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ABSTRACT

Because hydride microstructure can significantly influence Zr alloy nuclear fuel cladding’s ductility, a new
metric has been developed to quantify hydride microstructure in 2D micrographs and relate it to crack
propagation. As cladding failure usually results from a hoop stress, this new metric, called the Radial Hy-
dride Continuous Path (RHCP), is based on quantifying the continuity of brittle hydride particles along the
radial direction of the cladding tube. Compared to previous metrics, this approach more closely relates to
the propensity of a crack to propagate radially through the cladding tube thickness. The RHCP takes into
account hydride length, orientation, and connectivity to choose the optimal path for crack propagation
through the cladding thickness. The RHCP can therefore be more closely linked to hydride embrittlement
of the Zr alloy material, thus creating a relationship between material structure, properties, and perfor-
mance. The new definition, along with previously proposed metrics such as the Radial Hydride Fraction
(RHF), the Hydride Continuity Coefficient (HCC), and the Radial Hydride Continuity Factor (RHCF), have
been implemented and automated in MATLAB. These codes are made available with this publication as
supplementary materials. These metrics were verified by comparing their predictions of hydride morphol-
ogy against expected values in simple cases, and the implementation of the new metric was validated by
comparing its predictions with manual measurements of hydride microstructure performed on Image].
The RHCP was also validated against experimental measurements of fracture behavior and it was shown
to correlate with cladding failure better than previous metrics. The information provided by these metrics
will help accurately assess cladding integrity during operation, transportation, and storage.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

mation process and ease crack propagation through the cladding
thickness so that failure happens more easily. Thus, changes in hy-

Zirconium alloys are widely used in Light Water Reactors
(LWRs) as fuel cladding material [1]. A fraction of the hydrogen
produced by corrosion during normal operations is picked-up by
the cladding. When the hydrogen concentration reaches the termi-
nal solubility limit in the alloy, hydrogen precipitates into brittle
hydrides platelets [1-5]. At the mesoscale, hydrides form platelets
that are normally oriented along the tube circumferential direction
but can be oriented radially under certain conditions [1,2,5]. Be-
cause cladding failure is usually caused by the presence of a hoop
stress in the cladding, radial hydrides will fail early in the defor-
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dride orientation can have a strong effect on cladding embrittle-
ment [1,2,6-37]. Because of this, being able to quantify mesoscale
hydride morphology from the point of view of its effect on ductil-
ity is of primary importance in assessing cladding integrity during
normal operation, transportation, and dry storage [1].

Three main characteristics of hydride microstructure drive
cladding failure under a hoop stress: first, the total hydrogen con-
tent and the fraction of the hydrogen that is precipitated into hy-
dride platelets. Second, the fraction of radially oriented hydrides,
and finally, how continuous hydrides are through the cladding
thickness. Several microstructure metrics have been used to de-
scribe these characteristics of zirconium hydride morphology and
their effect on crack initiation and propagation [1,2,10,15-17,38].
The first metric, the total hydrogen content, can be measured ex-
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perimentally, and the hydride volume fraction can be estimated by
metallography or x-ray diffraction [12-14,18-26]. While these two
metrics do not specify the hydride distribution, other metrics relate
more specifically to hydride morphology. Among them, the Radial
Hydride Fraction (RHF) focuses only on the second characteristic
[15], and other metrics such as the Hydride Continuity Coefficient
(HCC) [8] and the Radial Hydride Continuity Factor (RHCF) [9] at-
tempt to assess the third characteristic. In this work, we discuss
these metrics used to quantify hydride morphology, review their
shortcomings, and propose a new metric that more closely relates
the hydride morphology to embrittlement. The approach presented
in this paper is based on several assumptions. First, the hydrides
are assumed to be significantly more brittle than the Zr matrix.
This is mostly applicable to near room temperature testing. Sec-
ond, the hydrides platelets are assumed to be infinitely long in the
direction perpendicular to the plane of the micrographs. Lastly, hy-
dride embrittlement is assumed to be caused by crack propagation
through the thickness of a hydrided Zr component under a hoop
stress.

1.1. Radial hydride fraction: a review

One of the more widely used metrics to quantify hydride mor-
phology is the RHF. Defined between 0 and 1, the RHF corre-
sponds to the resolved fraction of the total mesoscale hydride
platelets that are oriented radially. The higher the RHF, the eas-
ier it can be for a crack to propagate radially through the cladding
as a larger fraction of hydride platelets are oriented along its
macroscale direction of propagation. The definition of the RHF can
vary [1,2,6,7,10,13,15,27,29-37], but it is commonly defined using an
expression similar to the one used by Colas in Ref. [2], where
RHF = LLJ’ (1)

>iLi
where L; is the length of the ith hydride particle, and f; is the
weight corresponding to the ith hydride. The sum is taken over
all the hydrides. The weight of the hydrides is typically given by

0 ;0° <6 < 40°
fi=105 ;40° <6 <65° (2)
1 ;65° < 6 <90°

where 6 is the angle (in degrees) of the hydride platelet habit
plane relative to the circumferential direction. Thus, 8 = 0° and
6 =90° correspond to a circumferential and a radial hydride, re-
spectively.

One limitation of the RHF is that, since the metric does not dif-
ferentiate between hydrides oriented within the ranges from 0° to
40°, 40° to 65°, and 65° to 90°, some microstructures with quite
different hydride morphologies can end up having the same RHFs.
Moreover, although the RHF accounts for hydride platelet orien-
tation, it disregards hydride connectivity, i.e. how hydrides are ar-
ranged in a given microstructure. Fig. 1 shows two hypothetical
cases, with the same RHF but where we can expect a far easier
crack propagation on the left than on the right because of the dif-
ferent hydride separation in the two cases.

