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Effects of twenty impurity and alloy elements on the strength of a Zr(0 0 0 1)/Zr(0 0 0 1)
P

7 twist grain
boundary were studied using a first-principles density functional approach. A ranking in the order of
most weakening to most strengthening was: Cs, I, He, Te, Sb, Li, O, Sn, Cd, H, Si, C, N, B, U, Ni, Hf, Nb,
Cr, and Fe. Segregation energies for these elements to the grain boundary and the Zr(0 0 0 1) surface were
also calculated. Calculations showed that the weakening grain boundary elements He, I, and Cs have a
strong driving force for segregation to the grain boundary from bulk Zr. Zircaloy cladding failures
(pellet-clad interactions) in commercial fuel systems and separate effects test results provide context
for these computational results.

� 2010 Published by Elsevier B.V.
1. Introduction

A combination of mechanical properties, corrosion resistance
and low neutron absorption cross section makes zirconium-based
alloys very important structural materials in the nuclear industry.
To maintain functionality of zirconium alloys in nuclear environ-
ments, it is important to understand the effects of alloying ele-
ments, impurities, and elements resulting from fission,
transmutation, and coolant interactions on properties of these al-
loys. Of particular concern is weakening caused by accumulation
of impurities at zirconium grain boundaries. It is known that impu-
rities at parts per million level concentrations in the bulk material
could result in a significant reduction of material strength and
transition of fracture mode from ductile to brittle.

Resistance of zirconium-based alloys to radiation embrittle-
ment is highly valued in reactor design. Even after significant irra-
diation, Zircaloy fracture surfaces exhibit ductile fracture features.
However, during power transients in commercial nuclear power
plants, brittle fracture can occur and is known as pellet-clad inter-
action (PCI) [1]. The responsible mechanism is believed to be fis-
sion product induced stress corrosion cracking, with iodine
suspected as the primary detrimental specie. However, mechanis-
tic details for how iodine promotes brittle failure are unknown,
with two main mechanisms being proposed [2]. In the first, iodine
adsorbed on a crack face lowers the Zr–Zr bond energy leading to
separation along crystallographic planes (transgranular cleavage
crack path) or grain boundaries (intergranular crack path). In the
Elsevier B.V.
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second mechanism, crack advance occurs by formation of ZrI4(g)
that transports Zr away from the crack tip [3]. The importance of
iodine concentration and ZrI4 partial pressure on SCC (stress corro-
sion cracking) susceptibility of Zircaloy has been shown in several
studies [2,4,5].

Since it is difficult to obtain experimental information on the ef-
fects of impurity atoms on grain boundary strength, theory pro-
vides useful insight via first-principles calculations. The relative
high accuracy of first-principles calculations makes this approach
well suited to studying effects of iodine and other elements on
the theoretical grain boundary strength. This method has success-
fully been used to study effects of solutes on interfacial strength in
a number of different systems, including potentially detrimental
elements P and B in a Fe tilt grain boundary [6], H, B, and P in a
Ni tilt grain boundary [7], 16 impurity elements in a Ni
P

5(0 0 1) twist grain boundary [8], S in Ni/Al2O3 interface [9],
and 3d-transition metals in WC grain boundaries [10,11].

The present study investigates grain boundary strength of zirco-
nium by twenty different elements. The primary objective is to as-
sess the effects of various elements on the cohesion of a Zr grain
boundary to provide insight to mechanisms that may contribute
to PCI failures. The following impurities (tramp elements, alloy
additions, fission or transmutation products, etc.) were studied:
H, He, Li, B, C, N, O, Si, Cr, Fe, Ni, Nb, Cd, Sn, Sb, Te, I, Cs, Hf, and
U at a concentration of 1 impurity atom per bulk, surface, or grain
boundary model. This set of models utilized bounds a range of con-
ditions from behavior in bulk, a low energy grain boundary, and to
higher energy boundaries, with a surface being a representation,
for screening major trends in Zr and impurity behaviors for the
large set of elements analyzed.
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2. Computational method

