tensile (although less) even after the load is removed. Hydride strains are compressive in
the direction perpendicular to the load (RD) during cool-down. These strains are also compressive
once the load is removed. In addition the peak broadening signature for partially reoriented
hydrides can be identified when comparing hydride FWHM in the TD to that in the RD. The
strain distribution of partially reoriented hydrides increases in the direction of the load during
cooling (observed by the increase of FWHM of hydride diffraction peaks). This could be due to
an unfavorable orientation of reoriented hydrides to accommodate zirconium matrix thermal
contraction.
Cycling under a stress above the threshold stress for reorientation increases the degree of
reorientation and the connectivity of reoriented hydrides. The effect of cycling on hydride strains
is small, however. The hydride d-spacing and thus strains are directly proportional to the amount
of reoriented hydrides. When hydrides are 100% reoriented, the d-spacing of the hydride planes
in the direction of the load is above the unstressed value (tension). When hydrides are fully
circumferential, the d-spacing of the hydride planes in the direction of the load is below the
unstressed value (compression). The distribution of strain is lower for reoriented hydrides and
increases when hydrides are both reoriented and non-reoriented. Increasing the cooling rate
decreases the amount of reoriented hydrides formed under equivalent applied stress. The effect of
cooling rate on reoriented hydride strains is directly linked to the variations in amount of
reoriented hydrides. No additional effect of cooling rate on hydride strains is observed.
The hydride strains studied in this section are directly linked to the accommodation of the
hydride particle with the zirconium matrix. One of the important factors playing a role on particle
accommodation and formation strains is the orientation relationship between the precipitates and
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the matrix. This orientation relationship is studied in the following section for circumferential and
reoriented hydrides.

Figure 3-80 Hydride strain behavior during cooling (calculated from δ{111} peaks in the TD) in a sample with
294 wt.ppm of hydrogen cooled without applied stress. Specific locations noted A, B, C, D, E correspond to the
schematic in the following figure.

After thermal contraction
Figure 3-81 Schematic of hydride strain behavior during cooling without applied stress: A. All hydrides are
dissolved, B: First hydride nuclei appear, C: Previous hydride nuclei grown and relaxed (dislocations in the
matrix), new hydride nuclei form less compressed (sympathetic nucleation), D: All hydrides are precipitated, E:
Precipitated hydrides in compression due to thermal contraction.
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3.4. Orientation Relationship of Hydrides Grown Under Uniformly Applied Load

3.4.1.

Results

In this section, the orientation relationship of circumferential (in-plane) hydrides and
radial (out of plane) hydrides is studied using both TEM and Laue diffraction in the synchrotron.
Results from TEM
In this section, same thin CWSR Zr-4 samples as those observed in Section 3.2 in the
TEM are studied. We show a preliminary analysis of the orientation relationship in which the
diffraction patterns of hydride particles and the neighboring zirconium grains are recorded and
compared. In Figure 3-82, the diffraction pattern of a circumferential hydride is presented, along
with the diffraction pattern of the neighboring zirconium grain. No tilting was done between these
two diffraction patterns. As can be seen by comparing those two diffraction patterns, the δ{111}
appears to be parallel to the α{0002} in this case. This is consistent with the expected literature
results.
In Figure 3-83, the diffraction patterns of a reoriented hydride and its neighboring
zirconium grain are presented. Very little tilting was done between those two patterns (less than
5º). In addition very little tilting was done to obtain these patterns from the original zero tilt
position, which means that the sample surface (ND) is also the direction perpendicular to these
diffraction patterns. The hydride is in the δ[111] zone axis, which means that the δ{111} planes
are perpendicular to the ND, as is the case for circumferential hydrides. This is consistent with the
argument that reoriented hydrides maintain the original orientation relationship with the
zirconium matrix. From the neighboring zirconium grain, it can be seen that the α{0002} plane is
not in the plane of the sample surface and given the orientation of the α{

} plane, the

α{0002} planes are at least 45º away from the surface. While with the present data it is not
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possible to conclude definitely on the exact orientation relationship of radial hydrides and the
zirconium matrix, it appears that radial hydrides still exhibit the original orientation.

Figure 3-82 Diffraction pattern of hydride precipitate and neighboring zirconium grain in a CWSR Zr-4 sample
with circumferential hydrides.

Figure 3-83 Diffraction pattern of hydride precipitate ([111] zone axis) and neighboring zirconium grain in a
CWSR Zr-4 sample with radial hydrides.

Results from Laue diffraction
In this section, results using the Laue diffraction technique described in Section 2.5.4 on
recrystallized Zircaloy-4 are presented. In these experiments, the local grain orientation of
zirconium grains is measured by diffraction as a function of position on the sample similarly to
conventional EBSD techniques. When adding all the obtained grain orientation, a grain map of
the zirconium grains can be recorded as shown in Figure 3-84(b). From all these orientations, a
α{0002} pole figure can be obtained as shown in Figure 3-84(c). The color of each point
corresponds to a grain color on the grain map in Figure 3-84(c). This grain map was obtained for
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a sample where hydrides were precipitated under a stress below the threshold stress for
reorientation. The measured texture (Figure 3-84(c)) is expected for this type of recrystallized
Zircaloy-4. The zirconium grains appear slightly elongated in the rolling direction which shows
that full recrystallization was not achieved.
Using a polarized light image of the same area (Figure 3-84(a)) measured by Laue
diffraction, the zirconium grains were matched to those obtained in the grain map (Figure
3-84(b)). In this image the position of the hydrides is indicated by black lines and white ellipses.
Although it is quite difficult to obtain quantitative information from these graphs due to the
challenge of precisely matching the grain map and optical micrograph, general trends can be
observed. In this non-reoriented sample, hydrides seem to precipitate more at grain boundaries.
Hydrides also seem to prefer grains with basal poles closer to the ND although it is hard to
determine how close.
The local elastic zirconium strains can be calculated by estimating the deviation from
expected unstressed strains in the ND and the RD. The strains in the TD are derived from the two
previous strains by Poisson’s effect. The zirconium strain in the non-reoriented samples in the
RD, ND and TD are presented in Figure 3-84(d), (e) and (f), respectively. These local elastic
zirconium strains do not appear affected by the presence of hydrides. The strains in the ND seem
to be a little more in tension (red dots) when hydrides are present compared to when hydrides are
not present which is consistent with in-plane hydrides being in compression mostly in the plate
face direction. These strains measured are also difficult to correlate precisely with hydride
precipitation. Future experiments would benefit from markers to identify exactly where the
hydrides are located and a smaller step size.
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Figure 3-84 Results from Laue diffraction on a Zr-4 RX sample with 500 wt.ppm of hydrogen heated and cooled
under applied stress of 75 MPa in the RD (no reorientation): (a) Polarized light image of zirconium grains and
hydrides (hydride locations are indicated with ellipses and dark lines); (b) zirconium orientation map obtained
by diffraction; (c) α{0002} pole figure corresponding to the orientation map; (d), (e), (f) Zirconium elastic strain
maps calculated from diffraction (red signifies tension, blue signifies compression).

The Laue experiment was also performed on a sample with partial reorientation. The
zirconium grain map is presented in Figure 3-85(b) with the corresponding α{0002} pole figure
presented in Figure 3-85(c). The zirconium texture and grain shape is similar to that presented in
Figure 3-84 which is expected since the same material was used for both experiments and the
thermo-mechanical treatment used to partially reorient hydrides is not expected to change the
zirconium matrix texture.
In this partially reoriented sample, hydrides also seem to prefer inter-granular
precipitation (Figure 3-85(a) and (b)). Preferential precipitation also seems to occur for grains
with basal poles close to the ND. The elastic zirconium strains in the ND and in the TD do not
seem to be significantly affected by the presence of hydrides. The strains in the RD, however,
seem to be slightly more compressive (blue dots) when reoriented hydrides are presented than
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when hydrides are not present. This is consistent with results from Section 3.2 on hydride strains
which suggest reoriented hydride are in tension in the direction normal to the plate face.

Figure 3-85 Results from Laue diffraction on a Zr-4 RX sample with 500 wt.ppm of hydrogen heated and cooled
under applied stress of 100 MPa in the RD (partial reorientation) ): (a) Polarized light image of zirconium grains
and hydrides (hydride locations are indicated with ellipses and dark lines); (b) zirconium orientation map
obtained by diffraction; (c) α{0002} pole figure corresponding to the orientation map; (d), (e), (f) Zirconium
elastic strain maps calculated from diffraction (red signifies tension, blue signifies compression).

3.4.2.

Discussion

In this section, the orientation relationship of circumferential and radial hydrides in Zr-4
has been observed. Using TEM, the general δ(111)//α(0002) orientation relationship has been
confirmed. For radial hydrides, it appears that δ(111)//ND. The neighboring zirconium grain has
its basal pole at least within 45º of the ND. This goes in favor of the argument that radial hydrides
maintain their orientation relationship with the zirconium matrix even though they have a
different overall orientation. Laue diffraction provides general trends on the location of hydride
precipitation and the orientation of the matrix grains where hydrides precipitate. For both non
reoriented and partially reoriented hydrides, inter-granular precipitation between grains with their
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basal poles close to the ND seems to be preferred. Observation of the local strains confirms
results from Section 3.3 with non reoriented hydrides in compression in the face of the platelet
while reoriented hydrides are in tension in the face of the platelet.

3.5. Phase Field Modeling of Hydrides
This section presents the work performed in collaboration with Dr. Tae Wook Heo and
Dr. Long-Qin Chen of The Pennsylvania State University. The objective of this work was to use
Phase-Field Modeling (PFM) to predict the nucleation and growth of hydride precipitates in a
zirconium matrix with and without applied stress and compare the results to micrographs.

3.5.1.

Description of Phase Field Modeling Method

As explained in Chapter 1, in the PFM method, a microstructure is described by a set of
field variables which are continuous across interfacial regions. The total free energy of an
inhomogeneous microstructure system is given by [120]:

3-8
where f is the local free-energy density that is a function of conserved and non conserved field
variables ci and ηi, αi and βij are the gradient energy coefficients. The first volume integral
represents the local contribution to the free energy from short range chemical interactions. The
gradient energy terms give rise to the interfacial energy. The second integral represents a non
local term that contains the contributions to the local free energy from any long-range
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interactions. In the case of hydride formation in zirconium there are four major contributions to
the reduction in free energy of the system: chemical free energy, total interfacial energy, strain
energy caused by the lattice mismatch between the matrix and the precipitations and interaction
energy between the stress free strains (of hydrides and hydrogen atoms) and external load (when
it is applied) [133].
In our case, the six field variables are the six possible variants that arise from a α-Zr (hcp)
to δ-ZrHx (fcc) transformation. The local chemical free energy function is described as a Landautype free energy polynomial function:

3-9
where X1 and X2 are the equilibrium compositions of hydrogen in the matrix and in the hydride
respectively. These are calculated using the zirconium-hydrogen phase diagram as shown in the
next section. The Ai parameters are phenomenological constants. The last term in this equation is
related to interfacial energy.
The gradient energy is linked to the interfacial energy. The interfacial energy in our
model has been estimated numerically based on literature data as explained in the following
paragraph. We also make the assumption that there is a smaller interfacial energy in the basal
plane direction than in the other directions. The other directions are considered isotropic.
The influence of stress fields on the diffusion of hydrogen atoms and the precipitation
process of hydrides should be considered in our model. In order to take into account the elastic
energy contribution to the total free energy, the elastic strain energy can be expressed as a
function of field variables and the elastic displacements. In the case of zirconium hydrides, the
stress free transformation strains (SFTS) arising from an α-Zr (hcp) to δ-ZrHx (fcc) are the sum of
three contributing factors [177]: (i) shearing to change the stacking sequence in the α{100} plane,
(ii) lattice distortion in the δ{111} plane and (iii) misfit between the d-spacing of α{001} planes
and α{111} planes. These stress free transformation strains must be calculated for all six possible
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variants of hydrides. In the model used in this work, a mixed coherency effect was taken into
account when calculating the SFTS based on literature calculations of interfacial energies [178].
It was assumed that the interface with the basal planes (large surface of the hydride platelet) was
fully coherent while the edges of the platelets were semi-coherent or incoherent. In addition, the
change in volume from the zirconium to the hydride phase was considered while calculating the
misfit contribution (iii). Finally, in some calculations which will be presented below, the elastic
inhomogeneity due to elastic modulus mismatch between the matrix and the hydrides was taken
into account.
Once the total free energy has been determined, the evolution of the field variables are
obtained by solving the Cahn-Hilliard and Allen-Cahn equations [120]:
3-10

3-11

The details of the numerical methods used to solve these equations will not be presented
here. In the following section, the parameters used for these calculations and their origins will be
presented. Results from this PFM method will be presented in Section 3.5.3 and 3.5.4.