1.2. Hydride continuity: a review

As shown above, the resistance of the cladding to fracture is in-
deed not entirely determined by the RHF. It also depends on how
close the hydride particles are to each other and how they align
across the cladding thickness, along a likely path of crack propaga-
tion [1,8,9]. Hydride continuity has emerged as a metric to quantify
how close hydrides are to each other in a particular microstructure
and how they connect both ends of the cladding thickness [8,9].
High hydride continuity means that once a first hydride cracks at
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(a) (b)

Fig. 1. Schematic drawing showing the effect of hydride continuity on crack propa-
gation along the radial direction (R), where the hydrides are shown in black, and C
describes the circumferential direction. Even though both configurations contain the
same hydrides (only in different locations) and have the same RHF, configuration (a)
has a higher hydride continuity than configuration (b). As such, a crack would prop-
agate far more easily through micrograph (a) than (b). This example demonstrates
the importance of accounting for hydride continuity when attempting to quantify
hydride morphology.

low strains, hydride particles create a continuous path through the
cladding thickness, easing crack propagation.

Various metrics have been developed to define hydride conti-
nuity, including the HCC from Ref. [8] and the RHCF from Ref. [9].
In general, the values of these hydride continuity metrics vary be-
tween O and 1. Low values correspond to microstructures with few
hydrides, and/or predominantly circumferential hydrides, and/or
isolated hydrides. Conversely, high values correspond to a greater
density of radial hydrides forming a path through the cladding
thickness, which has negative consequences for the cladding em-
brittlement. An example of how the HCC is derived for a typical
microstructure is illustrated in Fig. 2a [8,38]. The first step is to se-
lect a representative part of the microstructure. The HCC definition
focuses on a rectangular band in the material, of height L =2.5
mm along the radial direction and width d = 0.11 mm. The HCC
is then given by

> HG

HCC = ==, (3)

where HC; corresponds to the length of the ith radially projected
hydride. Note that only the values of HC; greater than 5 um are
included in the calculation for the HCC [8]. To make this mea-
surement more representative of the microstructure, an average of
different measurements of the HCC can be used. For example, in
Ref. [38], the HCC is calculated as the average of three measure-
ments performed at three different random places in a micrograph.
The HCC is not as widely used as the RHF, but it has been used by
several studies to quantify hydride morphology [26,38,39], and it
has been slightly adapted to define it as a radial hydride length
per unit area [23].

Fig. 2b provides a graphical illustration of the RHCF, a metric
which was originally designed to predict the extent of a crack in a
hydrided microstructure [9]. The RHCF is defined as the ratio

max(L;)
T .

where hp, is the cladding wall thickness, and L; is the length of the
ith radially projected hydride within a 150 um arc length, which
roughly corresponds to distances covered by cracks during propa-
gation [9].

These hydride microstructure continuity metrics attempt to
quantify the link between hydride microstructure and crack propa-
gation through the thickness of zirconium cladding. To properly do
so, the definitions of the HCC or the RHCF should correspond to
the mechanism of crack propagation. However, Fig. 3 shows that
both the HCC and the RHCF metrics have limitations in relating
the hydride microstructure to fracture behavior. The figure shows
four schematic hydride configurations featuring different positions

RHCF =
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Fig. 2. Illustration of how the (a) Hydride Continuity Coefficient (HCC) [8,38] and (b) the Radial Hydride Continuity Factor (RHCF) [9] are defined for various microstructures.
Both show the bands in which the RHCF and the HCC are derived, as well as how the projections are included in the calculations.

4 Too small | { Too small — ! Too small  he
] | NToosmall | B HiToo small «_| B ${Too small 1
—~———— — ] - s —
- | S 7 [ 1
HCy, Ly HCy, Ly HCy, Ly " {Too small
| — —
t4iCs L
7 ,,*Togsmall
— " B — ll? -
HC, HCy
R R R R

A
,C
(a) HCC = 0.83
RHCF = 0.58

(b) HCC = 0.85
RHCF = 0.85

y

,C
(c) HCC = 0.85
RHCF = 0.85

(d) HCC = 0.86
RHCF = 0.32

Fig. 3. Examples of model micrographs emphasizing the limitations of both the HCC and the RHCF. Each micrograph has the same RHF and the same hydrides, but they are
positioned differently. (a) and (b) show that the RHCF can be sensitive to slight differences in vertical positioning of hydrides, while these variations would have little impact
on crack propagation. (b) and (c) show that both the HCC and the RHCF are insensitive the hydride platelets being far apart within the band, even though this change in
morphology would have a large impact on crack propagation. Finally, (c) and (d) show that not including the circumferential hydrides in the definition of the HCC and the
RHCF prevents these definitions from considering cracks that propagate along circumferential hydrides to bridge between radial hydrides, thus providing misleading values

of continuity.

for the same five hydrides which thus have the same RHF. Compar-
ing these microstructures shows that micrographs with potentially
similar cracking behavior can have significantly different RHCF val-
ues, and that micrographs with potentially different cracking be-
havior can have similar HCC or RHCF values. For example, the
schematic hydride microstructures illustrated in Fig. 3a and b are
very similar, as only a slight difference in the radial position of one
of the hydrides differentiates them. These microstructures are thus
expected to present similar cracking behaviors. However, while the
HCC remains similar, the RHCF drastically changes between the
two, suggesting that the microstructure in Fig. 3b is significantly

more prone to crack propagation than that in Fig. 3a. This shows
that the RHCF can be too sensitive to hydride configuration even
when that difference is unlikely to affect the cracking path. Fur-
ther the microstructures Fig. 3b and Fig. 3¢ have likely very differ-
ent fracture behaviors, as hydrides are further apart in Fig. 3c than
in Fig. 3b. However, both present the same HCC and RHCF values.
Since both definitions are based only on the radial component of
the hydride platelets, they are unable to distinguish between these
two microstructures. Using only the radial component of the hy-
dride platelets also leads both definitions to neglect the role of
circumferential hydrides in crack propagation. In Fig. 3d, despite
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having radial hydrides far apart from each other, crack propagation
is expected to be easier than in Fig. 3¢ due to the presence of cir-
cumferential hydrides that can bridge the gap between radial hy-
drides. However, the HCC remains almost constant, while the RHCF
decreases. This similarity inaccurately suggests that these two mi-
crostructures could present similar fracture behaviors or that the
microstructure in Fig. 3c could actually be more prone to crack
propagation than the one in Fig. 3d, which is not expected to be
the case.