Computational modeling based on ab initio density functional
theory (DFT) was used for all calculations [12]. Electron–electron
exchange and correlation effects were modeled by the generalized
gradient approximation (GGA) with a functional form proposed by
Perdew–Burke–Emzerhof (PBE) [13]. Density functional of Kohn–
Sham equations were solved with projector-augmented-wave
(PAW) potentials [14] as implemented in the Vienna ab initio Sim-
ulation Package (VASP) version 4.6 [15–18] and integrated in the
MedeA computational environment [19]. The plane-wave cutoff
energy, which represents the number of plane waves included in
calculations, was set to 330 eV. Integration over the Brillouin zone,
that represents the number of points included in calculations for
each electronic energy bands, was sampled using a Monkhorst–
Pack grid with a density of 5 nm�1. The Methfessel–Paxton scheme
was used to set partial occupancies with a smearing of 0.2 eV to
avoid numerical instability due to partially filled electronic bands
in nickel. Equilibrium structures were determined by optimization
using a conjugate gradient minimization technique. All geometry
optimizations involved the relaxation of all atoms in the system.
Convergence tests were performed to ensure that calculated ener-
gies converged to within about 1 meV/atom and residual forces
were less than (0.1 eV/nm), which is a reasonable balance between
computational time and needed accuracy.
2.1. Bulk zirconium model

Computations were first performed on low temperature a-
phase (hexagonal close packed, HCP) pure zirconium. Calculations
on a-phase were used to assess computational accuracy, and opti-
mized lattice parameters were subsequently used to construct
models of zirconium free surfaces and grain boundaries. Starting
from the experimental structure [20], lattice parameters of pure
a-Zr were computed assuming a hexagonal crystal structure with
symmetry P63/mmc. Bulk Zr lattice parameters were optimized
with tighter computational parameters than those used for surface
and grain boundary geometry relaxations, where only the atomic
positions were optimized and not the cell parameters. This is due
to cell optimization relying on a stress tensor, which requires more
stringent computational parameters than computation of forces
used for the relaxation of atoms in a cell of fixed size. For cell opti-
mization, the k-space integration was performed using the tetrahe-
dron method with Blöchl corrections [21] and a k-point mesh with
density 1 nm�1.

Resulting, optimized, lattice parameters were a = 0.3233 nm
and c = 0.5178 nm. This compares well with experimental results
of a = 0.3231 nm and c = 0.5148 nm [20]. Slightly larger computed
lattice parameters compared to experiments are typical for DFT–
GGA. Differences between computed and experimental lattice
parameters would be slightly larger if the experimental lattice
parameters were extrapolated to T = 0 K.
Fig. 1. (a) Side view and (b) top view of the computational model structure of the
Zr(0 0 0 1)/Zr(0 0 0 1)

P
7 twist grain boundary. There are seven atoms per atomic

layer. Different colors are used for Zr atoms in different grains. The relative
positions of two atomic layers in each grain closest to the interface are shown in (b).
2.2. Zirconium grain boundary and surface model

Grain boundary models used in atomistic calculations are gen-
erally subjected to periodic boundary conditions in all three direc-
tions or at least within the grain boundary plane to avoid surface
effects and to reduce the model size (number of atoms). This con-
dition limits grain boundary models to a special class of boundaries
called CSL (Coincidence Site Lattice), which are well representative
of general boundaries. Unlike for materials with cubic symmetry,
the CSL grain boundaries for materials with hexagonal symmetry
can only be constructed with their normal along the [0 0 0 1] crys-
tallographic direction. This is due to a lack of translational symme-
tries in other grain boundaries since the c/a lattice parameters ratio
is in general an irrational number. This study constructed a Zr

P
7

(0 0 0 1) twist grain boundary to reduce computational resources
needed while being relatively well representative of general grain
boundaries. This model was constructed by cleaving a single crys-
tal along the (0 0 0 1) plane, rotating the top part along the [0 0 0 1]
axis by �36� and then putting the two parts (grains) back together.
The constructed twist grain model has its edges along the [1 0 1 0],
[l l 2 0], and [0 0 0 1] crystallographic directions. The grain bound-
ary model has six atomic (0 0 0 2) layers of Zr in each grain, a sur-
face area of about 0.64 nm2, and a total of 84 atoms. The optimized
structure is shown in Fig. 1.