3.5.2.

Model parameters

Several parameters mentioned in the previous paragraph were needed from the literature
to model precipitation of δ hydrides in an α-zirconium matrix at 450ºC. In this paragraph, the
parameters chosen the PFM and their origin in the literature are detailed.
In order to get the necessary parameters for the estimation of the local free energy, the
Zr-H phase diagram presented in Figure 3-86 was fitted at 450ºC. This phase diagram was

214
obtained from the Thermo-Calc data base. This phase diagram also gave us the equilibrium
composition of hydrogen in zirconium and hydrides at 450ºC.

Figure 3-86 Binary phase diagram used for determination of equilibrium compositions of hydrogen in zirconium
and hydrides (Courtesy of C. Toffolon, CEA, French Atomic Energy Commission).

The method used to calculate the SFTS is detailed in Figure 3-87. The lattice parameters
and interfacial energies used for these calculations are taken respectively from Udagawa [125]
and Massih [178]. The obtained SFTS using the mixed coherency model, taking into account
volume change and the small strain approximation are presented in Figure 3-88. The elastic
constants of zirconium at 450ºC were calculated using the Nuclear Regulatory Commission
MATPRO code [150]. The diffusion coefficient of hydrogen in zirconium at 450ºC was
calculated using Kearns expressions [128]. A summary of the parameters used in the delta
hydride precipitation model are summarized in Table 3-7. These parameters were then converted
into dimensionless parameters in order to run the phase-field simulations.
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Figure 3-87 Method used to calculate SFTS using the mixed coherency model and considering volume change
(Schematic courtesy of T.W. Heo, Pennsylvania State University).

Figure 3-88 SFTS obtained for all six hydride variants using mixed coherency method, small strain
approximation and considering volume change.
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Table 3-7 Input parameters for PFM computation.

Parameter
name

Parameter
value

Unit

Origin

Overall concentration: X0
Hydrogen and zirconium
concentration: X1 and X2

0.3-0.5

-

Specified

0.084 and 0.578

-

Fitting of the H in Zr phase diagram at 450ºC

Elastic constants: C11 and
C12

123.78 and 81.09

GPa

Elastic constants: C13 and
C33

64.69 and 150.87

GPa

Elastic constants: C44 and
C66

26.39 and 21.35

GPa

0.065
0.28

J/m2
J/m2
J/m3
and
J/m

Interfacial energy(face): γf
Interfacial energy(edge): γe
Free energy gradient and
gradient energy coefficient:
Δf and κc
Gradient energy
coefficients: κ11 and κ22
Diffusion coefficient of H:
DH
Inter-diffusion mobility of
H: Mc
Step-size: Δx

3.5.3.

0.03 x 109 and
0.32 x 109

Temperature dependant elastic constants
from Nuclear Regulatory Commission
MatPro Code at 450ºC [150]
Temperature dependant elastic constants
from Nuclear Regulatory Commission
MatPro Code at 450ºC
[150]
Temperature dependant elastic constants
from Nuclear Regulatory Commission
MatPro Code at 450ºC [150]
Massih [178]
Massih [178]
Calculated from interfacial energies

5.12 x 109 and
0.32 x 109

J/m

Calculated from interfacial energies

4.107 x 10-10

m2/s

Kearns [128]

9.606 x 10-19

m5/J.s

Calculated from diffusion coefficient

2

nm

Specified

Modeling of Delta Hydride Formation in a Homogeneous Matrix

Two-Dimensional modeling without applied stress
The results from simulations in a single zirconium grain with X0 = 0.31 are presented in
Figure 3-89. The different colors represent the different orientation variants of the hydride
precipitates. As can be seen from this picture, the macroscopic hydrides consist of a stacking of
microscopic platelets with different orientations. The microscopic platelets are aligned with the
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δ{111}//α{0002} orientation relationship while the macroscopic platelets lie at an angle
compared to the basal planes. This angle varies between 15º and 25º which is close to the
α{10 7} habit plane observed for macroscopic platelets in the literature as seen in Chapter 1.
This simulated morphology of hydride platelets is very close to the one expected from TEM
investigations observed in the literature mentioned in Chapter 1. As a reminder, a dark field TEM
image from Chapter 1 is presented in Figure 3-90. The stacking of microscopic hydrides is visible
within the zirconium grains and corresponds well to the PFM simulations.

Figure 3-89 Results from simulation of hydride precipitates in single grain with homogeneous elastic moduli and
X0=0.31.

Figure 3-90 Micrographs of hydrides in Zr-2.5Nb material using the TEM [59].
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When the inhomogeneity of elastic constant between the hydride and the zirconium
matrix is considered, the PFM simulations yield a hydride morphology similar to that seen in
Figure 3-91 (b). There seems to be a little more variation in the macroscopic stacking angle of the
hydrides however in the case of inhomogeneous material as compared to homogeneous material.
This simulation compares well to optical micrographs of hydride in recrystallized Zircaloy-4
material as seen in Figure 3-91 (a).

(b)

Figure 3-91 (a) Optical micrograph of hydrides in a RX Zr-4 material with 600 wt.ppm of hydrogen [179]; (b)
Results from simulation of hydride precipitates in single grain with inhomogeneous elastic moduli and X0=0.31.

Three-Dimensional modeling without applied stress
The results from a three dimensional simulation of hydride precipitation within a single
grain with two different hydrogen content are presented in Figure 3-92. In this case, only three
variants are presented for the sake of clarity. In this model the inhomogeneity of the elastic
properties of hydrides and zirconium has not been taken into account. The results from these
simulations show the plate morphology of δ hydrides. This plate morphology of δ hydrides differs
from the needle morphology of γ hydrides. The microscopic and macroscopic hydride orientation
with the matrix appears to be isotropic in the two directions perpendicular to the basal plane.
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Figure 3-92 Results from 3D simulation of hydride precipitates in single grain with homogeneous elastic moduli
with X0=0.31 and X0=0.35.

Two-Dimensional modeling with applied stress
Results from the same simulation conditions (homogeneous elastic properties between
precipitate and matrix) as seen in Figure 3-90 with added external applied stress of 1 GPa in the
horizontal direction are presented in Figure 3-93. The hydrides look very similar to the ones
precipitated without applied stress. The δ{111}//α{0002} orientation relationship is maintained
for the majority of microscopic platelets. The case of inhomogeneous elastic properties between
hydrides and matrix with applied stress is presented in Figure 3-94(b). In that case, more
macroscopic hydrides appear with a vertical ‘reoriented’ orientation which compared better to the
optical micrograph of partially reoriented hydrides seen in Figure 3-94(a). The δ{111}//α{0002}
orientation relationship however seems maintained for most microscopic hydrides and it is really
the stacking angle that changes between the unstressed and the stressed hydride populations.

Figure 3-93 Results from simulation of hydride precipitates in single grain with homogeneous elastic moduli and
applied stress of 1GPa in the horizontal direction (X0=0.31).
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RD

(a)

(b)

Figure 3-94 (a) Optical micrograph of partially reoriented hydrides under a 80 MPa stress in a RX Zr-4
material with 600 wt.ppm of hydrogen [179]; (b) Results from simulation of hydride precipitates in single grain
with inhomogeneous elastic moduli and applied stress of 1GPa in the horizontal direction (X0=0.31).

In this section, results of PFM of hydrides in a single zirconium grain have been
presented. It can be seen that PFM successfully models the δ hydride platelet morphology as a
macroscopic hydride composed of a stacking of microscopic hydrides. The orientation
relationship corresponds to that observed in the literature for both microscopic and macroscopic
hydrides. The effect of stress was also investigated. Stress seems to influence the stacking
orientation of microscopic hydrides but not the basal plane orientation relationship. In the next
section, simulations from polycrystalline simulations are presented.

3.5.4.

Modeling of Delta Hydride Formation in a Polycrystalline Material

Bi-crystalline modeling without applied stress
The model used to predict hydride precipitation in single crystal zirconium was adapted
to a bi-crystalline system. The angle of the grain boundary was varied and the results for an angle
of 180º (ie: no angle) and an angle of 30º are presented in Figure 3-95. In the simulation made for
the 180º boundary angle, the hydride morphology is similar to single crystal predictions.
Microscopic hydrides cross the grain boundary and do not appear to precipitate preferentially at
the boundary. Simulations for the 30º boundary are different however. There appears to be
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slightly more grain boundary precipitation and hydrides do not cross the grain boundary in a
continuous fashion. Within each grain, hydrides maintain the basal plane orientation relationship.
The hydride microstructure observed here corresponds well to the one observed in Figure 3-90 for
the two grains with different orientations.

Figure 3-95 Results from simulation of hydride precipitates in a bi-crystalline material with homogeneous elastic
moduli with grain boundary angle of 180º and 30º.

Bi-crystalline modeling with applied stress
Various levels of stress were applied in the horizontal direction and the results from the
simulations are presented in Figure 3-96 for the 30º grain boundary. At 50 MPa (left-hand
picture), the predicted hydride morphology is not very different from the unstressed simulation.
This is consistent with the fact that 50 MPa is below the threshold for hydride reorientation in the
great majority of zirconium alloys. There appears to be slightly more grain boundary precipitation
for the 50 MPa simulations but this effect is not very significant. The results for hydrides
precipitated under the 500 MPa applied stress are shown on the right hand side of Figure 3-96.
Here, the effects of stress on hydride morphology and precipitation location are much more
significant. There appears to be much more grain boundary hydride precipitating. In addition,
within the right hand grain the stacking sequence of hydride leads to a macroscopic hydride with
a vertical ‘reoriented’ orientation. These results correspond well to the expected reoriented
hydride morphology. The right hand grain appears to favor hydride precipitation under stress.
This could be due to the fact that the basal planes are not parallel to the applied stress and thus
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provide a more ‘favorable’ orientation for hydride reorientation as has been observed in the
literature (as seen in Chapter 1).

Figure 3-96 Results from simulation of hydride precipitates in a bi-crystalline material with homogeneous elastic
moduli with grain boundary angle of 30º under applied stress of 50 MPa and 500 MPa in the horizontal
direction.

