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Hydrogen absorbed into zirconium alloy nuclear fuel cladding as a result of the waterside corrosion
reaction can affect the properties of nuclear fuel, principally through the precipitation of brittle hydride
particles. Multiple phenomena are involved in this overall process: after hydrogen pickup degradation of
mechanical properties is controlled by hydrogen transport, hydride precipitation and dissolution kinetics
and the formation of specific mesoscale hydride microstructures. The precipitation of hydrides especially
affects cladding ductility and fracture toughness, but can also affect other phenomena, including via
stress-induced hydride reorientation. These processes can affect cladding performance both during
normal operation and during extended dry storage, as hydride morphology can be modified during the
preparatory vacuum drying processes. We review the processes of hydrogen transport, hydride precip-
itation and dissolution and formation of mesoscale hydride microstructures, and highlight where more
research is needed, both from an experimental and from a modeling point of view.
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1. Introduction

In the reactor environment, the nuclear fuel cladding is exposed
to a neutron flux which causes irradiation damage, in addition to
thermal and mechanical-induced stresses which may drive
component deformation, and to the coolant chemistry which cau-
ses corrosion and hydriding. The in-reactor residence times of
nuclear fuel have increased from three to five years, as a direct
consequence of the increase in fuel burnup from 30 to over 50
GWd/tHM [1]. This extended exposure entails end-of-life neutron
fluences of greater than 1022 n.cm�2 (E> 1MeV) which translates
roughly to an increase in fuel cladding displacements per atom
(dpa) from about 15 dpa to about 25 dpa. These atomic displace-
ments result in changes to the microstructure of the material,
including an increase in the dislocation loop density, and the
dissolution of intermetallic particles [2e4]. These microstructural
changes may degrade the cladding performance through me-
chanical property changes (hardening, embrittlement and loss of
fracture toughness), dimensional changes associated with
irradiation-induced deformation (creep and growth), and changes
in corrosion resistance [5].

However, it is well known that the irradiation-induced hard-
ening and embrittlement associated with radiation damage
approximately saturate after about one month in the reactor [6]. Of
potentially greater concern is the corrosion of the cladding tube by
the reactor primary water and the associated hydrogen ingress into
the zirconium cladding (commonly referred to as hydrogen
pickup), which occurs during reactor operation. Both structural
components and the nuclear fuel cladding used in the core of nu-
clear reactors are made of zirconium alloys. These alloys combine
adequate mechanical properties with very low neutron absorption
cross section [6].

Although Zr alloys generally exhibit very good high temperature
corrosion resistance, they do undergo a slow uniform corrosion
process by reacting with the coolant water on the outer surface of
the fuel cladding material.

The zirconium alloy cladding reacts with water to form a pro-
tective layer of mostly monoclinic zirconium dioxide (the protec-
tive corrosion layer) according to the reaction:

Zr þ 2H2O/ZrO2 þ 2H2 (1)

While this protective oxide layer does limit additional corrosion, it
can reach thicknesses up to 100 mm at the end of life (representing a
significant fraction of the wall thickness of ~600 mm for 17� 17 as-
sembly design). A variety of fuel rod and fuel assembly designs have
been used throughout the years, including those containing duplex
cladding, which although based on similar designs, are made of
various alloys (e.g. Zircaloy-4, low Sn Zircaloy-4, Zircaloy-2, ZIRLO,
M5, etc.) [7e9] and various cladding dimensions, and which have
been subjected to a range of burnups and corrosion conditions.

This process results in the production of hydrogen, a small
percentage of which enters the zirconium alloy component [10].
The result is a gradual increase in the total hydrogen concentration
in the zirconium fuel cladding from the initial average hydrogen
concentration value (as low as ~3wt parts per million (wppm) for
as-manufactured fuel cladding in recently manufactured fuel) to
values as high as 600e700 wppm. An oxide thickness of 100 mm
corresponds roughly to an overall hydrogen content of 800 wppm
for a hydrogen pickup fraction of 15%.

Once the hydrogen solubility limit is exceeded, zirconium hy-
dride platelets precipitate [12e14]. The presence of these hydride
platelets can significantly affect cladding ductility even in the most
favorable case when they precipitate homogeneously, and are
aligned in the circumferential (in-plane) direction of the cladding
tube [11,14,15]. The uniform elongation of these materials when
tested at 250e300 �C can decrease to less than 1% due to early
cracking of hydride particles or agglomerates. Furthermore,
hydrogen is highly mobile in the fuel cladding and responds to
concentration, stress and temperature gradients, leading to changes
in hydrogen atom distribution and local maxima in hydride pre-
cipitate concentrations in the fuel rod. As a result of this hydrogen
redistribution, hydrides may preferentially precipitate in a so-called
“hydride rim” near the outer cladding surface [11,16] or in hydride
blisters - if oxide spallation occurs creating a cold spot in the clad-
ding [17,18]. Both these processes cause local increases in hydride
concentration that can drastically reduce cladding ductility relative
to a uniform hydride distribution [15,19]. The ductility is reduced
evenmore if hydride precipitation happens under a sufficiently high
hoop stress to cause hydride reorientation [20] as discussed below.

This review focuses on the formation of hydride particles during
service, their modes of agglomeration and mesoscale structure for-
mation and their effect onmechanical properties, aswebelieve this is
a crucial issue for the use of zirconium cladded nuclear fuel. We note
that this review is not exhaustive in discussing all the effects that
hydrogen can have on zirconium cladding performance. Notably, the
postulated effect of hydrogen on corrosion acceleration [16] and the
observed effect of hydrogen in enhancing irradiation growth [21] are
not discussed here. Also during high temperature transients such as
during a postulated LOCA, the hydrogen content in the cladding af-
fects the temperature and kinetics of the Zr-alloy crystallographic
phase transformation from hcp alpha-phase to bcc beta-phase,
lowering the onset of the transformation [22].

In the next section we review the processes of hydrogen pickup,
transport within the cladding driven by concentration, temperature
and stress gradients, followed by the mechanisms of hydride pre-
cipitation and dissolution and formation of mesoscale hydride
morphology and the ultimate impact of the hydrides on cladding
mechanical properties.

2. Hydrogen pickup

The hydrogen source of greatest concern is hydrogen pickup by
the zirconium alloy cladding during the corrosion reaction, equa-
tion (1) [5,23,24]. In fact, although other sources of hydrogen exist,
such as hydrogen water chemistry, only the hydrogen from corro-
sion is observed to enter the cladding [25]. The fraction of the total
hydrogen generated during corrosion that gets picked up by the
cladding is called the hydrogen pickup fraction fH defined as

fH ¼ Dt
0Habsorbed

Dt
0Hgenerated

(2)

where Dt
0Habsorbed and Dt

0Hgenerated are the amount of hydrogen
absorbed in the cladding and the amount of hydrogen generated
from the start of corrosion exposure, respectively. Although often
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taken as a constant, this quantity varies from alloy to alloy and
varies during different stages of corrosion [23,26]. Fig. 1 shows the
hydrogen content of different corrosion samples plotted versus
weight gain (a measure of the degree of corrosion). The dotted lines
in Fig. 1 show what those levels would be for different hydrogen
pickup fractions fH . If the hydrogen pickup fraction fH were constant
during corrosion, a linear function should be observed between
weight gain and hydrogen pickup. In fact, it is clear from the plots
that a linear relationship between weight gain (oxide formation)
and hydrogen pickup is not followed, and that the hydrogen pickup
fraction increases with increasing corrosion time for the alloys
tested. It is also clear from the figure that the pickup fraction varies
consistently between alloys [26].