Both the RHF and the two hydride continuity metrics have
been defined and used in the literature to quantify hydride mi-
crostructure and predict the fracture behavior of the material
[1,2,8-10,15,16,38]. In this study, we develop an innovative ap-
proach for quantifying hydride continuity that more accurately pre-
dicts the material’s fracture behavior. The new metric has been im-
plemented in MATLAB and is verified and validated. In Section 2,
we discuss the development of a new definition to character-
ize hydride continuity, called the Radial Hydride Continuous Path
(RHCP). We describe the verification of the new definition in
Section 3, and the validation of the genetic algorithm on which the
definition is based in Section 4. The RHCP is then compared with
existing metrics against experimental measurements in Section 5.
In Section 6, we comment on the results and discuss the merits
and shortcomings of this definition of hydride continuity. Finally,
the results are summarized in Section 7. A link to the MATLAB
codes developed during this project and the sets of microstruc-
tures used in the verification and validation processes are available
in Section 8.

2. Hydride continuity: radial hydride continuous path

Given the previous metrics shortcomings, a good definition of
the hydride continuity should link zirconium hydride microstruc-
ture and fracture behavior [8,9,38]. The goal of the definition in-
troduced in this section is to quantify hydride microstructure in
a way that relates directly to the mechanisms of crack propaga-
tion through the cladding thickness. This definition and its imple-
mentation in MATLAB are verified, validated, and compared to ex-
isting definitions.

2.1. New definition

The new definition introduced in this study is guided by the
principle that the crack propagates through the path of least resis-
tance. As shown in Refs. [20,40,41], when a crack propagates in a
hydrided sample, cracks nucleate in neighboring hydrides, before
connecting to the main crack. The crack thus primarily propagates
from one hydride to the next following the path of least resis-
tance. If each possible path through the cladding thickness were
evaluated, the path of least resistance would provide an evaluation
of hydride continuity in the sample. Following this approach, this
study provides a new definition of the hydride continuity, called
the Radial Hydride Continuous Path, defined as

RHCP = max (RHCR), (5)

where RHCPy is the evaluation of a given path x across the mi-
crostructure. RHCPy is further defined as

(L — Xzr)Wzr — XzriWzeni
L(Wz: — Wzh)
where L is the height of the domain, potentially equal to the
cladding thickness, xz- and xz; are the distances traveled in the
zirconium and hydride phase, respectively, and wz, and wzy are
the penalties associated with the zirconium and hydride phase, re-
spectively. The penalties wz, and wzy represent how much resis-
tance a path encounters when traveling in the zirconium and hy-

RHCP, = (6)
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dride phases. To ensure that this definition relates to crack prop-
agation, the penalties are defined as the fracture toughnesses of
the two phases at room temperature, namely wz = 50 MPay/m
and wzy = 1 MPay/m [42-44] for this study. The reported frac-
ture toughness of the zirconium material depends on the geome-
try of the sample and the conditions of the test. While values be-
tween 38 MPa./m and 77 MPay/m have been reported for plane
strain specimen (thick plates) [42,43], values around 96 MPa./m
have been reported for cladding geometry [38,43,45]. However, be-
cause the cladding geometry does not satisfy ASTM-E813 require-
ments for fracture testing, this study used a value of 50 MPa/m,
which falls within the range measured in [42,43]. It is important
to note that the fracture toughness values of the zirconium pro-
vided in Refs. [42,43,45] were measured in polycrystal materials,
which corresponds to the current study, and not in single grain
zirconium samples. Moreover, although the hydride contribution to
crack propagation is well established, it remains unclear how the
crack propagates through hydrides, i.e. whether the hydride itself
or the hydride/matrix interface cracks. In any case, the uncertainty
about the appropriate values to use for the hydride phase and the
zirconium phase is acceptable. As the ratio wy./wy, remains large,
hydrides drive crack propagation. Predictions of the algorithm are
not expected to change significantly by reducing wz or increas-
ing wz as long as the ratio of the two remains of this order of
magnitude.

A variation of this metric is also introduced to allow for ductile
crack propagation. Since in regions with low hydride concentration,
cracks often propagate at 45° angles rather than in straight lines
in ductile materials like Zr (maximum stress direction), an addi-
tional penalty is introduced to favor an orientation of the path in
the zirconium phase at 45°. This orientation-dependent variation
is defined as

RHCP? = max (RHCP,?O), (7)

where 6 is the desired angle with respect to the radial direction
for the path in the matrix phase, 8y = 45° for ductile metals like
zirconium, and RHCP,G(0 is the evaluation of a given path x. The
RHCP,‘?O is defined as

(osiay — ixzri(1+Wgh(6)))Wzr — XzriWzm
L(#(Zén) - WZrH)

where xz; is the length of straight sections of the path in the
zirconium phase with an orientation with respect to the radial di-
rection equal to 6;. Here also,

g0 0) = (6o +6)* (6 - 0)?, (9)

is a double-well function centered around +6,, and W a penalty
defining the additional weight given to a path in zirconium when
its orientation differs from 6y. For high values of W, orientation
different from 6, are heavily penalized, and the crack paths pre-
dicted by the algorithm will closely respect the orientation defined
by 6y. However, having a very large W can hinder the convergence
of the genetic algorithm. In this work, W = 13 was found to be a
good compromise and used throughout the study.