Poly-crystalline modeling with and without applied stress
A random grain structure was generated and hydride precipitation simulations were ran in
this poly crystalline structure. An illustration of the grain structure and the results from
simulations with and without applied stress are presented in Figure 3-97. In the case of hydride
precipitated under no applied stress, a significant portion of the hydride population appears to
precipitate at grain boundaries. Hydrides do not appear to traverse grains. Within grains, hydrides
maintain the basal orientation relationship and the stacking morphology of microscopic platelets.
The morphology of hydrides precipitated under 500 MPa applied stress in the horizontal direction
is very different than that of unstressed hydrides. Similarly to the bi-crystalline simulations, there
are more grain boundary hydrides in the stressed simulations than the unstressed ones.
Macroscopic hydrides appear reoriented (i.e. vertical) at the grain boundaries and within
individual grains due to the vertical stacking of microscopic platelets. Reoriented macroscopic
hydrides also appear somewhat larger than non reoriented ones. Finally, similarly to the bicrystalline case, some grains appear to favor hydride precipitation under applied stress.
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Figure 3-97 Results from simulation of hydride precipitates in a randomly oriented poly-crystalline material
with homogeneous elastic moduli with and without applied stress (500 MPa applied stress in the horizontal
direction).

In this section, hydride precipitation in bi-crystalline and poly-crystalline systems was
evaluated with and without applied stress. For grain boundaries with angles greater than 0º, it
appeared that hydrides tend to precipitate both at grain boundaries and within grains. Transgranular hydrides were very rarely observed. The basal orientation relationship was maintained
with each grain. The predicted microstructure corresponds well with TEM observation of
hydrides in polycrystalline material. Sufficient applied stress (500 MPa) appeared to favor grain
boundary precipitation and reorient macroscopic hydrides at grain boundaries and within grain by
favoring a vertical stacking of microscopic hydride platelets. Grains with the basal plane oriented
less parallel to the direction of the applied stress appeared to favor hydride precipitation.

3.5.5.

Discussion

In this section a summary of the PFM of hydride precipitation in zirconium is presented.
When δ hydrides precipitate in single crystals, the simulations predict the formation of micro
platelets with the δ{111}//α{0002} orientation relationship. These microplatelets stack to form
macroscopic platelets that are oriented at an angle of 15-25º from the basal planes. This predicted
morphology corresponds well to the observed morphology in TEM. Applied stress does not affect

224
the micro platelet orientation relationship with the matrix but changes the stacking angle of the
micro platelets which now stack vertically to form a vertical ‘reoriented’ macroscopic hydride.
Simulations performed in a bi-crystalline system with a boundary angle of 30º predict
that hydrides will precipitate intra-granularly and inter-granularly but not trans-granularly. Within
each grain, hydrides align according to the δ{111}//α{0002} orientation relationship. Sufficient
applied stress (500 MPa for example) induces more inter-granular precipitation. Hydrides reorient
perpendicular to the applied stress at grain boundaries but also within grain by changing their
stacking angle much like single crystal simulations. Grains with the basal pole as close to the
applied stress direction are favored for reoriented hydride precipitation.
These modeling attempts show results close to the available expected literature.
Additional simulations could take into account the strong texture of cladding material and extend
the polycrystalline model to three-dimensional systems. The effect of stress concentrations could
also be studied.

3.6. Summary of Chapter 3
In this chapter, hydride reorientation in bulk samples under uniform applied stress was
studied using a variety of techniques and modeled using phase-field modeling. Firstly, the
kinetics of hydride dissolution and precipitation were studied by XRD. The dissolution and
precipitation temperature and thermodynamics measured using in-situ XRD match well with
literature results. The effects of alloying elements, cycling and cooling rate on the dissolution and
precipitation temperatures are small. The effect of stress on precipitation temperature, however,
can be significant. When hydrides reorient, their precipitation temperature is lower than for
circumferential hydrides (even stressed in-plane hydrides). This signifies that reorientation
suppresses the precipitation mechanisms that occur for in-plane hydrides and requires more
undercooling to take place.
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The reoriented hydride morphology was then studied with optical and electron
microscopy. The threshold stress of hydrides is higher for RX Zr-4 than for RX Zr-2. The highest
threshold stress measured is for CWSR Zr-4. This leads to believe that the threshold stress could
be directly related to the yield stress of the material. The reoriented hydride fraction increases
with cycling and decreases with hydrogen content and increasing cooling rate. When observed in
TEM, circumferential hydrides and radial hydrides appear to be fairly large particles of about 300
nm in thickness. These large precipitates can stack as seen for circumferential hydrides.
The hydride strains were studied in-situ using synchrotron XRD during dissolution and
precipitation. For hydrides precipitated under no applied stress, two precipitation regimes were
observed. When hydrides first nucleate, they are highly compressed, very small particles. They
quickly relax some of these compressive strains in a 30º range. This could be due to change of
shape, sympathetic nucleation and formation of dislocations. When half of the hydrides are
precipitated, the strain behavior changes to then follow the thermal expansion imposed by the
zirconium matrix. When hydrides are precipitated under stress below the threshold stress for
reorientation, the first precipitation regime is similar to that of unstressed hydrides. The second
regime also starts when half of the hydride population is precipitated. However, during the second
regime, the hydride strain is now constant and no longer follows the thermal expansion of
zirconium. This could be due to the easier local deformation of the matrix surrounding the
hydride due to the applied far-field stress. Due to the applied stress field, hydrides can
compensate more easily for the thermal expansion strain by creating dislocations. For
precipitation of reoriented hydrides the compressive strains observed during the first precipitation
regime become tensile about half-way through the relaxation. During the second precipitation
regime, the strains remain tensile and constant. Observation of samples with various amounts of
reorientation confirms that the face of the radial hydrides is in tension. The effects of cycling and
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cooling rate on hydride strains have been observed are small compared to the effects of applied
stress.
The orientation relationship of the circumferential and reoriented hydrides has then been
studied using TEM and Laue diffraction. The expected orientation relationship of δ(111)//α(0002)
is observed for circumferential hydrides. For radial hydrides, it appears that δ(111)//ND which
argues in favor of the initial orientation relationship being maintained for radial hydrides. Laue
diffraction shows that both radial and circumferential hydrides are mostly intergranular and prefer
to precipitate close to grains with their basal pole parallel to the ND. The local zirconium strains
studied with this technique confirm the conclusions of the in-situ hydride strain analysis
performed with XRD.
Finally, an attempt to model δ-hydride precipitation with phase-field modeling was
presented. In single crystal hydrides, the δ(111)//α(0002) orientation relationship was successfully
predicted from the model and stacking of individual hydride particles was predicted for
unstressed samples. When stress is applied, the orientation relationship is maintained but the
stacking angle is different. For polycrystalline samples, grain-boundary precipitation was
observed. In each grain, the orientation relationship was maintained. Applied stress favors
intergranular precipitation and grains with their basal poles close to the stress direction. Now that
hydride reorientation has been studied under uniformly applied stress, the effect of a stress
concentration on hydride orientation and precipitation is presented in the following chapter.

Chapter 4
HYDRIDE BEHAVIOR IN NOTCHED SAMPLES UNDER STRESS
CONCENTRATION
This chapter describes the study of hydrides precipitated in samples in which a stress
concentration is present. Hydrided compact tension specimens were prepared using both
Zircaloy-2 and Zircaloy-4. After hydriding, a 50 μm-radius notch was machined by EDM. The
samples then underwent thermo-mechanical treatments during which hydrides were dissolved and
cooled under various stress intensity factors. The effect of the applied stress concentration on
hydride morphology, orientation and stress state is discussed in this chapter. First hydride
morphology is studied as a function of distance from the notch tip and of applied stress intensity
factor during growth by image analysis of optical and electron micrographs. Then the effect of
applied stress on the orientation relationship between hydride and matrix and on hydride
preferential precipitation is studied using a combination of techniques. X-ray diffraction, EBSD
and Laue diffraction are used to study global hydride orientation and precipitation location, while
TEM is used to study local orientation relationships between hydrides and matrix grains. Finally,
elastic hydride strains are studied as a function of stress using micro X-ray diffraction. The
experimental strains obtained in the hydrides and the matrix are then be compared to a finite
element model of the notched samples.

4.1. Morphology of Hydrides Grown at a Stress Concentration
In this section, the morphology of macroscopic and microscopic hydrides grown under an
applied stress concentration will be studied. Hydrided notched samples were heated to full
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dissolution of the hydrides then cooled under different stress intensity factors Kgrowth. The stress
intensity factors are calculated using the sample geometry and ASTM E399. The hydrides’
morphology, macroscopic orientation, size and connectivity are presented in this section.

4.1.1.

Microstructure of Notch and Crack Tip Hydrides

The macroscopic hydride morphology was studied using SEM imaging of electropolished and etched samples. In Figure 4-1(a), hydrides grown under a Kgrowth=8 MPa√m in a
notched compact tension (CT) recrystallized Zircaloy-2 sample with 100 wt.ppm of hydrogen are
shown. The notch tip is visible at the top of the image, individual zirconium grains can be
identified and the hydrides are the dark elongated features. This is because with this sample
orientation, we are looking at the edges of the hydride precipitates. A few of the larger hydrides
are indicated with white arrows. Figure 4-1(b) is a zoom of the white boxed area in the left-hand
side picture showing a particular hydride cluster. This cluster shows stacking of smaller hydrides.
The individual smaller hydrides are 1 μm or less in thickness and about 5 μm in length. The small
black dots are likely intermetallic precipitates.
In these micrographs, both inter- and intra-granular hydrides are observed. The hydride
length seems variable but appears to be around 15-20 μm for the larger hydride precipitates and
around 5 μm for the smaller hydride precipitates. Distance from the notch does not seem to
significantly influence hydride density. Finally, even with the increase in hydride size and the loss
of details that come from the electro-polishing step, complex hydride microstructures are
observed such as stacking of smaller hydrides and twisted larger hydrides.
In Figure 4-2, hydrides grown under a Kgrowth=30 MPa√m in a RX Zircaloy-2 sample
which was fatigue pre-cracked are presented. The crack tip is visible at the top of the micrograph.
The individual zirconium grains are also visible. The hydrides also appear as dark elongated
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feature. They appear thicker than for the previous sample which could be due to a slower cooling
rate for the pre-cracked samples compared to that of the blunt notched sample. Some of the
hydrides near the crack tip are fractured. In the case of a sharp crack such as a fatigue pre-crack,
hydrides are observed to be considerably more clustered around the crack tip than for shallow
defects such as a notch tip. These macroscopic hydrides also exhibit a complex structure. They
appear of similar size and are also located at inter and intra granular locations. Comparison of
Figure 4-1 and Figure 4-2 shows that the crack sharpness has a significant effect on hydride
microstructure.
(a)

(b)

Figure 4-1 (a) SEM micrograph of hydrides grown under Kgrowth=8 MPa√m in a RX Zr-2 sample with 100
wt.ppm of hydrogen. Major hydrides are indicated with white arrows. (b) Close-up of micrograph in (a).

Figure 4-2 SEM micrograph of hydrides grown at a fatigue pre-crack (black feature on top of image) in a RX
Zr-2 sample with 100 wt.ppm of hydrogen. Crack tip hydrides are visible and some hydrides are fractured.
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As seen in Section 3.2, etching to observe hydrides optically or with an SEM can induce
artifacts by increasing the observed hydride size and by smoothing the fine structure of the
hydride particles. In order to minimize the amount of artifacts during observation of hydride
particles, two thin TEM samples of hydrides were prepared in the same RX Zr-2 sample with a
Kgrowth = 8 MPa√m as shown in Figure 4-1 from regions close and far from the notch tip using the
FIB lift-off technique described in Chapter 2. One sample was prepared from a region with a
hydride close to the notch tip as indicated in Figure 4-3. Another sample was prepared from a
region at about 250 μm away from the notch tip as seen in Figure 4-3. The samples were then
observed in the TEM.

Figure 4-3 SEM micrograph of sample with hydrides grown under Kgrowth=8 MPa√m in a RX Zr-2 sample with
100 wt.ppm of hydrogen. The specific hydride locations chosen to prepare TEM samples from are indicated on
the micrograph.