The reasons for such differences in the pickup fraction between
alloys have been extensively studied [10,27e31], focusing both on the
transport mechanism of hydrogen through the protective oxide layer
and on the driving force for this transport. It has been recently pro-
posed that the driving force for hydrogen pickup is inversely pro-
portional to the electronic conductivity of the protective oxide layer
[32]. To close the reaction shown in equation (1), it is necessary for
the electrons to travel through the protective oxide layer to recom-
bine with the hydrogen in the water. If the oxide electronic con-
ductivity is not sufficiently high, hydrogen can migrate through the
protective oxide layer to recombine with electrons and be absorbed
into the metal [32,33]. The transport mechanism of hydrogen
through the oxide layer in response to this driving force is not yet
determined, but it is now thought that hydrogen travels through the
protective oxide as Hþ on the way to entering the metal [34e37].

The hydrogen that enters the metal can then migrate in
response to concentration, temperature and stress gradients. This is
the subject of the next section.

3. Hydrogen transport

The hydrogen that enters the cladding can respond relatively
quickly to established driving forces which can drive a hydrogen
flux to regions of the solid. The hydrogen flux due to the combined
effects of Fick's law of diffusion, the Soret effect and stress is given
by [38e42],

Jdiffusion ¼ JFick þ JSoret þ JStress

¼ �DHVCss �
DHCssQ*

RT2
VT þ DHCssVH

RT
VsH (3)

where Css is the hydrogen concentration in solid solution in the Zr
Fig. 1. Hydrogen content versus corrosion weight gain (proportional to oxide thick-
ness) during autoclave testing of various alloys in pure water at 360 �C [23]. It is clear
that a linear relationship is not followed and that the hydrogen pickup fraction varies
consistently between alloys.
matrix, Q* is the heat of transport, DH is the hydrogen diffusion
coefficient [43], VH the partial molar volume of hydrogen in Zirca-
loy, sH is the applied hydrostatic stress, R is the ideal gas constant
and T is the temperature. To use equation (3), it is necessary to
determine the diffusion coefficient DH and the heat of transport Q*
[39] and to have information on the hydrostatic stress state.

A stress gradient induces movement of hydrogen in a sample, as
discussed by Ells and Simpson [44]. It has been shown that it is the
hydrostatic stress component which drives movement of hydrogen
[45], with a net flow towards tensile hydrostatic regions. This has
most obvious practical importance when a flaw or notch-tip is
present in the sample, in which case hydrogen is driven to the
tensile stress concentration in front of the flaw [46,47]. If the flow of
hydrogen ‘up’ the tensile stress gradient is sufficiently high then
precipitation of hydrides (see Section 4.2) can occur at the stress-
concentration location, even when the rest of the sample is below
the terminal solubility limit.

The diffusion coefficient of hydrogen in zirconium, has been
measured several times in the literature [48,49]. The experimental
results first measured by Kearns [49] and calculated more recently
by Zhang and co-workers [50] give the diffusion coefficient as:

DH ¼ 1:08x10�6 exp
�
� 0:46ðeVÞ

kBT

� �
m2

.
s
�

(4)

where kB is Boltzmann's constant and T is the temperature in
Kelvin. Recent Monte Carlo simulations agree well with this result
[51,52]. Incidentally, the calculations show that although hydrogen
diffusion in Zircaloy is isotropic at room temperature, at higher
temperature the rate of migration along the <c> direction in the
hcp structure is higher than in the <a> direction [53].

The flux described by equation (3) results in a redistribution of
hydrogen in the cladding. While the Fickian flux drives hydrogen
from the outside of the cladding tube inwards, the Soret flux goes in
the direction of decreasing temperature. In-reactor a steady heat
flux is present from the inner to the outer radius so that hydrogen
tends to migrate to the colder part of the fuel cladding, causing
precipitation on the outside of the tube, often forming of a hydride
rim (see Fig. 2 b) [54]. It is also possible to have azimuthal gradients
caused for example by oxide spallation leading to a cold spot, in
which case a hydride blister can form (see Fig. 2a) [55], see also
Fig. 2 c. Finally in the axial direction, hydrogen has been shown
to accumulate in the interpellet region where the heat flux is
lower [40].

4. Hydride precipitation and dissolution

Once the hydrogen solubility in the alloy is reached, hydride
platelets can precipitate within the alpha Zr matrix. These hydrides
can be observed using metallographic techniques. These micro-
graphs are normally obtained by chemical etching the sample to
reveal the hydride particles. It is important to note that the hy-
drides observed after etching the sample when the sample is
observed at low magnification are actually collections of smaller
hydride particles aligned into a mesoscale structure as discussed
below (see Fig. 28 and Fig. 29). It is the mesoscale hydride clusters
that can influence and degrade mechanical properties, but many of
the phenomena we describe, including the orientation relationship
between hydride and matrix are applicable to the individual hy-
dride particles.

The volume fraction of hydrides formed depends on the total
concentration of hydrogen in the alloy and the alloy's Terminal
Solid Solubility (TSS) for hydrogen. The concentration of hydrogen
in solid solution in zirconium alloys at the TSS is small: less than
1wt ppm at room temperature, reaching 65wt ppm at ~310 �C, and



Fig. 2. Images of hydride microstructures which can be present in the zirconium alloys during the life cycle of a nuclear fuel rod (a) hydride blisters [56], (b) hydride rim [57], and (c)
hydrogen content as a function of azimuthal position.
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below 120wt ppm at maximum operating temperatures, of about
340 �C [58e62]. Since hydrogen is highly mobile in zirconium al-
loys [50], it can respond reasonably quickly to temperature and
stress gradients that drive it to precipitate preferentially in the
regions of high hydrostatic tensile stress and low temperature.

Even without any imposed temperature or stress gradients, it
has long been recognized that the texture of zirconium alloys has a
strong impact on the orientation of precipitated hydrides [64]. The
normally observed hydride is the face-centered cubic (fcc)-delta
phase, although other phases are observed in different circum-
stances [65]. The precipitation process is affected by many factors,
including the presence of grain boundaries, internal stresses and
alloying elements. Moreover, hydride precipitation causes matrix
strain, creating an elastic strain field around it that favors precipi-
tation of other hydride particles nearby. This coupling leads to
“macroscopic” hydride particles that are composed of a sum of
much smaller microscopic hydrides arranged in a “deck of cards”
configuration, as shown schematically in Fig. 10.

The solubility of hydrogen in zirconium alloys has been exten-
sively studied. Early on, researchers identified that the solubility
limit for hydride dissolution was different from that for hydride
precipitation [66]. This is thought to be because the energy needed
for hydride nucleation when cooling from high temperature re-
quires undercooling to be present before precipitation can occur
Fig. 3. (a) Optical micrograph of hydrogen-charged Zircaloy-4 (samples were etched to reve
(c) misorientation angles of grain boundaries between d hydride and the a zirconium grain
references to colour in this figure legend, the reader is referred to the Web version of this
[67,68]. Many researchers have investigated hydride precipitation
and dissolution as a function of temperature. Some of these results
are summarized in Fig. 4, which shows various data collected for
the terminal solid solubility during dissolution and for the terminal
solid solubility during precipitation. This data has been principally
obtained using differential scanning calorimetry and synchrotron
radiation diffraction, as these two experimental methods are sen-
sitive to the precipitation/dissolution reactions as they occur.

Differential scanning calorimetry (DSC): DSC is a non-destructive
thermal analysis technique through which it is possible to follow a
phase transformation within a sample by measuring the heat
evolved by the exothermic precipitation transformation induced by
the heat treatment, as revealed by the heat that needs to be sup-
plied to a reference sample in which no precipitation occurs. Fig. 5
shows the output of such an experiment, inwhich a hydride sample
containing 46 wppm hydrogenwas heated from room temperature
to 350 �C, at which temperature according to Fig. 4 all of the
hydrogen is dissolved into the matrix. To maintain the heat flow
constant between the sample of interest and a standard sample
without hydrogen, heat must be provided to the sample that does
not contain hydrogen to compensate for the heat of reaction in the
hydrided sample. This heat flow is plotted in Fig. 5. As the tem-
perature is increased more heat must be provided until the
hydrogen is completely dissolved. The second curve shown is the
al hydrides), (b) crystallographic texture of Zircaloy-4 from basal plane pole figure, and
. (alpha Zirconium: gray tones and delta hydride: red) [63]. (For interpretation of the
article.)