These definitions define the new metric of hydride continuity,
the RHCP, between 0 and 1, with O indicating a total absence of
hydrides (i.e. crack growth through an unhydrided material), and
1 corresponding to hydride precipitates being continuous through
the cladding thickness. However, these definitions are only use-
ful when coupled with an algorithm that can evaluate and find
paths across the cladding thickness, evaluate them, and find the
path x that maximizes RHCPy or R}-lCPg0 to provide the RHCP or
the RHCP%.

RHCPY> = . (8)
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2.2. A genetic algorithm to find the best path

A genetic algorithm was implemented to find the path of least
resistance, i.e. the path x that maximizes RHCPy. This algorithm
is adapted from recent work by Hilty et al. on thermal resistance
[46]. Given a set of initial paths, called the population, the genetic
algorithm randomly selects two paths, called parents, and com-
bines them to creates a third path, called the child. The child is
then improved by smoothing it and its RHCPy value is determined.
If its RHCPx value is higher than the RHCPx value of one of its par-
ents, the child then replaces its worst parent in the population. By
doing so over several generations, the genetic algorithm converges
towards a path that maximizes the RHCPx values of its population,
thus providing a good estimate of the RHCP of the microstructure.
The MATLAB code is available in Section 8, along with detailed in-
formation about the algorithm. It is important to note that genetic
algorithms are not guaranteed to provide the global optimum so-
lution and sometimes only provide a local optimum solution. This
can be an issue when there are many hydrides in a single micro-
graph. Dividing the micrographs into vertical bands, finding their
local maxima, and then merging the paths from different bands
together to find a global maximum can improve predictions. The
genetic algorithm and the definitions of the RHCP and the RHCP#>
are verified and validated in the following sections.

It can be noted that no assumption is made about the origin of
the crack path. The position of the crack path at the top and bot-
tom of a given microstructure is a result of the genetic algorithm’s
search for the best path. It is based in the hydride microstructure
alone, and not the result of the researchers’ decision.

3. Verification of the MATLAB implementation
3.1. Verification on simple microstructures

The MATLAB implementations of the RHCP and the RHCP%
metrics, quickly presented in Appendix A, have been verified on
schematic micrographs with known expected values. The HCC and
the RHCF definitions were also implemented in MATLAB and used
on the schematic micrographs as a reference. The MATLAB imple-
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-~ RHCP
e RHCP®

(a)

RHF =1

HCC = 0.798 vs 0.800
RHCF = 0.508 vs 0.500
RHCP = 0.800 vs 0.800
RHCP* =0.504 vs 0.500

(b)

RHF =1

HCC = 0.797 vs 0.800
RHCF = 0.508 vs 0.500
RHCP = 0.715 vs 0.715
RHCP* =0.791 vs 0.800

Fig. 5. Verification schematic micrographs, corresponding RHF values, and results
for the HCC, RHCF, RHCP, and RHCP* metrics. Hydrides are shown in black, and
the paths found by the RHCP and the RHCP# are shown in blue and red, respec-
tively. The caption of each image provides the RHF and, for each continuity metric,
the value determined by the MATLAB implementations versus the expected value.
This fourth set is designed to expose the difference between the RHCP and the
RHCP%. In (a), the hydrides are aligned radially, which leads to a high RHCP but
a low RHCP# since the gap between the hydrides cannot be linked by a 45 degree
path. In (b), the hydrides are directly linked by a 45 degree angle path, which is
found by both definitions. In this case, the RHCP is slightly lower than in (a), but
the RHCP% increases from 0.5 in (a) to 0.8 in (b). This comparison shows that the
RHCP* is more configuration-dependent that the RHCP. As a result, determining
which one of the two configurations is more continuous depends on the definition
being used. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

mentations of the four metrics are available in Section 8. The mi-
crostructures shown in Figs. 4 and 5 test the definitions and the
algorithms for several schematic hydride configurations. For each
configuration, we provide the measured and expected values for all

(a)
RHF = 0.600

(b)
RHF = 0.600

() (d)
RHF = 0.600 RHF = 0.600

HCC = 0.711 vs 0.700
RHCF = 0.457 vs 0.450
RHCP = 0.643 vs 0.640

HCC = 0.741 vs 0.740
RHCF = 0.741 vs 0.740
RHCP = 0.652 vs 0.648

HCC = 0.742 vs 0.740
RHCF = 0.742 vs 0.740
RHCP = 0.519 vs 0.520

HCC = 0.746 vs 0.750
RHCF = 0.255 vs 0.250
RHCP = 0.704 vs 0.708

RHCP* = 0.634 vs 0.625 RHCP*® = 0.623 vs 0.623

RHCP* =0.138 vs 0.180 RHCP* = 0.659 vs 0.744

Fig. 4. Verification schematic micrographs, corresponding RHF values, and results for the HCC, RHCF, RHCP, and RHCP* metrics. Hydrides are shown in black, and the paths
found by the RHCP and the RHCP*® are shown in blue and red, respectively. The caption of each image provides the RHF and, for each continuity metric, the value determined
by the MATLAB implementations versus the expected value. This set contains micrographs similar to the ones presented in Fig. 3. They all contain the same three radial
hydrides and two circumferential hydrides, so the RHF is the same for all schematic micrograph. The results show that the genetic algorithm is able to handle microstructures
with several hydrides and find the best path. Moreover, the shortcomings already described in Fig. 3 for the HCC and the RHCF are overcome by the RHCP and the RHCP*3,
which provide a more robust quantification of the hydride microstructure. However, it is important to note that the RHCP and the RHCP*> provide significantly different
measures for (c), which is discussed later. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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four definitions. We also show the paths that were provided by the
genetic algorithm for both the RHCP and the RHCP*® definitions.