TEM images for the hydride far away from the notch tip are presented in Figure 4-4.
From these bright and dark field images, it can be seen that the large hydride particle is composed
of a stacking of 300 nm-thick smaller hydrides. The size of these smaller hydride precipitates is
similar to the size of bulk circumferential hydrides in Chapter 3 Section 3.2. The smaller hydride

231
particles appear perpendicular to the ND which is consistent with the literature. The larger
hydride composed of the stacking of the smaller hydrides however is at a ~50º angle from the
ND. This could be due to the fact that the stacking sequence of the smaller precipitates follows a
specific grain boundary or grain orientation. The actual orientation relationship of the hydride
with the neighboring zirconium grains is described in more detail in Section 4.2.
TEM micrographs for the hydrides formed at the notch tip are presented in Figure 4-5.
These images also show a stacking of smaller hydride precipitates forming a larger hydride
cluster. The thickness of the smaller hydride precipitates is about 150 nm which is smaller than
the thickness of hydrides far from the notch tip. It is possible that the notch-tip hydrides had less
time to grow than hydrides far from the notch because in the case of notch-tip hydrides the
hydrogen atoms have to migrate to the stress concentration. The large stacked hydride and the
hydride platelets appear perpendicular to the TD. Since the ND is 30º away from the TEM sample
surface the orientation of the hydride platelet with respect to the ND cannot be determined here.
The particular orientation relationship of the hydride precipitate with its neighboring matrix grain
will be described in Section 4.2.
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Figure 4-4 (a) Bright and (b) dark field (on hydride reflection) images of hydride precipitate far from the notch
tip (~250μm away) of a notched RX Zr-2 sample with Kgrowth = 8 MPa√m. Hydrides are noted by white arrows.
(c) Schematic representation of hydride particles as seen in the TEM micrographs (in white).

Figure 4-5 (a) Bright and (b) dark field (on hydride reflection) images of hydride precipitate at the notch tip of a
notched RX Zr-2 sample with Kgrowth = 8 MPa√m. Hydrides are noted by white arrows. (c) Schematic
representation of hydride particles as seen in the TEM micrographs (in white).
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4.1.2.

Orientation of Macroscopic Notch Tip Hydrides

Now that the hydride microscopic and macroscopic morphology has been studied, the
effect of Kgrowth, distance from notch tip and alloy on macroscopic hydride orientation in notched
samples will be presented in this section. In this and the following sections (4.1.2, 4.1.3 and
4.1.4), image analysis was performed using Hydromorph® [180] on 50 μm x 50 μm images at
various locations near and away from the notch tip as illustrated in Figure 4-6. The center line is
the line parallel to the notch tip direction while the side line is a line oriented 45º away from the
notch tip direction, as indicated by the schematic drawing in Figure 4-6(a). Using Hydromorph,
the hydrides are studied either following the center line (up to 45º from the center line) or the side
line (45-90º). In Figure 4-7 the orientation of the macroscopic hydride particles is plotted as a
function of distance from the notch tip for different values of Kgrowth applied during hydride
formation for RX Zr-2 material. As can be seen in the left hand graph of this figure, hydride
orientation is fairly constant along the center line for different Kgrowth. Hydride orientation also
appears to be constant along the side line for Kgrowth below 20 MPa√m. However, for Kgrowth equal
to 20 MPa√m, there is a small increase of hydride angle near the notch tip (within 100μm),
suggesting that the hydride orientation is influenced by the notch tip at a distance of about
100μm. This effect however remains small. Similar curves where obtained for RX Zr-4 material.

Figure 4-6 (a) Illustration of the center line and side line analysis. (b) SEM micrograph of one of the boxes from
the side line with hydrides. (c) Identification of individual hydrides by Hydromorph.
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Figure 4-7 Macroscopic hydride orientation (angle from the notch tip direction) for notched RX Zr-2 samples
with hydrogen content of 100 wt.ppm with hydrides grown under different K (K in MPa√m).

The hydride orientation as a function of distance from the tip in a RX Zr-2 sample with
hydrides grown near a sharp fatigue pre-crack are presented in Figure 4-8. In this case, it can be
seen that within a 100 μm radius hydrides are much more closely aligned with the crack tip than
the hydrides formed in a notched sample. Thus the sharp fatigue pre-crack induces hydride
alignment much more effectively than the blunt defect. This effect could also be due to the higher
Kgrowth for the sharp cracked sample.

Figure 4-8 Macroscopic hydride orientation (angle from the crack tip direction) for fatigue pre-cracked RX Zr-2
sample with hydrogen content of 100 wt.ppm.

4.1.3.

Length of Macroscopic Notch Tip Hydrides

The length of macroscopic hydrides has been studied when grown in samples with a blunt
notch and a sharp crack as a function of distance from the notch tip for different Kgrowth in
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Zircaloy-2 and Zircaloy-4. The results are presented in Figure 4-9. Hydrides in RX Zr-2 are about
3-8 μm long, and this value does not vary much with distance from the notch tip or with Kgrowth.
Hydrides in RX Zr-4 are a little longer than those in Zr-2 with lengths ranging from 5-8 μm.
There is also little variation with distance from the notch tip or with Kgrowth.
In the case of hydrides grown at the sharp fatigue pre-crack, hydride length is presented
in Figure 4-10. The hydrides lengths are similar to the notched sample (5-8 μm). However,
hydride length seems to decrease slightly with increasing distance from the crack tip.
Overall, the effect of stress concentration on hydride length has been observed to be
small. Hydrides grown in samples with a sharp crack seem slightly longer than hydrides grown
away from the sharp crack.

Figure 4-9 Macroscopic hydride length determined for RX Zircaloy-2 and Zircaloy-4 samples with hydrogen
content of 100 wt.ppm for samples with hydrides grown under different K (K in MPa√m).

Figure 4-10 Macroscopic hydride size for fatigue pre-cracked RX Zr-2 sample with hydrogen content of 100
wt.ppm.
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4.1.4.

Distance between Macroscopic Notch Tip Hydrides

The distance between neighboring hydrides is an important factor to assess the
susceptibility of the material to brittle hydride fracture. Highly connected hydrides lead to a
greater risk of a direct path for the fracture crack to propagate. In order to study this characteristic
of hydride distribution, the minimum distance between hydrides has been estimated using the
same Hydromorph® geometry as for the previous two sections (50 μm x 50 μm boxes taken in
the SEM micrograph at various distances from the notch tip). Figure 4-11 shows the minimum
distance between hydrides for RX Zr-2 and Zr-4 as a function of distance from the notch tip and
Kgrowth. For RX Zr-2 in general, it can be seen that the hydrides are closer to each other when they
are located closer to the notch tip. This effect is visible especially for the higher values of Kgrowth
(above 8 MPa√m). For RX Zr-4, hydrides do not appear significantly closer to each other near the
notch tip, although their average separation is smaller than that for Zr-2.
The minimum distances between hydrides in the sharp fatigue pre-cracked sample are
presented in Figure 4-12. Hydrides are generally closer to each other than for notched samples.
The hydride-hydride distance decreases near the crack tip as seen in hydrides formed in Zr-2
samples.
Overall, the hydride-hydride distance decreases near stress concentrations. This effect is
more pronounced in Zr-2 and in samples with sharp cracks rather than blunt notches.

Figure 4-11 Minimum inter-hydride distance determined for RX Zircaloy-2 and Zircaloy-4 samples with
hydrogen content of 100 wt.ppm for samples with hydrides grown under different K (K in MPa√m).
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Figure 4-12 Minimum inter-hydride distance for fatigue pre-cracked RX Zr-2 sample with hydrogen content of
100 wt.ppm.

4.1.5.

Discussion

The hydride morphology studied in the SEM for notched samples is significantly altered
by the stress concentration. In samples with sharp cracks however, hydrides are more localized
near at the crack tip, smaller than for notched samples and more aligned than in samples with
blunted notches.
In TEM examinations of hydrides close and far from the notch tip of a sample with
Kgrowth = 8 MPa√m the larger hydrides particles are shown to be formed of smaller hydride
particles stacks. The morphology of hydrides far from the notch tip is similar to that of
circumferential bulk hydrides: they both exhibit a stacking of individual 300 nm-thick hydrides,
aligned perpendicular to the ND. The angle of the large hydride composed of smaller stacked
precipitates however is slightly different to that of circumferential hydrides. This could be due to
a local grain boundary orientation. Individual hydrides at the notch tip are smaller than those far
from the notch tip with a thickness of 150 nm. These hydrides stack perpendicular to the TD.
Their stacking angle with respect to the ND is unclear in the sample geometry observed here.
Stress concentration affects macroscopic hydride orientation of notched samples with
Kgrowth above 20 MPa√m and of sharp cracked samples. The hydride length does not appear to be
significantly affected by the stress concentration, although hydrides are slightly longer at the
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sharp crack tip than away from it. Finally, the hydride-to-hydride distance is smaller near the tip,
especially for sharp defects.
In conclusion, the presence of a sharp crack and stress concentration has significant effect
on macroscopic hydride morphology. In the following section, the effect of stress on the
orientation relationship of the microscopic hydride platelets and their preferential precipitation
locations is investigated.

4.2. Orientation Relationship and Preferential Precipitation of Hydrides Grown at a
Stress Concentration
In this section, the hydride/matrix orientation relationship for hydrides grown near stress
concentrations is studied using different techniques. The first section presents techniques that are
more qualitative but that allow a study over larger areas. The second section presents a few local
orientation relationships, as determined by TEM. The third section discusses whether hydrides
precipitate preferentially in any microstructure location (for example at grain boundaries).

4.2.1.

Qualitative Study of Hydride Orientation Relationship

In this section, the orientation relationship of hydrides with zirconium matrix grains in
notched samples is studied using micro-XRD, EBSD and Laue diffraction. While these
techniques are not as precise as TEM, they present the advantage of averaging data over large
sampling volumes (on the order of several 100s of μm) thus providing better statistics. Three
techniques were used in parallel for this study. The first technique, micro-XRD, consists in
scanning a small XRD beam across the sample surface and recording diffraction rings. Analysis
of the diffraction patterns obtained provides information on the local phases present and their
orientation relative to the matrix. The second technique, EBSD, consists of scanning an electron
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beam across the sample surface and recording the resultant Kikuchi patterns [181]. This technique
probes at each data point a very small volume at the surface of the sample and only provides
information on the zirconium phase. The hydride locations are determined by superimposing the
SEM image taken just after running the EBSD experiment. Finally, Laue diffraction has been
performed using the method presented in Section 3.4. This technique also detects only the
zirconium peaks but is capable of measuring the local strains in these zirconium grains, in
addition to their orientation.
Results from micro-XRD
A 150 μm x 150 μm diffraction grid with a step size of 7.5 μm was recorded using a very
small x-ray beam (0.2 μm in diameter). The diffraction rings obtained were integrated to yield
diffraction patterns. Specific diffraction peaks were selected and manually fitted using PeakFit®
as described in [160]. The resulting integrated peak intensities for the δ(111) and δ(220) hydrides
peaks are shown as a function of sample position in Figure 4-13. The diffraction grids are
superimposed on to an SEM micrograph recorded before the experiment. This figure shows good
correlation between hydride location and hydride diffraction intensity. Hydrides can thus be
identified and studied using this method. Some locations show intensity but no hydride or viceversa. The former could be due to the presence of hydrides below the surface (the interaction
volume of X-rays in this experiments is about 20 μm deep) or of hydrides. The latter could be due
to the observed hydride being improperly oriented for diffraction.
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Figure 4-13 Diffraction grid showing the intensities (red color) of the δ(111) and δ(220) diffraction peaks as a
function of position in the CT sample (RX Zr2 samples with 100 wt.ppm of hydrogen, Kgrowth = 8MPa√m).