Fig. 4. Collection of data showing the terminal solid solubility for dissolution (TSSd) and for precipitation (TSSp) [13,58,61,62,69e71].
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derivative of the first with respect to temperature; the maximum
derivative point is usually taken as the point at which the reaction
is completed, commonly referred to as the maximum slope tem-
perature (in this case 284 �C).

Synchrotron radiation diffraction: High energy synchrotron x-ray
radiation has been increasingly used to study hydride precipitation
[59,67,70,72e75]. Synchrotron light sources can generate high-
energy x-rays (such as 80 keV) with high brilliance (number of
photons per second within a solid angle and within an energy
band), which allows interrogation of the samples in transmission
mode and to resolve small volume fraction phases such as hydrides
in zirconium alloys as shown schematically in Fig. 6. Using such a
geometry, diffraction rings from both the Zr matrix and the hydride
phase can be detected. Because this experiment can be done using a
furnace and the mechanical testing frame, the intensity of the hy-
dride diffraction rings can be followed as a function of temperature
Fig. 5. Heat Flow versus temperature during testing of a Zircaloy-4 sample containing
46 wppm of Hydrogen during constant heating. After McMinn [58].
and applied stress. This is shown in Fig. 7 which illustrates the
hydride diffraction signal from a sample containing 530 wppm
hydrogen. As the temperature is increased (red line), the hydride
diffraction intensity decreases, until reaching zero at complete
dissolution, in this case 535 �C, in agreement with Fig. 4. After a
brief hold at temperature, the temperature is again decreased and
the hydride phase reprecipitates at the precipitation temperature
given by TSSp, in this case about 450 �C. In such a manner the
curves in Fig. 4 can be obtained [70]. The study of the hydride d-
spacing and the full-width at half maximum of the diffraction peaks
can give further information on the precipitation mechanisms [76].

4.1. Hydride morphology under zero stress

The morphology and spatial distribution of hydrides are crucial
for understanding fracture initiation, and thus for improving the
long-term stability of Zr-alloys in service. As mentioned above the
phase diagram shows the stable hydride phase at low temperature
as the fcc delta hydride phase, which is the phase normally
observed experimentally [77e79], although other phases, notably
the gamma phase, are occasionally observed, especially at the start
of precipitation [65]. The basic properties of the delta and gamma
phases are shown in Table 1. Other phases, including the eta -hy-
dride [77] and the zeta ephase [80] have also been reported.

The delta hydrides formwithin the alpha zirconiummatrix with
the orientation relationship of (0001)hcpZr//(111) delta [77]. The
different crystal structure and lattice constant of the delta hydride
phase with respect to the alpha Zr matrix induces strain in the
material. The stress caused by this strain induces the hydrides to
form a disc shape that lies parallel to the basal plane of the a Zr hcp
structure. The hydride surface energy may also be anisotropic,
contributing to this platelet shape, but this is not certain as the
surface energy is yet to be determined. The elastic stress field
surrounding these nanoscale hydride discs favors precipitation of
other hydride particles nearby. This coupling leads to “mesoscale”



Fig. 6. Schematics of an example setup for in situ diffraction study using synchrotron radiation.

Fig. 7. Hydride diffracted intensity versus time examined with synchrotron radiation
in a sample containing 530 wppm H plotted along with the temperature schedule
used. Arrows indicate the end of dissolution and start of precipitation.
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hydride particles that are composed of many nanoscale hydrides
arranged in a “deck of cards” configuration within a single crystal,
as shown schematically in Fig. 10. As shown schematically in the
figure, in the absence of stress, the nanoscale hydrides have been
reported to arrange themselves such that the mesoscale hydrides
have an overall orientation of approximately 14.7� [81]. Although
this value has been widely quoted and reported in the literature,
the evidence from micrographs such as Fig. 9 indicate that the
macroscale grouping of the hydrides is essentially horizontal, i.e.,
Table 1
Crystal structure of delta and gamma zirconium hydrides” [45]

composition Crystal structure Lattice parameter (nm)

Delta hydride ZrH1.66 fcc 0.478
Gamma hydride ZrH fct a¼ 0.4596, c¼ 0.4969
perpendicular to the normal direction of the sheet or the radial
direction of the tube.

Even without any imposed temperature or stress gradients, it
has long been recognized that the texture of zirconium alloys has a
strong impact on the orientation of precipitated hydrides [64]. The
common crystallographic textures seen in fabricated Zr alloys have
the hcp basal poles preferentially oriented close to the normal or
radial direction. Thus, the nanoscale hydrides form with the disc
normals close to the radial or normal direction. The mesoscale
hydrides form perpendicular to the radial direction and are desig-
nated as in-plane or circumferential. These mesoscale hydrides,
often referred to as platelets, tend to form in long lines that can
span more than 100 mm (see Fig. 8). There is some change in
orientation from one grain to the next, however theymaintain their
linear shape, as shown in Fig. 3, Fig. 8, Figs. 9 and 11 and Fig. 29. It is
unclear what causes the hydrides to form these long lines, as any
crystallographic driving force would work to modify the hydride
orientation when crossing grain boundaries.

4.2. Precipitation under stress

When cooled under a sufficiently high applied deviatoric tensile
stress, dissolved hydrogen can precipitate as reoriented hydride
Fig. 8. Low magnification cross sectional micrograph of hydride precipitation in the
absence of stress on a cold worked Zircaloy-4 sheet.



Fig. 9. High magnification micrograph showing a cross section of hydrided Zircaloy-4
[76].

Fig. 10. Schematic diagrams, where the left image shows the nanoscale delta hydride disc and the right shows how nanoscale hydrides may aggregate into a mesoscale hydride.

A.T. Motta et al. / Journal of Nuclear Materials 518 (2019) 440e460446
platelets with their normals parallel to the applied stress [82].
Because the applied stress is often in the hoop direction, the hy-
dride platelets then precipitate in the perpendicular direction to
their normal circumferential orientation. These are called radial
hydrides. Clearly given the brittle nature of hydrides, the radial or
out of plane hydrides are much more likely than circumferential
hydrides to promote the propagation of a crack in the radial or
normal direction.

An example of the effect of stress on hydride orientation is
shown in Fig. 11 which shows the orientation of hydrides in a tube
stressed in bending. The inner part of the tube is under tensile hoop
stress, so the hydride platelets are essentially radial whereas the
outer part of the tube is in compression and so the hydrides pre-
cipitate as platelets in the circumferential direction.

Fig. 12 shows hydrides formed when submitted to stress during
precipitation. The sample is tapered so that the stress changes
within the gauge length. The threshold stress can be determined by
matching the location of the reoriented hydrides with the calcu-
lated stress. In this case it is clear that a stress above 155MPa is
Fig. 11. Orientation of hydrides in a stressed tube in which stress is varying in tube
thickness (courtesy C. Coleman, AECL).
needed for hydride reorientation.
The tensile stress that needs to be applied to the sample to

achieve hydride reorientation during cooling is the threshold
stress. The threshold stress for hydride reorientation has been
determined by Desquines and co-workers [83] as

sthðMPaÞ ¼ 110þ 65ð1� expð � ½H�=65Þ (5)

where sth is the threshold stress to cause complete reorientation of
the hydrides and [H] is the hydrogen concentration in wppm.1

More recently the effect of stress state on the critical stress for
hydride reorientation has been shown [76]. For a given principal
stress, the presence of a secondary stress significantly decreases the
stress required for hydride reorientation during precipitation under
stress. Fig. 13 shows the threshold stress as a function of stress
biaxiality in the gauge section. As the stress biaxiality changes from
uniaxial tension to equal biaxial tension the threshold stress de-
creases by half.