The schematic micrographs shown in Fig. 4 are similar to the
ones shown in Fig. 3 to emphasize some of the limitations of the
RHF, the HCC, and the RHCF definitions and show that the new
metrics developed in this study, the RHCP and the RHCP*>, over-
come these limitations and thus more accurately quantify hydride
continuity. The measurements are accurate for all definitions, as
MATLAB predictions shown in Fig. 4 are very close to the expected
values. This shows that the algorithm works and that the defini-
tions were properly implemented in MATLAB. The hydrides were
found by the genetic algorithm, and the paths use them to maxi-
mize the RHCP while connecting both ends of the microstructure.
The genetic algorithm can handle microstructures with several hy-
drides and find a very good approximation of the expected best
path. As expected, the path found for the RHCP definition mini-
mizes the length of the path through the zirconium phase, while
the path found for the RHCP# definition traverses the zirconium at
an angle of 6y = 45° to minimize the penalty. Contrarily to previ-
ous metrics, the new metrics are able to determine that Fig. 4a and
b are similar, but that Fig. 4c is less continuous than either Fig. 4a
or Fig. 4b due to the circumferential separation between hydrides.
Moreover, the RHCP and the RHCP# are also able to quantify the
role of circumferential hydrides in bridging radial hydrides, which
was overlooked by previous metrics. As a result, we can expect
that the new metrics proposed in this study provide a more robust
quantification of the hydride microstructure then previous metrics.

However, it is important to note that even if the new met-
rics often give somewhat similar values to quantify hydride con-
tinuity (see Fig. 4), this is not always the case. For example,
the microstructure given in Fig. 4c provides RHCP = 0.520 and
RHCP*> = 0.180. This is because the RHCP#, due to its additional
angle constraint, is more sensitive to changes in hydride config-
urations. Fig. 5b provides two similar microstructures to empha-
size this point. The only difference between the microstructures
is in the horizontal position of the short hydride at the bottom
of the microstructures. When the hydrides are aligned in Fig. 53,
RHCP*> finds it more favorable to ignore this hydride and form
a 45° angled path in the zirconium matrix. It is only when the
short hydride is oriented in a way that allows for a 45° angled
bridge between the two hydrides that the RHCP** definition uses
this hydride to go through the microstructure. The RHCP* value
thus varies greatly depending on the hydride configuration, while
the predictions from the RHCP are more stable. The RHCP%> quan-
tifies Fig. 5b as more continuous than Fig. 5a, whereas the RHCP
draws the opposite conclusion.

3.2. Verification on real microstructures

Now that the genetic algorithm and the new metrics for hy-
dride continuity have been verified on schematic micrographs, it
is important to see how the algorithm performs on real zirconium
hydride microstructures. Real microstructures require binarization
before analysis. Binarization identifies the pixels of the image as
either part of the hydride phase, or part of the zirconium matrix.
During that process, some of the imperfections present on the mi-
crographs, i.e. dust, scratches, other particles can be filtered out of
the microstructure. Fig. 6 shows how an original micrograph can
be binarized by the MATLAB code developed in this study. More
information is available in Section 8.

Unlike the verification micrographs used in Section 3.1, metal-
lographs from real microstructures exhibit a degree of complexity
that could make it challenging for the genetic algorithm to find
the best path. The effectiveness of the band feature introduced in
Section 2.2 to solve this issue is tested on the real microstructure
shown in Fig. 6. Fig. 6 presents the original micrograph, its bina-
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Fig. 6. Hydride microstructure from Ref. [47] (a), binarized version of the mi-
crostructure (b), and the paths found by the genetic algorithm while using one
(c) and five (d) bands. The increases from RHCP = 0.479 to RHCP = 0.623 and from
RHCP* = 0.197 to RHCP* = 0.623 show that using several bands is an effective way
of improving the predictions of the genetic algorithm. The micrograph size is 200
pm x 200 pm.

rized version, as well as the best path found using the whole im-
age at once, and the best path found when dividing the image into
vertical bands before merging the paths from each band to find a
better path.

It appears that dividing the images into bands before merging
them again allows the algorithm to find a higher RHCP or RHCP%
value by avoiding local maxima. Without using the band feature,
the RHCP of the microstructure is evaluated at 0.515, whereas
while using five bands, the algorithm finds a path corresponding
to RHCP = 0.653. Similarly, the RHCP** of the microstructure is
underestimated at 0.197 with one band, but a measurement with
five bands provides RHCP#> = 0.653. Thus, the band feature allows
the genetic algorithm to analyze complex microstructures and con-
sistently evaluate their RHCP or RHCP* values. Selecting the most
appropriate number of bands is a balance between the desired ac-
curacy and computational cost, and might depend on the hydride
content and orientation. In this study, however, we have found that
using a band width of 40 um provided accurate results. Using
more than 5 bands in a 200 um large micrograph did not pro-
vide significantly better results, independently of hydride content,
shape, and orientation.

To summarize, the genetic algorithm and the two metrics intro-
duced in this study have been successfully verified. These metrics
overcome some of the limitations of previously existing metrics
and offer a robust way to relate complex hydride microstructures
to fracture behavior. Two aspects of the RHCP and the RHCP% im-
plementations require validation. First, we show that the genetic
algorithm is able to find a good approximation of the best paths,
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Fig. 7. Results of the validation of the new RHCP implementation. For each mi-
crograph, this graph shows the results for both the Image] measurements and the
MATLAB results. For each, it shows the value of the median with a black dot, the
25th and 75th percentiles with the bottom and top edges of the box, and the ex-
tremes with the whiskers. Outliers are plotted using a circle. The RHCP predictions
made with the MATLAB code are, in general, higher than manual measurements,
which indicates that the MATLAB code is better than humans at finding the best
path. Measurements made using the MATLAB code are also consistent across users,
whereas manual measurements tend to vary depending on the user.

even outperforming manual measurements. Second, we prove that
the RHCP and the RHCP% definitions correlate to fracture behavior.