Using this technique, the orientation relationship between selected zirconium peaks and
hydride peaks can be examined. In Figure 4-14, Figure 4-15 and Figure 4-16, hydride peak
intensities are compared to zirconium peak intensities as a function of location on the notched
sample. When high hydride and matrix diffracted intensities occur in the same location, their
orientation is recorded. The ovals indicate such hydride/matrix pairs. The dominant orientation
relationship observed is presented in Figure 4-14: δ(220)//α(11 0) . This is equivalent to the
orientation relationship of δ(111)//α(0002) presented in Figure 4-15. These two figures show the
expected orientation relationship from the literature. Additional orientation relationships were
recorded from spatially coincident diffracted intensities, such as δ(111)//α(10 0) (seen in Figure
4-16) and δ(111)//α(10 1). These additional orientation relationships are recorded less often than
the expected orientation relationship. They could be due to the presence of zirconium grains
below or above the diffracting hydrides but not necessarily at the hydride interface. They could
also be due to the hydride growing too big to accommodate at all locations the basal plane
orientation relationship.

Figure 4-14 Diffracted integrated intensities for δ(220) and α(110) as a function of position in a RX Zr-2 notched
sample (Kgrowth = 16 MPa√m). Points where the local hydride intensity and the local zirconium intensity are both
strong are marked with black ellipses.

Figure 4-15 Diffracted integrated intensities for δ(111) and α(002) as a function of position in a RX Zr-2 notched
sample (Kgrowth = 16 MPa√m). Points where the local hydride intensity and the local zirconium intensity are both
strong are marked with black ellipses.
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Figure 4-16 Diffracted integrated intensities for δ(111) and α(100) as a function of position in a RX Zr-2 notched
sample (Kgrowth = 16 MPa√m). Points where the local hydride intensity and the local zirconium intensity are both
strong are marked with black ellipses.

Results from EBSD
In parallel to the micro-XRD technique used here, conventional EBSD was performed on
a RX Zr-2 sample formed with Kgrowth = 8 MPa√m near a blunt notch. Using EBSD with this type
of material, only the zirconium grains can be mapped. The hydride locations were identified from
the SEM micrograph taken after the EBSD data recording and superimposed onto the resulting
zirconium grain map. The original SEM micrograph taken for this sample is presented in Figure
4-17. The area where EBSD was performed is indicated by the black rectangle (made darker by
the surface damage from the electron imaging). The hydride locations have been manually drawn
for clarity. These hydrides locations were then superimposed onto the zirconium grain map
obtained by analyzing the EBSD diffraction patterns (step size of 1 μm), as shown in Figure 4-18.
Figure 4-18 shows the zirconium grains examined and their indexing, color coded to indicate that
red is near α{0001}, green near α{

} and blue near α{

}. It is seen that the grain
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structure is more or less equiaxed with a grain size of about 10μm. As expected, the sample is
strongly textured with most of the basal poles within 30º of the ND (horizontal direction in the
picture) in the ND/TD plane (the TD is the sample surface).
By superimposing the hydrides precipitation location and the orientation relationship with
the neighboring zirconium grains can be determined. Most of the hydrides precipitate in grains in
which basal pole is oriented 30-45º away from the TD (ie closer to the ND than the TD) which
also represents to most commonly oriented grains. The hydride orientation does not seem to be
influenced by the distance to the notch tip which is directly related to the stress applied during
hydride growth. The discussion on the preferential precipitation location is presented in Section
4.2.3

Figure 4-17 SEM micrograph of a RX Zr-2 sample with Kgrowth = 8 MPa√m. The area where EBSD was
performed is represented in the black rectangle (100 μm x 200 μm). The hydrides are marked with dark lines.
(Note: the notch is visible at the very top of the micrograph; the other large dark horizontal feature is an epoxy
marker).
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Figure 4-18 Zirconium grain map (100 μm x 200 μm) obtained by EBSD of a RX Zr-2 sample with Kgrowth = 8
MPa√m.. The hydrides locations from the SEM micrograph are marked with dark lines.

Results from Laue diffraction
Similarly to Section 3.4, results from Laue diffraction on notched samples on an area of
200 μm x 200 μm with a step size of 1.5 μm are presented in Figure 4-19 and Figure 4-20 for RX
Zr-2 samples with different Kgrowth. For both samples, the zirconium grain map obtained by Laue
diffraction is present in part (b) of the figures with the colors corresponding to the α(0002) pole
figure in part (c). The texture observed for both samples is consistent with that of recrystallized
Zircaloy-2. The grains in both samples appear slightly elongated in the rolling direction with an
average size of 20 μm approximately.
The polarized light images with the hydrides drawn inside white ellipses are matched to
the zirconium grain maps in part (a) of both figures. Using this match and the color coded pole
figure, hydrides are observed to precipitate with the face of the plate perpendicular to the basal
planes within 30º of the normal direction for both Kgrowth = 8 MPa√m and 16 MPa√m. The
different Kgrowth and the distance to the notch tip do not seem to affect significantly the hydride
orientation relationship as seen with the micro XRD technique. Discussion on hydride
precipitation location and local zirconium strain changes due to hydride precipitation will be
discussed in Sections 4.2.3 and 4.3 respectively.
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Figure 4-19 Results from Laue diffraction on a Zr-2 RX sample with 100 wt.ppm of hydrogen with hydrides
grown under K=8 MPa√m. (a) Polarized light image of zirconium grains and hydrides (hydride locations are
indicated with ellipses and dark lines); (b) zirconium orientation map obtained by diffraction; (c) α{0002} pole
figure corresponding to the orientation map; (d), (e), (f) Zirconium elastic strain maps calculated from
diffraction (red signifies tension, blue signifies compression).

Figure 4-20 Results from Laue diffraction on a Zr-2 RX sample with 100 wt.ppm of hydrogen with hydrides
grown under K=16 MPa√m. (a) Polarized light image of zirconium grains and hydrides (hydride locations are
indicated with ellipses and dark lines); (b) zirconium orientation map obtained by diffraction; (c) α{0002} pole
figure corresponding to the orientation map; (d), (e), (f) Zirconium elastic strain maps calculated from
diffraction (red signifies tension, blue signifies compression).
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Summary
In this section, the hydride orientation relationship with zirconium matrix grains has been
studied using a variety of techniques. The main orientation relationship observed is the expected
δ(111)//α(0002) determined using micro-XRD. Some additional orientation relationships have
also been observed although less frequently than the expected one. Hydride orientation is not
significantly affected by distance from the notch tip or by Kgrowth.
Using EBSD, hydrides were observed to precipitate inside or near the most commonly
oriented zirconium grains which have their basal poles within 30º of the ND. Stress had little
effect on the hydride orientation relationship with the matrix.
Finally Laue diffraction combined with polarized light imaging was also used to observe
the location of hydrides inside the zirconium grain orientation map. The face of the hydride
platelet is perpendicular to basal planes for most of the hydrides measured. Confirming microXRD and EBSD results, hydride orientation does not seem significantly affected by distance to
notch tip of Kgrowth (Kgrowth 16 MPa√m).

4.2.2.

Local Orientation Relationship Determination

In this section, TEM observations of orientation relationships using diffraction are
presented. These samples are taken from a hydride far from the notch tip (~250μm) and at the
notch tip for a notch RX Zr-2 sample with Kgrowth = 8 MPa√m. In Figure 4-21, selected area
diffraction patterns were taken from the hydride and its neighboring zirconium grain without any
tilt in between. By comparison with the bright field micrographs, we can see that the δ(111) plane
is parallel to the ND (Figure 4-4). By comparing the two diffraction patterns, it appears that the
hydride δ(111) is parallel or within 5º of the α(10 0) zirconium planes. Unfortunately no other
zirconium directions or planes are visible in the zirconium diffraction pattern so the exact
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orientation relationship cannot be determined from the data presented here. Figure 4-22 shows a
composite diffraction pattern, containing diffraction from both α-zirconium and hydride phases.
In this two-phase diffraction pattern, the zone axis for the zirconium phase is α[0002] while that
of the hydride phase is δ[1

]. From these patterns, the expected δ(220)//α(11 0) relationship

observed by micro-XRD is confirmed. The δ(111)// α(10 0) orientation relationship observed for
the hydride far from the notch tip in Figure 4-21 is also observed. In conclusion, the observation
of locally chosen hydrides with TEM confirms the micro-XRD observations. The orientation
δ(111)// α(10 0) is observed for hydrides both far and close to the notch tip. The δ(220)//α(11 0)
relationship is also observed for the hydride at the notch tip. Near and far hydrides exhibit a
similar orientation and the presence of a stress concentration does not seem to influence
significantly the local orientation relationship.

Figure 4-21 Selected area diffraction patterns from hydride and neighboring zirconium grain for hydride far
from the notch tip (~250 μm) of a RX Zr-2 sample with Kgrowth = 8 MPa√m.
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Figure 4-22 Selected area diffraction patterns from both hydride and zirconium grain for hydride at the notch
tip of a RX Zr-2 sample with Kgrowth = 8 MPa√m. The second pattern is from the hydride only (tilted).

4.2.3.

Preferential Precipitation of Notch Tip Hydrides

In this section, the study of the preferential precipitation location of hydrides around the
notch tip for different Kgrowth is presented. These results come from EBSD analysis and Laue
diffraction.
Results from EBSD
Using the EBSD analysis presented in Figure 4-17 and Figure 4-18 for a RX Zr-2 sample
with Kgrowth= 8 MPa√m, the hydride locations within or in between zirconium grains can be
studied. Observed superimposed hydrides on the zirconium grain map are counted as either intergranular of trans-granular. Large hydrides can grow in several grains or along several grain
boundaries. In that case, each hydride-grain position is recorded.
Using this method, it is observed that 53% of the large macroscopic hydrides are intergranular hydrides while 47% are intra- or trans-granular hydrides.Thus, there seems not to be a
strong preference for inter- or intra-granular hydrides in this material. Stress also does not appear
to influence the preferential hydride precipitation location.
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Results from Laue diffraction and polarized light imaging
As seen in Figure 4-19 and Figure 4-20, the hydrides observed on the polarized light
micrographs can be matched to the zirconium grains. The orientation of these zirconium grains
can be observed from the grain maps obtained by Laue diffraction. In this case, a quantitative
counting of hydride location such as that shown for EBSD above cannot be performed because
the position of the hydrides is not as well defined. An overall qualitative observation can still be
performed however.
From these figures, it appears that for a sample with Kgrowth= 8 MPa√m, both inter and
intra granular hydrides are observed. There seems to be slightly more intergranular hydrides than
intragranular hydrides. Distance to the notch tip does not seem to affect significantly the hydride
precipitation location although it is hard to get this information precisely from the type of data
presented here. For the sample with Kgrowth= 16 MPa√m, both inter and intra granular hydrides are
also observed. This time there seems to be equal repartition between inter granular hydrides and
intra granular hydrides. The effect of distance from the notch tip on preferential precipitation
location also seems negligible for this sample.

4.2.4.

Discussion

In this section, the orientation of hydrides precipitated at a stress concentration for
notched recrystallized Zircaloy-2 with different Kgrowth was investigated using different
techniques. Micro-XRD, EBSD and Laue diffraction were used to study the qualitative
orientation relationship of hydrides over large areas. TEM was used to study the local orientation
relationship of hydrides close and far from the notch tip. Finally EBSD and Laue diffraction were
also used to study the preferential precipitation location of hydrides for these notched samples.
The expected δ(111)//α(0002) orientation relationship was observed for most hydrides using the
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micro-XRD technique. This orientation was also consistent with local TEM analyses. Additional
orientation relationships were also observed such as δ(111)// α(10 0). These could be due to the
hydride growing too big to respect the expected orientation relationship at all locations. The
effect of the distance from the notch tip was observed to be negligible for Kgrowth < 20 MPa√m.
For higher Kgrowth there seemed to be a slight increase in δ(111) hydride population at the stress
concentration but this effect remained small. Hydrides appeared to precipitate both at inter- and
intra-granular locations with a slight preference for inter-granular locations for the lower values
of Kgrowth studied. At higher Kgrowth there seemed to be an equal repartition of inter- and intragranular hydride populations. In the next section, the local strains of hydrides grown in these
notched samples will be studied with micro-XRD and Laue diffraction.