The precipitation of the hydrides under stress has the potential
to lead to a slow-cracking mechanism, termed Delayed Hydride
Cracking (DHC) [85e87]. This process is most commonly initiated
at a stress concentrationwhich, as noted above, causes the diffusion
of hydrogen towards the high tensile hydrostatic stress. This leads
to the precipitation of hydride platelets, following the crystallo-
graphic relationship discussed above, but with an orientation
controlled by the stress field. Specifically, the hydride grows with
its normal parallel to the maximum stress at the flaw as shown in
Fig. 14. Under suitable conditions, this hydride or hydrided region
will then fracture, leading to an extension of the flaw. The fracture
will arrest in the zirconium matrix, which now becomes the loca-
tion of a new stress concentration, and the process can repeat. Thus
the flaw can extend in a repetitive process of hydride formation and
fracture, where the timescale of the process is controlled largely by
the diffusion of hydrogen and growth of precipitate. The phe-
nomenon can occur (albeit slowly) even at room temperature [44].

At high magnification the hydride morphology is different for
reoriented hydrides than for in plane hydrides. Fig. 15 shows that
the reoriented hydrides appear at low magnification to be single
particles, but at high magnification they appear to be horizontal
segments which are stacked up vertically.
4.3. Thermomechanical cycling effects on hydride morphology

As discussed above, applied stress can cause hydrides to pre-
cipitate oriented in the radial direction rather than circum-
ferentially. Experiments have also shown that when a single sample
undergoes a number of thermal cycles, with precipitation always
under an applied load, the fraction of radial versus circumferential
hydrides increases as the number of cycles increases. Moreover, as
1 In this case the cooling rate was between 0.5 and 5 �C/min.



Fig. 12. Tapered sample of hydrided Zircaloy 4 showing different sections with varying stress and resulting hydride reorientation at a critical stress level [76].
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the number of cycles increases, hydride particles tend to precipitate
closer and closer to each other, increasing the connectivity of the
hydrides, as shown in Fig. 16 Various researchers have demon-
strated similar effects of thermal cycling, indicating that hydride-
hydride interactions are important during hydride precipitation
[70].

A memory effect has been noted in hydride precipitation when
the temperature is raised sufficiently to dissolve the hydrides. The
strains that form around the nanoscale hydrides are large enough
to induce plastic deformation, emitting dislocations as shown in
Fig. 17. As the precipitates dissolve at elevated temperature, the
dislocations remain. When the temperature is subsequently
decreased and precipitation commences, these dislocations could
act as heterogeneous nucleation sites that causes the hydrides to
form closer together [89].

The morphology of the mesoscale hydrides depends on the
cooling rate, applied stress, and the history of the material. The
radial hydride fraction (RHF), defined as the fraction of hydrides
oriented radially over all the hydrides present in themicrostructure
[91,92], has emerged as a means of quantifying the hydride
morphology. However it cannot capture the change in the spatial
correlation, and in fact reduced spacing, of the hydrides that results
from thermal cycling. Thus, another metric related to the connec-
tivity or closeness of the hydrides is also needed to fully define the
hydride morphology [57].

5. Modeling hydride precipitation and dissolution

Hydrides in the nuclear fuel cladding can have a significant
impact on the mechanical behavior and ductility of the cladding.
Fig. 13. Threshold principal stress (s1) for hydride reorientation during cooling for a
sample containing about 200 wppm H as a function of stress biaxiality [84].
Thus, fuel performance codes require material models to predict
hydrogen diffusion and hydride formation throughout the cladding
as a function of the cladding temperature and stress fields. These
models should predict not only the volume fraction of hydrides but
also their morphology since the crack propagation through the
cladding may be significantly impacted by the morphology. How-
ever, predicting the morphology of the mesoscale hydrides is a
multiscale problem that requires critical insights on the formation
of the hydride morphology from experiments at length-scales from
nano-to micro-scale as well as from atomic and mesoscale
modeling and simulation.

5.1. Modeling cladding hydrides in fuel performance analysis

Models for hydrogen migration and hydride precipitation and
dissolution in the cladding need to be considered in fuel perfor-
mance codes so that they can be included in the thermo-mechanic
analysis of the fuel rod the effect of hydrides on the mechanical
behavior and the consequent propensity for the cladding to crack.
An example is the development of a modeling capability for
hydrogen behavior in zirconium alloy claddings in the fuel perfor-
mance code BISON [40,42]. In the following, we provide a brief
summary of this capability as an example of hydrogen behavior
modeling coupled to engineering fuel rod analysis. Formore details,
the reader is referred to the related publications [40,42].

The model in BISON computes (i) hydrogen generation and
pickup at the outer cladding surface, which provides the flux
boundary condition for hydrogen migration, (ii) hydrogen migra-
tion in the cladding, (iii) hydride precipitation and dissolution. In
the model, hydrogen generation is computed as proportional to the
Fig. 14. Preferential Hydride precipitation at a crack tip (picture courtesy D. Rogers,
AECL).



Fig. 15. (a) Cross sectional micrograph showing hydrided samples in which hydrides have been partly reoriented; (b) high magnification of reoriented hydrides [84].

Fig. 16. Micrographs showing the reorientation of hydrides after several cycles in cold worked stress released Zircaloy-4 samples with 192wt ppm of hydrogen cooled under
230MPa applied stress with a cooling rate of 1 �C/min. The domain size is 200 mm2 [88]. The micrograph on the left corresponds to the microstructure before the thermo-
mechanical treatment described in the diagram, while the other micrographs corresponds to the microstructure after various cycles.
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growth rate of the outer cladding oxide layer, which is consistent
with hydrogen being generated during the waterside corrosion
reaction of the zirconium alloy cladding. Oxide growth is calculated
Fig. 17. TEM micrographs of nanoscale hydride discs that are surrounded by emitted
dislocation lines, where the left image shows intragranular hydride in a Zircaloy-2 foil
[90] and the right image shows a hydride adjacent to a grain boundary [80,89].
with the EPRI/KWU/CE model [93]. For simplicity, a constant
hydrogen pickup fraction (Section 2) is used. Migration of hydrogen
in solid solution is calculated considering both Fickian and Soret
diffusion according to Eq. (3), using the values for the diffusion
coefficient DH and the heat of transport Q*, but neglecting the flux
from stress gradients. Hydride precipitation is computed using a
rate equation of the form [94].

dCSS
dt

¼ �Kp
�
CSS � TSSp

�
(6)

where dCSS
dt governs the rate of decrease of the hydrogen in solid

solution, CSS, due to precipitation and Kp is a rate coefficient. The
expression for the rate coefficient for precipitation as a function of
the temperature from Ref. [39]is used.

Relative to the rate of precipitation, the rate of dissolution is
assumed to be so high that equilibrium ismaintained, and therefore
CSSzTSSd during dissolution. The Arrhenius relations for TSSp and
TSSd as a function of the temperature from Ref. [95] are used in the
model.
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To compute the solution of the differential equations governing
hydrogen behavior coupled to thermo-mechanics, BISON uses the
Jacobian-free Newton-Krylov method in the MOOSE finite-element
framework [96]. BISON has been applied to fuel rod lifecycle sim-
ulations to track the evolution of dissolved hydrogen and precipi-
tated hydrides in the cladding [23]. Fig. 18 shows an example of
results for the distributions of fuel and cladding temperature, and
hydrogen in the cladding, for a 2D fuel rod analysis near the end of a
3.2-year steady-state irradiation under typical PWR conditions. The
results demonstrate the higher hydrogen concentration near the
outer surface of the cladding, which corresponds to the hydride rim
formation, and the preferential redistribution of hydrogen into the
regions adjacent to the inter-pellet gaps. The code was bench-
marked in Ref. [97] by comparing the results to a nuclear fuel rod
post irradiation experiment.

5.2. Atomic scale modeling of zirconium hydrides

Atomic scale modeling has been used to gain insights into the
zirconium hydride system. These techniques, such as Density
Function Theory (DFT) and Molecular Dynamics (MD), are based on
the description of interatomic interactions, and they are limited to
the study of a few hundreds of atoms at most for DFT, and as large
as a few millions for MD. They can be employed to provide infor-
mation about hydrogen diffusion in zirconium, thermodynamic
and elastic properties of hydrides, interfacial energies between
alpha Zr and hydride phases, as well as some clues as to the for-
mation path of hydrides during precipitation.