4. Validation of the genetic algorithm

The genetic algorithm used to derive the best paths for the
RHCP and the RHCP% is validated by comparing its prediction
on real hydride microstructures against predictions made by re-
searchers. Micrographs were found in Ref. [2,47-49] and are listed
in Section 8. Twelve volunteers were given the validation mi-
crostructures provided in Section 8 and were asked to obtain the
RHCP of these microstructures by using the MATLAB algorithm
produced in this study. They were also asked to use the binarized
images created by the MATLAB code and plot the best path across
the microstructure manually in Image]. This procedure tests the
ability of the genetic algorithm to find the best path in complex
microstructures. A link to the microstructures and the detailed in-
structions given to volunteers are available in Section 8. Predictions
were then compared in Fig. 7 and analyzed.

Comparing the RHCP values of the MATLAB code and the man-
ual measurements in Fig. 7 shows that the MATLAB prediction is,
in general, higher than manual measurements, which means that
it is better able to find the best path in a microstructure. The me-
dian of the RHCP measurements made using MATLAB is, on aver-
age, 0.125 higher than the median of the manually obtained mea-
surements, with a significant maximum difference of 0.35 for mi-
crograph 11. Another advantage of the MATLAB code is that it re-
duces the influence of the user on the measured RHCP value. In
this case, both methods, MATLAB and Image], depend on the user
during the binarization process. In addition to this dependence, the
predictions of the MATLAB code only depend on random varia-
tions in the genetic algorithm, which are reasonably small. In con-
trast, manual measurements performed using Image] depend on
the ability of the user to predict the best crack path through the
microstructure. These differences make the MATLAB measurements
significantly more consistent with around 3 times less variation, as
the difference between the 25th and 75th percentiles is, on aver-
age, equal to 0.050 when using the MATLAB algorithm, compared
to 0.170 for the manual measurements.
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Moreover, using the MATLAB code rather than performing mea-
surements manually saves a significant amount of user time.
Guessing the path manually on Image] requires the user to take
the time to manually draw the path on the microstructure. When
using the MATLAB code, the user only needs to binarize the mi-
crostructures using the GUI, and then let the code analyze the mi-
crostructures. Manual measurements on the validation microstruc-
tures took about 56 min on average, whereas using the MATLAB
code took about 16 min on average.

Since the genetic algorithm is the same for both RHCP and
RHCP#, the results presented above are expected to be valid for
the RHCP#> MATLAB implementation. The genetic algorithm is ex-
pected to perform even better against humans in this case, as the
constraint on the path orientation makes paths harder to optimise
manually.

5. Validation of the RHCP and the RHCP*5 metrics against
experiments

Now that the definition and implementation have been veri-
fied, and the genetic algorithm has been validated against humans,
we show that the RHCP metric can quantify hydride microstruc-
ture in a way that correlates with the fracture behavior of the
materials. To that end, we used the microstructures and the ex-
perimental results from Ref. [50], in which ring compression tests
were carried out on pre-hydrided zircaloy samples to measure the
material toughness as a function of hydride microstructure. In to-
tal, six different types of results were used: samples with circum-
ferential hydrides and low hydrogen content (150-210 wt.ppm),
samples with circumferential hydrides and high hydrogen content
(550-1050 wt.ppm), and samples with radial hydrides and low hy-
drogen content (100-150 wt.ppm), all at 25 °C and at 150 °C. The
microstructures from Figs. 7 and 9 in Ref. [50] were each ana-
lyzed using the MATLAB codes to determine its RHF, HCC, RHCF,
RHCP, and RHCP#> values and the most likely crack path accord-
ing to the RHCP and the RHCP* metrics. The toughness data for
low-temperature samples provided in Fig. 11 in Ref. [50] was then
extracted, and it was plotted as a function of the hydrogen content,
which was provided by the study, the RHF, the HCC, the RHCF, the
RHCP, and the RHCP*. For each, a linear regression was performed
for 25 °C samples and for both 25 °C and 150 °C samples. The
quality of these linear fits attests to how well each metric corre-
lates with the material fracture behavior. The results are shown in
Fig. 8.

Fig. 8a shows that hydrogen content does not correlate well
with fracture behavior, as expected. Specifically, the hydrogen con-
tent does not differentiate between samples with radial hydrides,
which can become brittle with only a hundred wt.ppm, and sam-
ples with circumferential hydrides. The RHF quantifies hydride ori-
entation and thus performs better than hydrogen content in pre-
dicting the fracture behavior as shown in Fig. 8b. The RHF, how-
ever, does not differentiate between circumferential samples with
low and high amounts of hydrogen. Two sets of samples at 25 °C
have similar RHF values (0.15 and 0.23), but exhibit significantly
different values for the fracture energy/area (557 KJ/m? and 81
KJ/m?2) due to their different hydrogen content (176 wt.ppm and
562 wt.ppm [50]). The fact that circumferential hydrides can have
a negative impact on cladding integrity has been experimentally
observed in Ref. [22], but is not accounted for by the RHF; adding
circumferential hydrides to a radial microstructure only decreases
the RHE.

Because they quantify the hydride arrangement and continuity
in addition to hydride orientation, the HCC, the RHCF, the RHCP,
and the RHCP# correlate better with fracture behavior than the
RHF. Given the quality and the linear fit and the stability of the
fit between 25 °C and both 25 °C and 150 °C, these four metrics
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Fig. 8. Correlations between different hydride microstructure metrics and the fracture energy/area (KJ/m?) provided in Ref. [50] for different temperatures (25 °C and 150 °C).
The lines show the linear interpolations using the data from 25 °C only, and from all the data, along with the r-square value of these fits. (a) shows that the hydrogen content
does not correlate well with fracture behavior as it does not differentiate between radial and circumferential hydrides. (b) and (c) show that the RHF, the RHCF, the HCC,
the RHCP, and the RHCP# all correlates with fracture behavior, especially for room temperature tests. RHCP%> performs better than the other metrics, giving higher r-square

values and consistent fits.

can be ranked as follows: the HCC, with lesser performances, the
RHCP, the RHCF, and then the RHCP#>, with better performances
than any other metrics introduced in this study. The HCC seems to
overestimate the continuity of circumferential hydrides, especially
at higher hydrogen content, since these circumferential hydrides
are rarely perfectly flat and disconnected. Despite the shortcom-
ings discussed in Sections 1 and 3, the RHCF performs surprisingly
well on these microstructures. It differentiates most microstruc-
tures, even if it does underestimate the hydride continuity in the
sample with circumferential hydride and high hydrogen content.
The RHCF was designed to perform well for fractures occurring in
homogeneous hydride microstructures in ring compression tests,
which corresponds to the experimental results used here [50]. It
is, however, expected to be less accurate for samples with hetero-
geneous hydride content (i.e. with a blister or a rim). Moreover, it
is important to note that both the HCC and the RHCF quickly yield
values close to 1 for samples with radial hydrides, which might
prevent them from differentiating between such samples.