4.3. Strains of Hydrides Grown Under a Stress Concentration

4.3.1.

Hydride Strains Studied as a Function of Distance from Stress Concentration

In this section, the elastic strains of hydrides and zirconium matrix is studied as a
function of distance from the notch tip using micro-XRD (beam diameter 0.2 μm). With
increasing distance to the notch tip, there will be a decrease of local applied stress during hydride
precipitation. The data presented here is similar to the XRD data presented in Section 4.2.
Selected diffraction patterns with hydride peaks have been fitted to extract the peak position and
the peak width. The variation from the expected value of the peak position is related to the local
elastic strain. The FWHM represents a measure of the strain distribution since at room
temperature for similar samples, no size broadening is observed (see Section 3.3.1). From Section
3.3.1 the unstressed expected peak position for hydrides was chosen to be the value for bulk
hydride.
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Results from micro-XRD
A notched sample with hydrides grown under Kgrowth = 16 MPa√m, was studied at room
temperature under no applied load. The results for the measured hydride and zirconium strains for
different diffraction peaks are presented in Figure 4-23. The strains vary considerably from grain
to grain. It should be noted that although the x-ray beam is much smaller than the grain size, since
the x-ray beam probes a depth of about 20 μm, each data point measures signal from a few grains.
The δ(220) peaks are not plotted here because, since these peaks are much smaller than the
δ(111), they are difficult to fit correctly. Hydride strains are compressive, and their orders of
magnitude are similar to those observed in Chapter 3. The zirconium matrix shows on average
very low strain. No real trend is observed in either the hydride or the zirconium peaks for
distances to the notch tip superior to 30 μm. This could be due to the large local strain variation.
However at distances smaller than 30 μm from the notch tip the local compressive hydride strains
appear to increase slightly and the local of the local zirconium strains correspondingly decrease
slightly. It should be noted that the strains measured here are in the TD which is perpendicular to
the sample surface. These results signify that the matrix is more relaxed near the notch potentially
because of hydride precipitation. These results are consistent with Kerr’s results showing
relaxation of the local crack tip strain field in the plane of the sample surface [182]. In addition
the hydrides are more compressed in the TD near the notch which implies, by Poisson’s effect
that the hydride strain in ND/RD (ie the plane of the sample surface) is more tensile. This would
be consistent with the findings from Chapter 3 indicating that reoriented hydrides are in tension in
the face of the hydride platelet.
The results from the study of the FWHM of these hydride peaks are presented in Figure
4-24. The FWHM (and thus likely the strain distribution) does not vary much with distance from
the notch tip.
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Figure 4-23 Hydrides and zirconium strain versus distance to the notch tip in a RX Zr-2 notched sample with
hydrides grown at K=16MPa√m.

Figure 4-24 Hydrides FWHM versus distance to the notch tip in a RX Zr-2 notched sample with hydrides grown
at K=16MPa√m.

Results from Laue diffraction
The local zirconium strains can be measured using Laue diffraction. The results from
Laue diffraction for the notched sample with Kgrowth = 16 MPa√m studied in this paragraph have
been presented previously in Figure 4-20 in Section 4.2. From the study of the local zirconium
strain maps as seen in Figure 4-20(d), (e) and (f), it can be seen that the matrix strains in the ND
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are more compressive near the notch tip whereas those in the RD are more tensile near the notch
tip. This is consistent with the results from micro-XRD and from Chapter 3. Hydrides near the
notch (thus ‘reoriented’ due to local stress) are in tension in the face of the platelet (here this is
the ND).
Summary
In this section, the local strains in hydride and matrix have been studied as a function of
distance from the notch tip in a sample with Kgrowth = 16 MPa√m. The local strain variation from
grain to grain is quite significant. For distances below 30 μm, there is a relaxation of the matrix
strains in the ND/TD plane due to hydride precipitation. Hydrides precipitated near the notch are
in tension in the ND (face of the platelet) and compression in the other directions. These results
are consistent with the literature and those observed for reoriented hydrides in Section3.3.

4.3.2. Hydride Strains Studied as a Function of Applied Stress Intensity Factor during
Precipitation and Growth
In this section, the strains in notched samples with Kgrowth < 16 MPa√m are presented.
This allows us to observe the effect of Kgrowth on hydride and zirconium strains observed in the
previous paragraph. Higher Kgrowth > 16 MPa√m have been observed to create plastic deformation
and thus are not presented here.

Results from micro-XRD
Similarly to the previous paragraph, strains in hydrides and zirconium diffraction peaks
for a notched sample with Kgrowth = 12 MPa√m are presented in Figure 4-25. There is also a large
local variation of the strains from grain to grain. Hydride strains appear compressive and the
zirconium grains appear on average unstrained. Below 20 μm, it appears that the hydride δ(111)
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strains are more compressed then they relax some of the compressive strains further away from
the notch. This is very similar to the results from below 30 μm seen in the previous paragraph. It
thus appears that a lower Kgrowth, as is observed here, will lead to a lower interaction region (20μm
for Kgrowth =12 MPa√m versus 30 μm for Kgrowth =16 MPa√m) which is logical given the stress
profiles around notches. The effect of strain relaxation of the zirconium matrix is not observed in
this sample, this could be due to a lack of data points near the notch tip or to local variations.
Results from the FWHM analysis of the Kgrowth = 12 MPa√m are presented in Figure 4-26
and look very similar to those observed for Kgrowth = 16 MPa√m. No significant difference
appears visible in this figure from Figure 4-24.

Figure 4-25 Hydrides and zirconium strain versus distance to the notch tip in a RX Zr-2 notched sample with
hydrides grown at K=12MPa√m.
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Figure 4-26 Hydrides and zirconium FWHM versus distance to the notch tip in a RX Zr-2 notched sample with
hydrides grown at K=12MPa√m.

Results from Laue diffraction
Laue diffraction was performed on a sample with a Kgrowth = 8 MPa√m. Results from this
experiment are presented in Figure 4-19. Similarly to the results for Kgrowth = 16 MPa√m, the
matrix strains in the ND appear a lot more compressive near the notch tip than further away from
it. This is consistent with the ‘reoriented’ hydrides near to notch having the platelet face in
tension. Hydrides platelets away from the notch are also oriented perpendicular to the ND but this
time their face is in compression. Strains in the RD and the TD are harder to interpret in these
figures.
Summary
In this section, samples with lower Kgrowth have been studied. It was found that the local
grain to grain variation of elastic strain is also very significant. The area of influence of the notch
stresses on local hydride strains appears smaller for lower Kgrowth. For lower Kgrowth, matrix strain
relaxation is also less significant. Hydride platelets near the notch appear to have their face in
tension in the ND whereas those away from the notch have their face in compression in the ND
even for Kgrowth = 8 MPa√m.
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4.3.3.

Effect of Room Temperature Applied Stress on Hydride Strains

Finally in this section, a notched sample with Kgrowth = 12 MPa√m is studied at room
temperature with an applied Kapplied = 12 MPa√m during recording of the diffraction patterns.
Results from micro-XRD
Results from the measured strains in the zirconium and hydride peaks are presented in
Figure 4-27. Similarly to the previous two observed samples, there is a lot of local variation of
strains from grain to grain. There appears to be even more scatter in the zirconium strain. This
could be due to different local accommodation of zirconium grains to the applied stress. The
hydride strains for the δ(111) peaks appear to be very slightly more compressed near the notch
and to relax within 20 μm of the notch similarly to the unstressed sample presented in the
previous paragraph. This observation however is based on a couple of data points and given the
amount of overall scatter it is difficult to reach a firm conclusion. No other significant trend can
be observed from the strains of hydrides and zirconium.
The FWHM of hydrides and zirconium peaks for loaded sample are presented in Figure
4-28. Similarly to the previous two samples, no significant trend is observed here even with the
applied load.

Figure 4-27 Hydrides and zirconium strain versus distance to the notch tip in a RX Zr-2 notched sample with
hydrides grown at K=12MPa√m under a K=12MPa√m applied stress.
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Figure 4-28 Hydrides and zirconium FWHM versus distance to the notch tip in a RX Zr-2 notched sample with
hydrides grown at K=12MPa√m under a K=12MPa√m applied stress.

Results from finite element modeling
In order to assess the order of magnitude of the stress/strain imposed by a Kapplied of 12
MPa√m, a finite element (FE) model of our notched sample geometry was developed. The
meshing and geometry of this model are presented in Figure 4-29. In this three-dimensional
model, sample symmetry is taken into account to simplify the calculations (symmetry in middle
plane in thickness of the sample and symmetry along the notch direction). The material used for
this model was a homogeneous zirconium matrix with mechanical properties averaged over the
expected texture [150]. Results for strains in the ND (εyy) from these simulations with Kapplied = 12
MPa√m are presented in Figure 4-30. From these simulations, a tensile strain of about 3 x 10-3 is
observed close to the notch. This strain value decreases with distance from the notch tip and at
about 50 μm away from the notch the local strains are nearer to 1 x 10-3. The order of magnitude
of the calculated strain in the matrix is the same as that observed with micro XRD. However, this
trend of higher tensile strain in the matrix near the stressed notch and decreasing strains with
distance from the notch has not been observed with our experiments. This is likely due to the fact
that the local variation of zirconium strains from grain to grain is too big. As a matter of fact,
when values are averaged over many grains such as with transmission XRD, XRD results are
consistent with similar FE models as seen in [182].
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Figure 4-29 Meshing geometry of 3D finite element model for notched samples (courtesy of B. Leitch – AECL).

Figure 4-30 Strain results in the ND (εyy) from FE model for notched sample under an applied stress of K=12
MPa√m (courtesy of B. Leitch – AECL).
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Summary
In this section, the effect of an applied stress intensity factor on the local hydride and
zirconium matrix strains has been studied. Applied stress leads to an increase in scatter of the
local strains in both matrix and hydrides. Although the area of influence of the notch on local
hydride compressive strains remains similar in size to the unstressed samples it is difficult to
draw firm conclusions due to the scatter of the data. A finite element model was developed to
assess the order of magnitudes of local matrix strains with the applied stress intensity factor. It is
seen that the predicted order of magnitude is consistent with the XRD results but the observed
trends in the simulations are not observed in the experimental measurements. This is likely due to
the large scatter of local strains.

4.3.4.

Discussion

In this section, hydride and zirconium matrix strains were studied using micro-XRD and
Laue diffraction for notched samples with different Kgrowth. Using micro-XRD, a few grains are
probed with each data point which leads to very large point to point scatter in the local strains. It
was however observed that for distances less than 30 μm for Kgrowth = 16 MPa√m and less than 20
μm for Kgrowth = 12 MPa√m, hydride strains perpendicular to the sample surface are highly
compressed. A certain amount of these compressive strains relax with increasing distance to the
notch tip. Zirconium strains appear relaxed close to the notch tip which is likely due to hydride
precipitation. The area of influence of the notch appears to decrease with decreasing Kgrowth.
These results are consistent with literature results on crack tip samples observed with
transmission XRD. Laue diffraction results show that even for Kgrowth of 8 MPa√m, hydrides are
in tension in the platelet face near the notch and in compression in the platelet face away from the
notch. These results are consistent with strains in reoriented hydrides in bulk samples presented in
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Chapter 3. Finally when a stress concentration is applied, an increase in the scatter of local strains
is observed which is likely due to different local accommodation of grains to the applied stress.
The area of influence of the notch on hydride strains appears similar to unstressed samples
although the local variation of strains prevents us from firm conclusions. The orders of
magnitudes of the stresses calculated using finite element modeling appear to be similar to those
measured with micro-XRD. However, the trends in the zirconium matrix strains predicted by the
model are not observed likely due to large scatter of local strains. Future experiments on hydride
and matrix strains could benefit from a larger x-ray beam and an average over many grains.