Zhang coupled DFT and accelerated kinetic Monte Carlo simu-
lations to derive the expression of the diffusion coefficient of
hydrogen in alpha-Zr presented in equation (4) [52]. These values
were validated against those by Kearns in Ref. [49], and extend the
temperature range at which these values can be used. Domain also
used DFT to provide insights into the behavior of hydrogen atoms in
zirconium and in different hydride phases [98,99]. The study
showed that hydrogen atoms tend to occupy tetrahedral sites of the
hcp Zr, especially at low temperature. DFT and MD are also used to
study the properties of hydride phases. The crystallography, as well
as the thermodynamic and elastic properties of the zeta, gamma
delta and eta hydrides phases were computed by Olsson [100] and
Zhu [101,102], providing information about the elastic constants of
the different phases, as well as their formation energies, their
fracture behavior, and other aspects. Evaluating the stability of the
different hydride phases provide important information about hy-
dride precipitation. While Thuinet focused on the competition
between zeta hydrides and gamma hydrides [103], Zhang studied
Fig. 18. From left to right: BISON prediction of temperature in the pellets, temperature
in the cladding, and hydrogen concentration in the cladding near the end of 108 s of
steady-state irradiation at 25 kW/m. The hydride rim is thickest adjacent to the
(relatively cold) inter-pellet gap. The cladding has been enlarged by 2 in the radial
direction to show more detail. From Ref. [42].
the formation path of gamma hydrides using MD, which appears to
undergo the following reaction: alpha (hcp) ¼> zeta (hcp) ¼> zeta
(fct) gamma (fct) [50]. Hydrogen first nucleates as fully coherent
hcp zeta hydrides, which then evolve into fct zeta hydrides before a
phase transformation occurs to produce fct gamma hydrides.The
gamma hydrides then become delta hydrides.

In addition to studying hydrogen behavior and hydride stability,
atomistic simulations can determine the values of the interfacial
energies in different orientation between alpha-Zr and hydride
phases, which remain mostly unknown. Valuable efforts have been
made to determine the energy of the basal and prismatic interfaces
between alpha-Zr and gamma hydrides in Ref. [104]. However,
more work is necessary to provide much-needed information to
mesoscale models about the interface between alpha-Zr and delta
hydride phases.

Atomistic scale modeling thus provides crucial insights into
zirconium hydrides that would be extremely challenging to obtain
experimentally, which can then be used to model hydride behav-
iors at larger scales.

5.3. Phase field modeling of hydride precipitation

While atomic scale simulation provides important insights into
the mechanisms behind hydrogen transport and hydride nucle-
ation, these methods cannot reach sufficiently large length or time
scales to model the growth of the nanoscale hydrides and the or-
ganization of the mesoscale hydrides. Thus, mesoscale methods are
also needed to represent hydride behavior. Mesoscale methods
represent material behavior at scales ranging from hundreds of
nanometers to hundreds of microns. Various mesoscale methods
exist for predicting material behavior, however only the phase field
method has been applied to modeling the formation and growth of
zirconium hydrides.

Phase field modeling is a method of choice for studying
microstructure evolution at the mesoscale [105,106]. The phase
field method describes material microstructure using continuous
variables that have distinct values in different regions of the
microstructure. For example, to model the behavior of a delta hy-
dride within an alpha zirconium matrix, a phase variable would
have a value of one within a hydride and zero within the alpha
zirconium matrix. Another variable is used to model the hydrogen
concentration, which is allowed to evolve towards its equilibrium
value in each phase. These variables smoothly transition between
values across interfaces, such that all interfaces have a finite width.
The evolution of these variables is defined by solving partial dif-
ferential equations that lead to the reduction of the total free en-
ergy of the system. Furthermore, a phase field model can
incorporate several thermodynamic driving forces like the bulk and
interfacial energies, elastic contributions, plastic deformations, and
other driving forces. As a result, phase field modeling is a powerful
and versatile numerical method to study arbitrary complex mi-
crostructures of multi-physics systems like zirconium hydrides
[15].

Phenomenological phase field models have been used to study
the microstructure evolution of several hydride phases. Thuinet
studied the evolution of the microstructure of zeta hydrides [107].
Significant contributions have been made by Chen, Ma, Shi and
other authors on the effect of grain structure [108,109], the pres-
ence of other hydrides [110] or a crack tip or a notch [111,112], and
applied stress [113] on the morphology of gamma hydrides
[114,115], as shown in Fig. 19.

However, while phenomenological models provide valuable
information on hydride microstructure evolution, they allow only
qualitative comparison with experimental observations. Recent
efforts have been made to develop quantitative phase field models



Fig. 19. Comparison of (a) TEM observations by Bailey [116] with (b) simulation results by Shi and Xiao [114].
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by incorporating CALPHAD (Computer Coupling of Phase Diagrams
and Thermochemistry) based free energies to the model. Jokisaari
published a method to incorporate free energies of mixing into a
phase field model for the alpha Zr/delta ZrH system [117], and Bair
recently developed a phase field model for the alpha Zr/zeta ZrH/
gamma ZrH/delta ZrH system using the free energies of formation
of the different phases [118].

Despite the stochastic nature of nucleation processes, nucle-
ation can be introduced into the phase field method by using a
Langevin noise method [113] or an explicit nucleation method
[119e125]. Both these methods have been used in phase field
modeling of zirconium hydrides, in particular for the study of the
gamma phase [113] and the delta phase [123].

Although the evolution of zirconium hydridemicrostructure has
been studied extensively using phase fieldmodels, modeling efforts
of the reorientation of delta hydrides under applied stress are still
ongoing. Recent works include the contributions from Bair [126]
and from Radhakrishnan [127], in which they both determine the
magnitude of the applied strain needed to observe reorientation of
a single nanoscale hydride disc. They both found that the minimum
applied strains required for reorientating a single nanoscale hy-
dride is extremely high, on the order of 0.01 (equivalent of a tensile
stress of 894MPa) [118,126,127] which is more than ten times
higher than the 85MPa observed in experiments needed to reor-
ient 40% of mesoscale hydrides [88].
Fig. 20. Illustration of the different hydride scales. (a) shows the nanoscale hydrides. The d
shows the mesoscale hydrides. The domain size is about hundreds of micrometers square.
olution of the nanoscale hydrides and gain information on hydride precipitation at the me
While the phase field method has the potential to provide
critical insights into the impact of cooling rates, applied stress, and
thermal cycling on phase field morphology, this potential has yet to
be realized. The primary reason for this is the large difference in
length-scales between hydrides within a grain and mesoscale hy-
drides that span many grains. The stacking and growth of the
nanoscale hydrides must influence the mesoscale morphology, and
thus the nanoscale hydrides cannot be ignored. As described above,
the phase field method uses interfaces with a finite width, and a
spatial mesh resolution is needed to solve the partial differential
equations that is roughly one third of the width of the interface. If it
is assumed that a nanoscale hydride has an initial thickness of
20 nm, then the interface width would need to be around 6 nm and
the mesh resolution would need to be around 2 nm. However, at
least 100 mm of material is needed to reasonably represent a
mesoscale hydride, therefore on the order of 109 elements would be
needed to represent that amount of material in 2D and 1014 in 3D.
This number of elements could be reduced using mesh adaptivity,
possibly to 108 elements in 2D and 1012 in 3D. Such a computation
would be very large in 2D, requiring hundreds of processors on a
computer cluster, and would be nearly impossible in 3D.

This issue with resolving the nanoscale hydrides implies that
there may be another scale of simulations needed between those
that resolve the nanoscale hydrides and the macroscale models
needed for fuel performance codes. Microscale simulations could
omain size is of the order of hundreds of nanometers to a few micrometers square. (b)
The two scales require different phase field models to have both the appropriate res-
soscale.