The RHCP performs well for radial hydrides and circumferential
hydrides with high hydrogen content, but varies more when quan-
tifying samples with circumferential hydrides and low hydrogen
content, which relates to the shape of the crack path it uses and is
discussed later. The RHCP#>, however, quantifies all the microstruc-
tures appropriately and correlates remarkably well with fracture

200 um

behavior. In addition to high-quality linear fits, both fits (using val-
ues from tests conducted at 25° and 25 °C plus 150 °C) are very

similar, which attests to its stability.

As shown in Fig. 8c, the RHCP* seems to perform better than
the RHCP, since the linear regressions are a better fit for the
RHCP* than for the RHCP. The prediction differences between the
RHCP and the RHCP*> were discussed in Section 3, where it was
noted that the RHCP is more stable with respect to microstruc-

(c)

—RHCP
—RHCP™3

=

(d)

Fig. 9. Comparison of the path found by the RHCP and the RHCP#> metrics against

ture changes, while the RHCP# better describes the crack prop-
agation mechanisms of ductile materials. At low-temperatures, the

zirconium matrix is ductile and tends to crack at a 45° angle to
the applied stress. In these conditions, the RHCP#> describes the
crack path more accurately than the RHCP and thus correlates bet-
ter with fracture behavior. Fig. 9 shows one circumferential and
one radial microstructure cracked at room temperature provided

experimental crack paths in microstructures with circumferential and radial hy-
drides. (a) and (c) show cracked microstructures from Ref. [50] with circumferential
and radial hydrides, respectively, and (b) and (d) show the paths predicted by both
the RHCP and the RHCP% metrics on uncracked micrographs of the same samples.
The RHCP* describes the crack path more accurately than the RHCP, especially for
circumferential hydrides, and thus correlates better with fracture behavior.

in Figs. 7 and 9 in Ref. [50], along with the crack paths predicted
by the RHCP and the RHCP* on uncracked microstructures from
the same study. The crack observed in the microstructure with cir-
cumferential hydrides in Fig. 9a propagates along a 45° angle from
hydride to hydride, which is reflected in the RHCP#> path shown in
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Fig. 9b. The RHCP path, however, minimizes the distance traveled
in the zirconium phase and links hydrides almost radially, leading
to poorer predictive performance for samples with low hydrogen
content and a larger fraction of circumferential hydrides. The crack
observed in the microstructure with radial hydrides presented in
Fig. 9c propagated radially through the cladding thickness, since
hydrides created a continuous path. Both the RHCP and the RHCP*
were able to find similar radial paths through the microstructure
using radial hydrides. The predicted crack path closely resembles
the experimentally observed crack shape.

It is important to note that for this study, only the samples
cracked at room temperature and at 150 °C were used. At higher
temperatures, hydrided zirconium transitions from relatively brit-
tle to relatively ductile, and the fracture mechanisms can change
[9,12,25,26,41,51]. Moreover, since hydrides dissolve at high tem-
peratures, the high-temperature microstructures are different from
those observed at low temperatures. Both of these effects lead to
a diminishing influence of the hydride microstructure on embrit-
tlement at higher temperatures, as has been experimentally ob-
served in Ref. [22,44]. The RHCP and the RHCP* can account for
the changing properties of the phases by adapting the fracture
toughness coefficients used in the definition of RHCP provided in
Eq. (6), but the RHCP*’s performance is expected to decline as
cracks propagate radially rather than at a 45° angle [41]. Even with
RHCP, however, using a low-temperature microstructure to pre-
dict high-temperature cracking is expected to affect the reliability
of the results and we advise using high-temperature micrographs
when possible.

6. Discussion

This study aims to improve hydride microstructure quantifi-
cation to relate it to embrittlement and provide new tools for
researchers to easily and reliably quantify their microstructures.
To that end, two new metrics, the RHCP and the RHCP*>, have
been developed, and their MATLAB implementations are available
in Section 8. Whereas previous metrics focused on hydride mor-
phology alone, the new metrics are based on mechanisms of crack
propagation and thus correlate better with hydride embrittlement.
It is challenging to provide a definition that remains stable with re-
spect to hydride configuration while being representative of crack
propagation mechanisms, and each metric focuses on one aspect
of this challenge. The RHCP provides no constraints on the crack
direction within the zirconium matrix, while the RHCP* orients
the crack path with a 45° angle in the matrix. The RHCP and
the RHCP* have been shown to provide accurate and reliable
quantification of the hydride microstructure. The RHCP#?, in par-
ticular, outperformed existing metrics. As shown in Section 3, in
contrast to other metrics, the RHCP metrics account for the role
of circumferential hydrides in promoting hydride embrittlement.
They also recognize differences in microstructures that are over-
looked by other metrics. The RHCP and the RHCP#> have been val-
idated against experimental measurements of fracture behavior in
Section 5 and have shown to correlate closely to embrittlement.