4.4. Summary of Chapter 4
In this chapter, the effect of a stress concentration on hydrides was studied in
recrystallized Zircaloy-2 and Zircaloy-4. Most of the samples studied were machined with a blunt
notch although some had a sharp fatigue pre-crack. The macroscopic hydride morphology around
notched samples is complex. The hydride density is not affected by the stress concentration
during hydride precipitation and growth. For samples with sharp cracks, hydrides were more
localized around the crack and aligned with it. Hydrides also appear shorter in sharp crack
samples than in notched samples. Microscopic observation of hydrides in notched samples shows
they are composed of a stacking of hydride platelets. The individual hydride platelets are about
150 nm in thickness near the notch and 300 nm away from the notch. The stacking of the
hydrides also appears to change with distance from the notch. An analysis of the global
orientation of the macroscopic hydrides shows that more hydrides align with the notch for Kgrowth
> 20 MPa√m than for lower values of Kgrowth. Hydrides in cracked samples are significantly more
aligned with the crack than in notched samples. Hydrides length in notched samples appears
unaffected by the stress concentration whereas hydrides are longer near the crack tip in sharply
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cracked samples. Hydrides appear closer to each other in both notched and cracked samples
although they are even closer to each other for sharply cracked samples. Thus, the bluntness of
the defect seems to affect significantly hydride morphology.
The main orientation relationship of hydrides in notched samples has been found to be
δ(111)//α(0002) in agreement with other observations. Additional orientation relationships were
observed, however which could be caused by hydrides growing too big to accommodate the
orientation relationship at all locations. The presence of the stress concentration during hydride
precipitation and growth did not seem to affect the hydride orientation relationship with the
matrix which is consistent with studies of bulk reoriented hydrides studied in Chapter 3. Hydrides
appear both inter and intra granular with a slight preference for inter-granular locations. At high
Kgrowth, there appears to be an equal partition of inter- and intra- granular hydride populations.
Finally local hydride and zirconium strains were studied. The local grain to grain
variation of hydride and matrix strains was found to be significant. Hydrides strains near the
notch appear highly compressed at the edges and in tension in the face. The zirconium strains are
relaxed at the notch. Away from the notch, zirconium strains are less relaxed, hydride strains are
less compressive in the edge and are in compression in the face of the plate. This is consistent
with results for bulk reoriented hydride precipitates studied in Chapter 3. The area of influence of
the notch appears to increase with increasing Kgrowth applied during hydride precipitation. The
effect of applied stress on hydrides and zirconium strains is difficult to assess due to high local
grain-to-grain variation. The orders of magnitude of the local strains, however, are consistent with
those predicted by a finite element model, although the predicted trends from the model were not
observed in the experimental data.

Chapter 5
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1. Conclusions
The goal of this research was to study the effect of stress on the dissolution and
precipitation of hydrides in zirconium alloys in order to better understand the phenomena of
hydride reorientation in dry storage conditions and delayed hydride cracking. Synchrotron based
in-situ techniques were developed to follow hydride precipitation under stress. Detailed X-ray
diffraction measurements were performed on various hydrided zirconium alloys samples using
synchrotron radiation. The objective of these experiments was to follow the kinetics of hydride
dissolution and precipitation under stress. The secondary objective of this study was to determine
if there is a diffraction signature associated with hydride reorientation. Both in-situ and ex-situ
experiments were performed on samples under different levels of load, and the results were
compared to microscopic examination. These techniques were combined with post-facto
observation techniques such as TEM and EBSD to better characterize zirconium hydrides.
Finally, models were developed to predict and compare experimental results. Hydrides can
precipitate in the bulk under uniform stress conditions or near a stress concentration near a crack
tip. The main conclusions of these studies for samples both under uniform stress and under a
stress concentration are grouped into three parts: hydride morphology, hydride dissolution and
precipitation without applied stress and hydride precipitation with applied stress.
1. Hydride morphology.
The hydride diffraction peaks observed in all samples are all consistent
with the delta-hydride phase (face-centered cubic structure and a stoichiometry of
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ZrH1.66). No peaks associated with the gamma or epsilon phases were seen,
although they should have been observed in the two-theta range examined , if
such phases were present. The hydrides observed are platelet-shaped and are
consistent with the δ(111) // α(0002) orientation relationship. As seen in the
TEM, these circumferential hydrides platelets are approximately 300 nm thick
when slowly cooled and stack on top of each other at an angle of about 20º. In
recrystallized material, hydrides precipitate both inter- and intra-granularly as
seen with EBSD and polarized light imaging. In cold-worked material, hydrides
precipitate preferentially inter-granularly as seen in the TEM.
When hydrides precipitate under sufficient applied stress, the platelets
reorient perpendicularly to the applied tensile stress. The threshold stress for
hydride reorientation is around 200 MPa for CWSR Zircaloy-4, 80 MPa for RX
Zircaloy-4 and below 75 MPa for RX Zircaloy-2 as long as complete dissolution
is achieved. The hydrogen content and the number of cycles do not significantly
influence the threshold stress for reorientation. Cycling under stress above the
threshold stress drastically increases both the reoriented hydride fraction and the
hydride connectivity. The radial hydride fraction decreases with increasing
hydrogen content (for levels above 200 wt.ppm) and with increasing cooling rate.
Examination of these reoriented hydrides using TEM shows that they are
approximately 300 nm thick (without any visible stacking). Reoriented hydride
diffraction patterns determined by TEM are consistent with the δ(111) // α(0002)
orientation relationship with the matrix.
When a stress concentration is applied, hydrides align with the direction
of the crack. Greater degree of alignment is seen with a sharp crack as compared
to a blunt notch. Both the hydride concentration and the hydride length are
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greatly enhanced near the stress concentration or crack tip. Crack tip hydrides
show hydride particle stacking similarly to circumferential hydrides exhibiting
stacking of 150 nm-thick precipitates. The δ(111) // α(0002) orientation
relationship is also maintained for crack tip hydrides, partly due to the favorable
texture.
A phase-field model was developed to simulate the precipitation of δhydrides in single crystal and poly-crystal zirconium. The model predicts the
expected δ(111)//α(0002) orientation relationship as well as the stacking of
smaller hydride platelets to form large hydride clusters. Hydrides are predicted to
precipitate both at inter- and intra- granular locations. When stress is applied,
hydrides precipitate preferentially in grains with their basal poles parallel to the
tensile direction.

2. Hydride dissolution and precipitation without applied stress.
The dissolution and precipitation kinetics of hydrides were studied by
following the hydride diffraction signal in-situ by synchrotron XRD, thus
allowing the direct determination of the dissolution and precipitation
temperatures. Results agree very well to previously published DSC results, both
for the dissolution temperature and the hysteresis. Similar dissolution and
precipitation temperatures were seen for CWSR Zr4, RX Zr4 and RX Zr2. This
hysteresis is caused by the plastic deformation necessary to nucleate new
hydrides upon precipitation. This is seen because the hydride volume fraction
diffraction signal during cooling starts to increases right at the dissolution
temperature when hydrides are not completely dissolved.
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The study of the shift in hydride peak position and broadening gives
information on the magnitude and range of hydride elastic strain and on the
hydride particle size. When hydrides precipitate under no applied stress, two
strain regimes are observed. During cooling, hydrides first nucleate as highly
compressed small particles as measured by the shift in the δ(111) diffraction
peak. By applying Williamson-Hall plots, size and strain broadening effects can
be distinguished. When hydrides first start forming they are approximately 25
Angstroms in size. As the temperature decreases further, the average hydride
compressive strain decreases, likely due to matrix plastic deformation (formation
of dislocations) and sympathetic nucleation (formation of new hydrides in the
strain field of pre-existing hydrides). When half of the hydride population is
precipitated, no more size broadening is observed which leads us to believe the
nucleation phase is finished and further precipitation occurs by hydride growth.
From this point down to room temperature, the hydride strain behavior changes
to follow the thermal contraction of the matrix.

3. Hydride dissolution and precipitation under applied stress.
When hydrides precipitate under an applied stress that is lower than the
threshold stress for reorientation, the measured precipitation temperature is close
to that of hydrides precipitated under no applied stress. For hydrides precipitated
under an applied stress above the threshold stress for hydride reorientation, the
precipitation temperature is found to be lower than that for hydride precipitated
under low of zero applied stress. This is true for up to four thermo-mechanical
cycles and for cooling rates from 1ºC/min to 60ºC/min.
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When circumferential hydrides precipitate under an applied stress, the
strain behavior is different than that of hydrides formed under no applied stress.
In the first regime, the hydrides also show considerable compressive strain which
decreases with further cooling as new hydrides precipitate. In the second regime,
the average hydride strain does not decreases with temperature following the
matrix contraction, but rather stays constant at a low compressive strain value
down to room temperature. This could be due to a greater ease in deforming the
matrix due to the applied far-field stress.
When hydrides precipitate under stress and reorient, during the first
precipitation regime the hydride strains become tensile in the direction
perpendicular to the hydride platelet face. During the second precipitation
regime, these strains remain constant in tension. This indicates a different
hydride strain state for reoriented hydrides than for circumferential hydrides.
Cycling under stress and increasing cooling rate do not appear to affect
significantly whether the strain in the reoriented hydrides is tensile or
compressive.
Local elastic hydride and zirconium strains in notched samples have been
studied with micro-XRD. There is a large amount of grain-to-grain variation in
the measured strains. Hydrides close to the notch tip are in tension in the face of
the platelet and in compression at the edges similarly to reoriented hydrides. The
zirconium matrix strains are relaxed at the notch tip. Away from the notch,
hydrides are in compression in the face of the platelet and less in compression at
the edges. This is consistent with hydrides precipitated under stress but not
reoriented. The area of influence of the stress concentration on hydride and
zirconium strains appears to increase with increasing Kgrowth. Finally hydride and
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zirconium elastic strains were studied for a notched sample with in-situ applied
stress. This resulted in an increased grain-to-grain variation in elastic strain for
both phases. The order of magnitude of the strains predicted by finite element
modeling is consistent with the values measured experimentally. The trends
predicted by the model however were not observed experimentally, likely
because of the large amount of grain to grain variation.