Fig. 21. Light micrographs showing (a) radial hydride particles initiating cracks while in (b) circumferential hydrides initiate strain-induced voids, resulting in damage accumulation
failure. as opposed to fracture due to crack initiation and growth. 1.
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be carried out that resolve tens to hundreds of the nanoscale hy-
drides to understand their behavior under applied loads, across
many grain boundaries, and more. This information could then be
used to develop a new model to represent the mesoscale hydrides
without resolving the individual nanoscale hydrides. Such a model
would not require the small resolution discussed above and
therefore could be used to predict the hydride morphology in areas
that are hundreds of microns across. The results of this model could
then be used to investigate the impact of various conditions on the
hydride morphology, providing the information needed to develop
the macroscale model (see Fig. 20).

6. Mechanical properties

As mentioned above, the precipitation of hydrides has a signif-
icant impact on zirconium alloy cladding ductility and failure
[128e132]. While uniformly distributed circumferential hydrides
can affect the ductility of zirconium alloy cladding only at high
hydrogen concentrations, certain hydride configurations can cause
dramatic decreases in the fracture resistance even at low concen-
trations. In particular, the failure processes at low temperatures of
hydrided cladding are quite different when circumferential and
radial hydrides are present. As shown in Fig. 21a, radial hydride
particles can initiate long cracks under load, and as a result, clad-
ding failure at low temperatures when radial hydrides are present
is often characterized by brittle fracture controlled by crack
nucleation and a crack growth instability governed by the fracture
toughness of the hydride matrix. In contrast, low temperature
deformation of cladding with circumferential hydrides results in
voids forming along the hydrides (Fig. 21b) leading to a damage
accumulation type ductile fracture, such as analyzed in ref's
[131e133]. For mixed microstructures, the failure process can be a
complex combination of these two types of failure in which the
fracture path can be quite tortuous.

Mechanical tests conducted on hydrided Zircaloy also show an
influence of hydride distribution on overall cladding ductility. In
particular, the presence of “unfavorable” hydride features such as
hydride rims [134] or hydride blisters [18,135] can alter the clad-
ding failure from ductile failure to “brittle-like” fracture through
the initiation of cracks at hydrides. In the case of a hydride rim or
hydride blisters, experiments show that as the thickness of a hy-
dride blister or rim increases, the failure strain decreases as the
hydrides crack near the yielding of matrix and subsequently cause
failure of the uncracked ligament either by plastic deformation
localization or near-brittle crack growth [18,134]. The susceptibility
to brittle fracture is especially pronounced for thick hydride rims
and/or if the uncracked ligament has a low fracture toughness, such
as if radial hydrides are present [136].

In the absence of crack growth (such as at elevated tempera-
tures), ductile failure can occur at small far-field strains due to
deformation localization. In this case, the early cracking of a hy-
dride rim or blister reduces the load-bearing cross section area,
leading to a “localized necking” instability to develop in the loca-
tion [137,138]. As a result, the presence of hydride rims [126] or
blisters [18,135] may reduce cladding ductility even in the absence
of crack growth. We note that this analysis provides an upper
bound for the failure strain, while the presence of a sharp crack can
cause brittle failure to intervene at small strains and at stresses at/
or below the yield stress.

Modeling of hydrided material failure has used mean field ap-
proaches such as the calculation of the strain energy density as a
primary parameter for failure [139,140]. Such models however do
not take into account the localization of failure such occur when a
hydride rim fails early during deformation and which can govern
through-wall fracture [137].

Although much work has been performed in this area, the
problem of determining failure limits from crack propagation is
complex and has yet to be resolved. One important issue is that the
matrix yield stress must be sufficiently high in order that the level
of strain concentration at the hydride can elevate the local stresses
to cause hydride cracking. As a result, hydride fracture can occur at
low temperature even though the hydride is believed to be stronger
than the matrix. This is normally true in cold-worked stress-
relieved material or irradiated material, to a greater degree than in
recrystallized material [141,142]. There is also evidence that the
tensile stress to fracture hydrides increases with hydride length for
short hydrides but is insensitive when hydride length exceeds
about 25 mm [143]. We note that the most likely stress state to be
exerted onto Zircaloy cladding is essentially that of a bi-axially
loaded thin walled pressure vessel, in which the largest stress is
in the azimuthal, or hoop direction, and results from the pressure
differential with the primary coolant by fission gas release, or
pellet-cladding mechanical interaction. For crack-growth domi-
nated failure, the hoop stress (i.e., the maximum principal stress) is
then the critical stress.

The presence of radial hydrides promotes both crack initiation
and crack growth if the temperature is sufficiently low for the hy-
drides to form cracks. As shown for the behavior of ring compres-
sion tests in Fig. 22 [144e146], the presence of radial hydrides
causes an abrupt transition from ductile to brittle behavior upon a
small decrease in temperature. For similar hydrogen contents, the
ductile-to-brittle transition temperature (DBTT) is much higher
when radial hydrides are present when compared to cladding with
only circumferential hydrides. The radial hydride-induced brittle
behavior shown in Fig. 22 depends on the initiation of cracks at the
radial hydrides (see Fig. 21a), so that if no cracks occur, neither does
brittle fracture. Above the DBTT, as matrix deformation occurs, the
radial hydrides appear ductile and deform, and no cracks are pre-
sent [147]. Fig. 23 shows that even in the case of circumferential
hydrides, there is a strong effect of test temperature such that



Fig. 22. Fracture Energy versus testing temperature for radial and circumferential
hydrides in Zircaloy tested with ring compression tests [144].
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hydrides crack and form elongated voids ahead of the crack at low
temperatures but appear to be ductile at high temperatures. Unlike
radial hydride “damage”, the circumferential hydride damage at
low temperatures is in the form of elongated voids (Fig. 21b) which
undergo strain-induced growth and coalescence such that the
cladding exhibits ductility even at low temperatures (unless the
hydride content is exceedingly high—as in the case of a hydride
rim).

Crack initiation at radial hydrides is quite sensitive to testing
temperature with the ductile to brittle transition occurring over a
relatively small range of temperatures (approximately 50 �C). The
deformation behavior of the ductile zirconium alloy matrix should
undergo comparatively small changes over such a small tempera-
ture range. Thus, if hydride fracture is caused by strain-induced
incompatibility stresses between the radial hydride particles and
the deforming zirconium alloy matrix, we might speculate that
hydride fracture behavior must change rapidly near the DBTT. The
ductile to brittle temperature reported in Ref. [133] is for cladding
with 100wt ppm H and is in the range of 200�e250 �C; thus, some
degree of hydride dissolution is expected. However, the extent of
dissolution (perhaps 30% according to Fig. 4) does not appear to be
able to reduce the approx.150 mmhydrides in these claddings to the
25 mm ductile transition length suggested in Ref. [143]. Reducing
the hydride size to a “ductile” length is even more difficult for the
case of Zircaloy-4 with 200wt ppm hydrogen that shows a DBTT at
125�e150 �C when the hydrides lengths range to 300 mm; see the
small extent of hydride dissolution predicted by Fig. 4. In summary,
Fig. 23. Scanning electron fractographs of Zircaloy-4 fracture toughness samples wit
although hydride ductility appears to change rapidly near the DBTT,
this change does not appear top be the cause of the DBTT.

Once a crack initiates at a macroscopic radial hydride, crack
growth is sensitive to both the length of the initiated crack and to
the three-dimensional radial hydride microstructure, especially
radial hydride content as well as the connectivity or continuity of
the hydrides. The fraction of hydrides that are radial relative to
circumferential can be quantified by the radial hydride fraction:

RHF ¼
0:5,

P
i
Lmixed
i þP

j
Lout�of�plane
j

Ltotal
� 100 (7)

where the Lout�of�plane
j is the length of radial (out of plane) hydrides

in a given micrograph Lmixed
j is the length of hydride that are in

between radial and circumferential while Ltotal is the total hydride
length.