It is important to note that the new metrics introduced in this
study do not make any assumptions on the crack propagation di-
rection in the microstructure (i.e. top to bottom versus bottom to
top). As such, it makes only limited assumptions on the loading
conditions, i.e., that the load is applied in the circumferential di-
rection, which corresponds to a hoop stress for cladding material.
Although the algorithm was tested in the case of ring test com-
pression tests, it is expected to perform just as well for failure of
cladding material due to internal pressure, or failure of sheet ma-
terial. However, more work is still needed to verify how well the
new metric correlates with fracture behavior for different loading
conditions.

Journal of Nuclear Materials 547 (2021) 152817

Moreover, the MATLAB implementations of the RHF, the HCC,
the RHCF, the RHCP, and the RHCP* offer the advantages of auto-
mated analysis over manual measurements. Predictions are less de-
pendent on the user’s subjective decisions, hence providing more
robust, reproducible measurements. It is also more accurate, in
particular for the RHCP and the RHCP%, and requires less time
than manual measurements.

Despite significant improvements that this study offers, the
RHCP and the RHCP* metrics have limitations. Even though RHCP
and RHCP# have been shown to be more stable than previous
metrics, it is important to select a representative section of the
sample to quantify hydride microstructure. In a given sample, the
hydride microstructure can change drastically and different RHF,
RHCF, HCC, RHCP, and RHCP* values can be obtained depend-
ing on the location in the sample. It is preferable to quantify the
microstructure at a few different locations in the sample to ob-
tain more globally representative results. When possible, the mi-
crostructure should be quantified in the location where cracks are
most likely to form. This corresponds to locations where the hy-
dride content is the highest, where hydrides are the most radial
and continuous, or where the hoop stress is expected to be the
highest. In addition, the RHCP and the RHCP*® are still limited in
their ability to predict high-temperature fracture behavior based
on a low-temperature microstructure. Contrarily to previous met-
rics, this limitation can be minimized by using high-temperature
fracture toughness coefficients, but cannot be fully overcome. As
discussed in Section 5, at higher temperatures, hydride dissolution
can lead to significant microstructure changes, and RHCP values for
the low-temperature microstructure might not remain relevant as
more plastic deformation occurs in the zirconium matrix. Finally,
all the metrics discussed here to quantify hydride morphology fall
short when they attempt to correlate exactly with crack propaga-
tion. Crack propagation is a 3D phenomenon, and it cannot be fully
captured by metrics based on 2D microstructures. This shortcom-
ing is not necessarily due to the definitions of the metrics, as ex-
tending them to a 3D domain is possible. For the RHCP, finding
a linear path or a surface across a 3D microstructure is feasible.
Rather, it remains challenging today to obtain an accurate descrip-
tion of the hydride microstructure and crack propagation path in
three dimensions. Overcoming this limitation could lead to signifi-
cant advances in quantifying hydride morphology and linking it to
hydrogen embrittlement.

While working on this study, the authors found that only a few
papers made available the micrographs used in their studies. This
lack of available data prevented the current study to perform a
more comprehensive analysis of the microstructures of the most
influential works on the link between hydride microstructures and
hydrogen embrittlement. To help address this issue, the authors
recommend that in future experimental studies, the micrographs
are made available for new studies to be able to link fracture anal-
ysis to microstructure.

7. Conclusion

Properly characterizing hydride microstructure is key to study-
ing hydride induced embrittlement of Zr alloy components. This
work presents a new metric, the RHCP, to quantify hydride mi-
crostructure and relate it to crack propagation. This new metric is
designed to bridge the structure, properties, and performance of
hydrided zirconium. The RHCP uses a genetic algorithm to find a
path through the microstructure by connecting hydrides. The RHCP
overcomes some of the limitations of the existing metrics to better
discriminate between microstructures and provide a characteriza-
tion that relates closely to the mechanisms of crack propagation.
This metric is given two variations: a definition that minimizes
the path length (RHCP), and a definition that respects a 45° angle
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Fig. A.1. Diagrams of the structure of the MATLAB code for the RHCP/RHCP# algorithms. Every MATLAB code include a GUI to binarize the micrographs, and then derives

the measured value of the metric. A link to the MATLAB codes is available in Section 8.

in the zirconium phase (RHCP*?). The RHCP is more stable with
respect to changes in microstructure and the RHCP* better cap-
tures crack propagation mechanisms. Existing metrics (RHF, HCC,
RHCF), the RHCP, and the RHCP* have been implemented in MAT-
LAB, verified, and validated. In particular, this study shows that the
MATLAB implementations of the new definitions offer reliable and
consistent results, depend less on the user than manual measure-
ments, and consume less time. When validated against experimen-
tal results, RHCP* was shown to correlate better with low tem-
perature fracture behavior than existing metrics. Furthermore, the
RHCP*> reasonably predicts crack morphology based on the hy-
dride micrograph. While currently applied to zirconium hydride
microstructures, the metrics introduced in this study can easily be
adapted to quantify the morphology of other two-phase systems.

8. Data Availability

The MATLAB code for the RHF, the HCC, the RHCF, the
RHCP, and the RHCP% as well as the validation and verifica-
tion micrographs are available at: https://github.com/simopier/
QuantifyingHydrideMicrostructure.
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Appendix A. Presentation of the MATLAB Code

The MATLAB codes developed for this study are presented here
and illustrated in Fig. A.1. Given a microstructure, MATLAB codes
guide the user through the binarization process by using a Graph-
ical User Interface (GUI). It identifies which parts of the micro-
graphs correspond to hydrides. In particular, it can homogenize
lighting on the micrographs and filter out impurities. Once the
user is satisfied with the binary image, the MATLAB code per-
forms the analysis corresponding to the metrics. In the case of
the RHCP or the RHCP**, the code then divides the image into
several bands (see Section 3.2) and uses a genetic algorithm to
find the best paths within each band. It then merges these paths
to create a new generation for the genetic algorithm. The best
global path provides the RHCP value of the micrograph. Both codes
can analyze micrographs in batch, and save all measurements. Ev-
ery code and more information are available at the link provided
in Section 8.
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