5.2. Recommendations for Future Work
In view of the results obtained during the course of this study, this section contains a set
of recommendations which could provide a better understanding on the influence of stress on
zirconium hydride precipitation.
For the study of hydrides in bulk samples under uniformly applied stress, a more
systematic study of the threshold stress for reorientation as a function of the yield stress of the
matrix would be useful. Similarly, obtaining samples will full hydride reorientation in
recrystallized material with large grain would allow for easier EBSD analyses where the grain
boundary precipitation of reoriented hydrides could be studied more easily. In addition, a more
thorough TEM study of hydride morphology and orientation relationship with the matrix should
be carried out. This study would also benefit from recrystallized reoriented samples with less
dislocations and larger matrix grains. In order to complete the picture of hydride strains studied
in-situ as hydrides precipitate under stress it would be interesting to rotate the sample while
hydrides are precipitating in order to obtain the full stress state of the hydrides in all directions.
This would also provide a full texture analysis of reoriented hydrides.
The phase-field model for δ-hydride precipitation also could be modified to include
three-dimensional polycrystalline material. In addition, in order to compare the model to
experimental results, the effect of decreasing temperature as hydrides precipitate could be
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included. Using this model of hydride precipitation during cooling, the predicted hydride strain
could be directly compared to those obtained in-situ experimentally.
The experiments on samples with a stress concentration should be carried out on sharper
defects than the notch in order to observe more easily the effect of stress on hydrides. A larger
beam should be used to study the local strains and orientations in order to avoid the large data
scatter from grain to grain. Similarly to uniformly stressed bulk samples, a more thorough TEM
study of hydrides near and far from the crack tip would be beneficial. Finally the phase-field
model developed for uniformly stressed samples should be adapted to samples with stress
concentrations. Results from this model could be used to compare to obtained experimental
results and better predict DHC phenomena. Once the effect of stress on zirconium hydrides is
better understood, the next research step should include studies on how these hydrides fracture
both under various stress states and at stress concentrations. The effects of irradiation on stressed
hydrided samples would also be the next step in a better understanding of hydrided used fuel
cladding. The overall results from this study suggest that the conditions of stress, maximum
temperature and number of cycles currently used for the drying and storage of spent fuel could
potentially result in the formation of highly connected, long and coarse reoriented hydrides which
could affect cladding ductility. One big question is whether the current results obtained in prehydrided cladding are relevant to the behavior of neutron irradiated material. The effects of
hydrides on cladding ductility could also be exacerbated by the radiation damage and hardening
of the zirconium matrix. While these studies on irradiated material are difficult to perform due to
the high levels of radiation which render sample preparation and handling challenging, they
should be performed for a more relevant understanding of hydride embrittlement of used fuel.
The performance of such studies could lead to a more comprehensive understanding of the
mechanisms of hydride reorientation and thus allow a more precise, mechanistically based
determination of regulatory limits for the drying, transporting and storage of used nuclear fuel.

Appendix A
Hydriding and Reorientation Equipment
Hydriding system for Gaseous Charging
The pre-hydrogen charging procedure to remove the native oxide layer is done by the
following manner:
-Clean samples with acetone and methanol.
-Etch samples by dipping for 30s-1min in a solution of 10 parts (volume) H2O, 10 parts
HNO3 and 1 part HF.
-Rinse in distilled water.
-Blow samples dry with air.
Immediately after removing the oxide layer, the samples are inserted in a Semicore®
Evaporator to receive a coat of nickel:
-Coat samples on one side with 200 Angstroms layer of Nickel.
Samples are then ready for hydrogen charging. The system used for gaseous charging is
represented in Figure A-1. It is composed of a quartz tube which can be pumped to a high
vacuum, a large clam shell furnace, a 1L control volume of hydrogen linked to a 12.5% H2/87.5%
Ar gas tank. Two pumps are used to pump the system: a rough pump with a thermocouple
pressure gage and a diffusion pump with an ion gage. Samples are hydrogen charged by the
following manner:
-Measure initial sample mass.
-Insert samples in quartz tube, pump vacuum to 10-5 torr.
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-Calculate necessary volume of gas needed for desired level of H content using the initial
sample mass and the perfect gas law.
-Insert samples in hot zone of furnace at about 450ºC, insert gas in furnace.
-Let samples in hot zone for 1h
-Cycle this procedure as many times as needed.

Figure A-1 Schematic representation of the gaseous hydriding system used at Penn State.

Design of Pull Rods for Ex-Situ Reorientation System at Penn State
A system was designed to perform heating/loading experiments at Penn State. The
system is based on an Instron machine with a 1kN load cell. Pull rods have been designed to fit
the sample geometry (determined by tensile tests considerations and furnace size at the APS
synchrotron). Most of the shaft of the pull rods has a 0.50 inch diameter to minimize the opening
out of the furnace and to minimize the conductive path for heat to leave the furnace. The material
is 4330 steel and is treated to have a black oxide finish to ensure that the material maintains
sufficient strength up to at least 400 ºC. The slot in the rods for the sample is wider than necessary
to be able to accommodate future changes to the specimen geometry. Second, adapters are
designed to protect the Instron and the load cell from conductive heating. They are internally
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cooled by attaching flex tubing to the 3/8-inch NPT ports in the body of the adapters to a cold
water line in the laboratory. A clam shell furnace controlled by a K-type thermocouple is used to
heat the sample. This furnace is connected to a programmable temperature controller. All load
and temperature data are recorded during the experiments by a data collection device. A LabView
program was written to control the Instron load frame and load cell during the thermo-mechanical
experiments.

Figure A-2 Pull rods designed for loading of
dogbone specimens.

Figure A-3 Pull rod adapters designed for loading
of dogbone specimens.

Appendix B
Powder Diffraction Files for Zirconium and Zirconium Hydrides
The following Powder Diffraction Files are from [157]. Table B-1 and Table B-4 were
used in particular in this study:
Table B-1 PDF for α-zirconium.

d (Angstroms)
2.798
2.573
2.459
1.894
1.616
1.463
1.399
1.368

α-Zirconium
PDF No 00-005-0665
Intensity (a.u.)
(h k l)
33
( 1 0 0)
32
( 0 0 2)
100
( 1 0 1)
17
( 1 0 2)
17
( 1 1 0)
18
( 1 0 3)
3
( 2 0 0)
18
( 1 1 2)

Theta (degrees)
15.980
17.420
18.256
23.998
28.468
31.770
33.408
34.269

Table B-2 PDF for γ-hydride (a=4.596 angstroms, c=4.969 angstroms).

d (Angstroms)
3.250
2.720
2.484
2.298
1.687
1.625
1.476
1.395

γ-hydride
PDF No 00-034-0690
Intensity (a.u.)
(h k l)
1
( 1 1 0)
100
( 1 1 1)
19
( 0 0 2)
30
( 2 0 0)
24
( 2 0 2)
11
( 2 2 0)
16
( 1 1 3)
14
( 3 1 1)

Theta (degrees)
13.710
16.451
18.065
19.585
27.170
28.300
31.468
33.522

Table B-3 PDF for γ-hydride (a=4.586 angstroms, c=4.948 angstroms).

d (Angstroms)
3.2428
2.7122
2.474
2.293
2.1774
1.9669
1.6818
1.6214

γ-hydride
PDF No 03-065-6223
Intensity (a.u.)
(h k l)
0.1
( 1 1 0)
100
( 1 1 1)
18
( 0 0 2)
28.2
( 2 0 0)
0.1
( 1 0 2)
0.1
( 1 1 2)
18.9
( 2 0 2)
8.2
( 2 2 0)

Theta (degrees)
13.741
16.500
18.141
19.629
20.718
23.056
27.26
28.365

Table B-4 PDF for δ-hydride (a=4.781 angstroms).

d (Angstroms)
2.760
2.391
1.6903
1.4415
1.3802
1.1952
1.0968
1.0691

δ-hydride
PDF No 00-034-0649
Intensity (a.u.)
(h k l)
100
( 1 1 1)
47
( 2 0 0)
37
( 2 2 0)
43
( 3 1 1)
12
( 2 2 2)
7
( 4 0 0)
26
( 3 3 1)
26
( 4 2 0)

Theta (degrees)
16.206
18.794
27.111
32.301
33.925
40.127
44.613
46.096

Table B-5 PDF for δ-hydride (a=4.777 angstroms and ZrHx where x=2.16 wt.%).

d (Angstroms)
2.758
2.3885
1.6889
1.4403
1.379
1.1943
1.0959
1.0682

δ-hydride
PDF No 01-071-4972
Intensity (a.u.)
(h k l)
100
( 1 1 1)
44.7
( 2 0 0)
28
( 2 2 0)
27.8
( 3 1 1)
7.5
( 2 2 2)
3.2
( 4 0 0)
8.6
( 3 3 1)
7.7
( 4 2 0)

Theta (degrees)
16.218
18.814
27.135
32.331
33.958
40.166
44.658
46.148

Table B-6 PDF for δ-hydride (a=4.777 angstroms and ZrHx where x=1.77 wt.%).

d (Angstroms)
2.758
2.389
1.689
1.440
1.379
1.194
1.096
1.068

δ-hydride
PDF No 03-065-6972
Intensity (a.u.)
(h k l)
100
( 1 1 1)
45.2
( 2 0 0)
27.8
( 2 2 0)
27.8
( 3 1 1)
7.5
( 2 2 2)
3.2
( 4 0 0)
8.6
( 3 3 1)
7.7
( 4 2 0)

Theta (degrees)
16.218
18.814
27.135
32.331
33.958
40.166
44.658
46.148

Table B-7 PDF for ε-hydride (PDF# 00-036-1339).

d (Angstroms)
2.761
2.489
2.225
1.760
1.659
1.484
1.381
1.367

ε-hydride
PDF No 00-036-1339
Intensity (a.u.)
(h k l)
100
( 1 0 1)
50
( 1 1 0)
29
( 0 0 2)
29
( 2 0 0)
63
( 1 1 2)
63
( 2 1 1)
31
( 2 0 2)
23
( 1 0 3)

Theta (degrees)
16.200
18.026
20.251
25.954
27.666
31.265
33.916
34.292

Table B-8 PDF for ε-hydride (PDF #00-036-1340).

d (Angstroms)
2.760
2.469
2.253
1.746
1.664
1.475
1.3780
1.3780

ε-hydride
PDF No 00-036-1340
Intensity (a.u.)
(h k l)
100
( 1 0 1)
26
( 1 1 0)
8
( 0 0 2)
13
( 2 0 0)
19
( 1 1 2)
27
( 2 1 1)
21
( 1 0 3)
21
( 2 0 2)

Theta (degrees)
16.207
18.18
19.994
26.184
27.574
31.473
33.942
33.942

Table B-9 PDF for ε-hydride (PDF # 03-065-4542).
ε-hydride
PDF No 03-065-4542
d (Angstroms)

Intensity (a.u.)

(h k l)

Theta (degrees)

2.766
2.500
2.220
1.768
1.660
1.490
1.383

100
34.1
11.5
11.1
17.1
21
7.5

( 1 0 1)
( 1 1 0)
( 0 0 2)
( 2 0 0)
( 1 1 2)
( 2 1 1)
( 2 0 2)

16.170
17.943
20.303
25.829
27.646
31.137
33.847

1.365

7.3

( 1 0 3)

34.348

Appendix C
Data Analysis Procedure for X-Ray Diffraction Experiments
Integration procedure for transmission XRD data from beamline 1-ID
The following procedure was used to transform raw full rings 2D diffraction data to fitted
diffraction patterns:
-Using Correct II (software developed by the APS detector pool staff), sum ten frame
diffraction data, remove background and correct for bad pixels in detector.
-Using a Matlab routine, integrate the obtained 2D diffraction files into 1D diffraction
patterns using parameters such as energy, sample/detector distance, angle of incidence. Those
parameters are previously determined by carefully fitting a powder ceria standard.
-Using GSAS-Rawplot, fit the 1D diffraction patterns using the fitted ceria patterns to
obtain peak position, width and area.

Integration procedure for reflection micro-XRD data from beamline 2-ID-D
The following procedure was used to transform raw 2D partial ring diffraction data to
fitted diffraction patterns:
-Using CCDSum (software developed by the APS 2-ID-D beamline staff), integrate the
partial diffraction rings into 1D diffraction patterns by using parameters such as energy,
sample/detector distance, angle of incidence. Those parameters are previously determined by
carefully fitting a powder standard.
-Using PeakFit®, remove background with a tolerance of 0.5%, then fit the diffraction
patterns using Pearson VII Area function, no smoothing, varying width and peak shapes,
amplitude tolerance of 0%. This gives fitted peak position, shape, width and area.
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