The presence of radial hydride particles has a direct influence on
crack propagation, whereas circumferential hydrides can help only
to a lesser degree. However, the impact of hydrides on crack
propagation is related to more than just their orientation; the
specific hydride morphology also has a strong influence on the
failure strain, as shown in Fig. 24. It is possible to define the hydride
connectivity as the remaining ligament after the easiest path
through the cladding is identified within a length l. On the leftmost
example three vertical hydrides cover about 57% of the cladding
thickness. As deformation starts, these hydrides will crack at very
small strains so that they will then be joined by 45-degree ductile
slip in between (bottom). In the middle example the coverage is
similar (50%) but a much bigger deformation band would have to
develop, making this an unlikely site for failure. This is because the
rightmost hydride particle is beyond a distance of l. On the right
most example, the coverage within the relevant range of l is even
higher, but now with a combination of vertical and in-plane hy-
drides for a coverage of about 70%. When load is applied, the hy-
drides fail early during deformation (at a small strain) so that failure
of the component now hinges on the failure of the remaining lig-
aments) so that a crack can propagate through the thickness of the
material.

As noted earlier, the mechanical strength and ductility of
zirconium-based alloys can be significantly compromised by the
formation of hydrides because they have lower fracture strength
than pure zirconium, and they can be sites of fracture initiation and
embrittlement, which subsequently leads to cladding rupture and
failure [149]. Predicting the fracture mechanisms of these matrix-
hydride composite materials is difficult because the heteroge-
neousmicrostructure of these Zircaloys can have a significant effect
h circumferential hydrides tested at (a) room temperature and (b) 300 �C [148].



Fig. 24. Illustration of hydride connectivity. (a) three different hydride configurations, (b) as deformation happens, hydride particles crack after small strains and are then linked.

Fig. 25. Normalized normal stress distribution for nucleating cracks (circled areas) for
a Zircaloy specimen with radial d hydrides.
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on failure behavior, and these heterogeneities can severely limit the
use of phenomenological or macroscopic fracture approaches.
These physical heterogeneities, which span different spatial scales
ranging from the nano to the micro include local and internal
stresses and strain incompatibilities between the matrix and hy-
dride interphases, semi-coherent interfaces, grain-boundary de-
fects, grain morphologies and orientations, dislocation-density
accumulations at matrix-hydride interfaces.

Due to this complex relationship between heterogeneities and
cladding fracture mechanisms, three-dimensional micro-
structurally-based fracture approaches at different physical scales
are essential and should be integrated with strain-based contin-
uum models and experiments to obtain validated predictions of
hydride crack nucleation, hydride connectivity, and overall rupture
for different populations and orientations of hydrides on a physi-
cally relevant continuum scale, such that fracturemeasures for both
hydride crack nucleation and propagation can be attained.
Furthermore, a key feature of any fracture methodology, due to the
differences in the hydride and matrix crystalline structures, would
be distinguishing between hydride cracking and matrix cracking in
these multi-phase aggregates.

To address some of these challenges, a nonlinear fracture
methodology has been developed by Ref. [149] that is coupled to a
three-dimensional dislocation-density crystal plasticity formula-
tion, and it can be used to predict hydride cracking and linkage in
terms of morphological and crystallographic characteristics, de-
fects, and different interfaces related to different crystallographic
interphases, grain boundaries, and hydride populations. It has been
used to predict and understand intergranular and transgranular
fracture nucleation and growth mechanisms along energetically
favorable slip-planes, cleavage planes, and grain boundaries in
Zircaloys subjected to different thermo-mechanical loading con-
ditions and scenarios. The approach is tailored for hydride fracture,
since it accounts for different hydride crystalline structures, such as
d (fcc) and ε (bcc) that have precipitated within the hcp Zircaloy
matrix. The different hydride crystalline structures are physically
represented by orientations relations (ORs) and misfit strains at the
matrix-hydride interfaces. The fracture approach is based on a
finite element (FE) overlap method that utilizes phantom nodes to
nucleate failure surfaces once critical stresses are attained.

An example of this approach is shown in Fig. 25, which pertains
to the normalized stress profile crack nucleation and propagation
around d hydrides. This approach provides a means of quantifying
the impact of hydride fraction, orientation, and connectivity on the
fracture.

Due to different thermo-mechanical loading conditions, hy-
drides can evolve from a circumferential to radial orientation. This
reduces the overall strength of the cladding, since it provides an
energetically favorable fracture path through the cladding wall. In
zirconium alloys, precipitation of a hydride generally introduces
internal stresses in the surrounding. Adopting a reasoning consid-
ering elasticity only, the stress induced by the hydride (i.e. by the
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stress-free transformation strain resulting from the hydride for-
mation) can easily reach 400MPa. Clearly such high stresses could
be relieved by the activation of plastic deformation mechanisms.
Understanding the evolution and role of internal stresses on the
formation, growth and arrangement of delta hydrides in Zircaloy is
essential. Tummala and co-workers [150] have used Fast Fourier
Transform (FFT) based discrete dislocation dynamics technique to
quantify both internal stresses induced during the formation of a
hydride and the relief of the internal stresses by dislocation
nucleation from the hydride-matrix interface. Consistent with
experimental observations (see Fig. 19), it is found that the dislo-
cation emission from hydrides is thermodynamically possible.
Fig. 26 shows an image of a predictedmicrostructure resulting from
the relaxation of internal stresses near the hydride by the emission
of dislocations on basal planes. Interestingly, as shown in Fig. 26b, it
is found that the dislocations nucleated from the hydride-matrix
interface could act as loci for the nucleation of new hydrides.
Importantly, the study also suggests that the observed ‘deck of card
arrangement’ of hydrides, shown in Fig. 10, in which hydrides line
up at angles in the order of 14� and are spaced apart from one
another could be a consequence of the dislocation nucleation
mediated relaxation process studied in Ref. [150].

These microstructural scale fracture and internal stress pre-
dictions can then be used to inform large scale 3D elasto-plastic
phenomenological FE analyses that can be utilized within DOE
codes, such as Moose/BISON, to determine stress and strain evo-
lution and localization of Zircaloys. More critically, these contin-
uum stress and strain level predictions can serve as benchmarks for
the microstructural and FFT-dislocation-dynamics analyses to
delineate what microstructural effects, such as grain orientations
and morphologies and texture, are dominant and affect continuum
level stresses. This is essential for the determination of physically
realistic fracture criteria that spans the microstructural to contin-
uum scales. Physics-based material models for continuum level
predictions of ceramic UO2 fuels and Zircaloys have been incorpo-
rated [151] in codes, such as BISON. These models are based on
Fig. 26. (a) Close-up view of a single crystal containing a 375 nm� 91 nm �37.5 nm hyd
emission is permitted, (b) 3D map of potential for dissipating elastic strain energy by form
nucleation is thermodynamically possible are shown. (For interpretation of the references t
irradiation induced clad creep and growth, clad corrosion, the
hydrogen pickup and hydride precipitation in the clad, and the
release and transport of fission produced gas. This architecture
includes the ability to incorporate or develop material properties
libraries and fuel behavior models for UO2 fuel and zirconium alloy
cladding commonly used in LWRs. These models consist of irradi-
ation induced clad creep and growth, clad corrosion, the hydrogen
pickup and hydride precipitation in the clad, and the release and
transport of fission produced gas. An example of this approach,
which is based onmodeling efforts detailed in Ref. [151] is shown in
Fig. 27, where the temperature distribution within the fuel and
cladding is superimposed with a metallography image of a typical
fuel pellet. These fuel performance simulations activities provide an
understanding of how hydride precipitate distributions in the fuel
cladding and the probability for cladding failure during fuel as-
sembly storage and transportation behave at the structural or
macroscopic scale level.

These interrelated approaches can provide a physically based
framework that can be used to account for hydride reorientations,
dislocation-densities, inelastic strains, and local stress fields, such
that mechanical behavior and fracture nucleation on the submicron
level and hydride cracking can be scaled to the structural level for
different hydride populations and orientations. More significantly,
it has the potential for the development of validated fracture
criteria that spans the microstructural scale to the continuum scale
for hydride cracking, connectivity and overall rupture.
7. Research needs

It is clear from the preceding that zirconium hydride formation
during precipitation is a complex phenomenon involving multi-
faceted physical processes and which can strongly affect cladding
mechanical properties. Although research has been donewhich has
identified important phenomena, several fundamental questions
still require attention:
ride (in pink) in the presence of a dislocation network after relaxation by dislocation
ing a new hydride around an existing hydride shown. Only regions in which hydride
o colour in this figure legend, the reader is referred to the Web version of this article.)



Fig. 27. 2D plot of the temperature distribution in a cross section including: the
cladding, the cracked fuel pellet with missing pellet surface defect.

Fig. 29. Low magnification SEM micrograph of hydride microstructure in Zircaloy-4.
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a) How do the mesoscale hydride microstructures form?

The principal problem to be understood is illustrated in Fig. 28.
When observed in high magnification the hydrides look like indi-
vidual segments, of the same order of the grain size and with slight
mis-orientations relative to each other. This is consistent with the
picture of hydrides having an orientation relationship with the
matrix and changing slightly from grain to grain to maintain it,
although this has not been explicitly verified.

More important is the fact that when seen in low magnification
(Fig. 29) the hydrides extend over distances of the order of 100 mm,
i.e. much longer than the grain size (about 1e2 mm for equiaxed
grains in RX material) and almost perfectly aligned. This alignment
is clearly governed by hydride-hydride interactions (such as in
sympathetic nucleation) or by hydrogen-hydride interactions
(anisotropic growth), with the effect, that hydrides tend to form in
“bunches”. The tendency of the hydride particles to align them-
selves during thermomechanical treatment is the crucial factor in
the onset of material degradation. It is the size and orientation of
these that is the most crucial to predicting hydride degradation of
mechanical properties.

The problem can be posed graphically in the following way:
Fig. 30 shows schematically the first hydride nucleus precipitated
once TSSp is reached. This initial precipitation can obey the
orientation relationship or could occur for example near a grain
boundary. As further cooling occurs, additional hydrogen will pre-
cipitate. This additional precipitation could occur at various points
in the material. It could occur near the edge of the existing hydride
(position 1), slightly offset (position 2), on top of the hydride (po-
sition 3) or in a random position in the material (position 4). This is
Fig. 28. High magnification SEM microgra
true both for nucleation of a new hydride or growth of an existing
one. Clearly several macroscopic hydrides are formed a certain
distance from each other so nucleation at 4 occurs. It is also clear
that precipitation happens near position 1, possibly with a little
offset (position 2). This causes the initial hydride to “elongate”, with
the continuation of this process eventually resulting in the micro-
structure seen in Fig. 29.

This elongation could be caused by the initial hydride particle
growing preferentially in the horizontal direction or by the nucle-
ation of a new particle (see two paths drawn in the Figure). In the
first scenario, the hydride would grow into another grain, and thus
would cease to maintain the orientation relationship with the
matrix whereas in the second case new hydride nucleation would
need to occur. One could then ask why the hydride growth is
anisotropic and possibly the answer would be in the trans-
formational strains or the hydride surface energies being aniso-
tropic. In the second hypothesis, new hydride nucleation would
need to occur preferentially near the hydride edges. This could be
favored by the elastic strain field induced by hydride precipitation
or by the presence of dislocations at the edge.

Regardless of the mechanism, the final result is Fig. 29, in which
100-mm long mesoscale hydrides form in a matrix where the grain
size is much smaller. The fact that the mesoscale hydrides are more
or less evenly spaced indicates that each cluster took their
hydrogen atoms from “their” region, i.e. several hydride embryos
are nucleated and grow horizontally.

b) What causes hydride reorientation? What is the role of stress?

Although the limits for hydride reorientation in terms of
threshold stress have been established it is not clear why stress acts
to reorient the hydrides. Returning to the schematic illustration
ph of hydride particles in Zircaloy-4.



Fig. 30. Schematic processes for creation of hydride alignment.
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shown in Fig. 30 when a tensile stress is applied during precipita-
tion the next hydride particle to be formed would be on position 3
rather on position 1. The small hydrides would then stack vertically
as in Fig. 15 b) and form mesoscale reoriented hydride
microstructures.

We do not have a clear image of the hydride distribution in 3D,
either for the circumferential or for the radial hydrides. It is possible
that the circumferential hydrides seen in Fig. 29 have a platelet
shape, but is also possible that they resemble a plate of beans,
aligned in the same plane but formed of individual particles. The
structure of the reoriented hydrides seen in Fig. 15 b may stretch in
the direction perpendicular to the surface of the paper as stacked
ribbons (or venetian blinds) or be constituted of a Jackson Pollock
type collection of individual hydrides formed on the same plane.
The presence of a collection of small individual hydride particles on
the same plane would indicate preferential nucleation whereas the
larger scale particles would indicate preferential growth as the cause
of hydride alignment.

What is clear is that although the usual explanations for hydride
alignment (orientation relationship/texture, grain boundary
orientation) can contribute to the formation of the initial hydrides
and thus the mesoscale microstructure, they cannot explain the
formation of such long hydride microstructures as seen in Fig. 29 or
Fig. 15 b as the matrix grain size is much smaller than the hydride
size.

c) What causes the sudden change in ductility over a relatively
narrow temperature range?

The temperature dependence of the mechanical response of the
material is not well understood. When subjected to tensile testing,
such hydridedmaterials tend to fail at small strains. Themechanical
response of the composite material at various temperatures and
thus the overall ductile to brittle transition of the hydrided
component needs to be understood, especially its abrupt change
within a small temperature range.

Temperature dependence of mechanical properties and frac-
ture: in addition, the temperature dependence of the mechanical
response of the material is not well understood. When subjected to
tensile testing, such hydrided materials tend to fail at small strains.
The mechanical response of the composite material at various
temperatures and thus the overall ductile to brittle transition of the
hydrided component needs to be understood through well-
coordinated experimental testing and modeling, especially with
respect to this abrupt change within a small temperature range.

d) How do these questions change for different alloys and
potentially different microstructures?
This was not discussed in this review, but it is possible that
different alloys show different hydriding behavior, independent of
eventual differences in corrosion or hydrogen pickup, i.e. for the
same hydrogen content. Two phase alloys such as the Canadian
Zr2.5%Nb should be most different but differences in behavior be-
tween other Nb containing alloys and Zircaloy have also been
observed.

8. Conclusion and perspectives

Hydrogen enters the nuclear fuel cladding as a result of water-
side corrosion that happens in service. After hydrogen enters the
material, hydrogen redistributes in the cladding tube in response to
driving forces from concentration, temperature and stress gradi-
ents, which creates local increases in hydrogen concentration. Once
the local hydrogen concentration exceeds the terminal solid solu-
bility in the matrix, hydride particles can precipitate. This causes
the ductility of the composite material (zirconium matrix with
hydrides) to decrease relative to that of unhydrided material.

The local hydrogen concentration is governed by the overall
hydrogen content of the material, the temperature schedule
(highest temperature, hold time, cooling rate) and the presence of
significant concentration, temperature and stress gradients in the
material.

The failure probability of hydrided Zircaloy is governed not only
by the overall hydrogen content but by (i) the local hydride content
and local hydrogen concentration, (ii) the hydride orientation and
overall mesoscale hydride microstructure, (iii) the stress state
imposed on the cladding as well as the testing temperature. In turn
the mesoscale hydride microstructure depends on complex issues
such as the sympathetic nucleation of hydrides and the presence or
not of applied stress during hydride nucleation and growth.

Such issues are being investigated using state of the art exper-
imental and computational techniques to establish the limits at
which the hydride microstructure created significantly affect
cladding ductility.
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