The (0 0 0 1) surface model was constructed by replacing the
top grain in the grain boundary model by a vacuum. The surface
model, therefore, has the same dimensions as the grain boundary
model, but it contains 42 atoms.

2.3. Grain boundary and surface energy calculations

Effect of impurities on Zr ideal grain boundary strength was
determined by calculating the total energy of the grain boundary
model and the surface model. Various impurity positions (substitu-
tional vs. interstitial) in both the grain boundary and surface mod-
els were considered to find their corresponding lowest total energy
configurations. The following equation is used to calculate an ideal
grain boundary strength (Wx

Sep) for impurity element x:

Wx
Sep ¼ ðE

x
s1 þ Es2 � Ex

gbÞ=2A ð1Þ

where Ex
s1 and Es2 are total energies for surface models correspond-

ing to two grains, Ex
gb is the total energy of a grain boundary model,

A is a grain surface area, and the factor 2 accounts for presence of
two grain boundaries in the model.

The total energy of a pure Zr model containing an impurity ele-
ment in a substitutional or interstitial site, and the above total
grain boundary and surface energies were used to calculate the
surface and grain boundary segregation energies using the follow-
ing equations:
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Es
seg ¼ Ex

s � Ex
p � Es þ Ep ð2Þ

Egb
seg ¼ Ex

gb � Ex
p � Egb þ Ep ð3Þ

where Ep is the total energy of a pure bulk Zr model, Ex
p is the energy

of a bulk model including impurity x, Egb and Es are the pure grain
boundary and surface model energies, respectively, and Ex

gb, Ex
s are

the grain boundary and surface model energies, respectively, con-
taining impurity x.
3. Computational results

In calculations described here, it is assumed that impurities
are present at grain boundaries and stay on surfaces when a
boundary is separated into two surfaces. In order to determine
the thermodynamic driving force for impurities to segregate from
inside the grain to the grain boundary and to the surface, addi-
tional calculations were performed. The Zr

P
7 (0 0 0 1) twist

grain boundary structure as depicted in Fig. 1 has a computed
equilibrium distance of d = 0.273 nm between the two Zr grains
with very little corrugation of the atomic layers adjacent to the
grain boundary as illustrated in Fig. 1. In bulk Zr, the computed
distance between the (0 0 0 2) atomic planes is 0.259 nm. The
interlayer distances d12, d23, and d34 in the grain boundary are
0.256 nm, 0.264 nm, and 0.258 nm, respectively, with a numerical
precision of ±0.002 nm. These atomic spacing values suggest that
the strain field associated with this special grain boundary is lim-
ited to the few (0 0 0 2) atomic planes adjacent to the grain
boundary plane. The calculated grain boundary energy was
0.29 J/m2. Further calculations using the same grain boundary
model but displacing grain A relative to grain B showed that there
are many other stable grain boundary configuration with almost
identical energies. However, calculations reported here are based
on the grain boundary model with no initial relative grain dis-
placement. The calculated work of separation is 2.86 J/m2 and is
identical to that computed by Kwon et al. [22]. Optimized grain
boundary shows rather small atomic relaxation in the Zr

P
7

grain boundary region, therefore, it is not surprising that this is
a rather strong boundary. For comparison, the work of separation
for cleavage of bulk Zr along the (0 0 0 1) plane is calculated to be
3.15 J/m2(twice the value of the Zr(0 0 0 1) surface energy,
namely 1.57 J/m2). The clean grain boundary was the reference
when assessing the effect of impurity atoms on grain boundary
strength.
Fig. 2. Heat of solution for elements in a-Zr. A negative value indicates that it is energ
reference to pure elements in their thermodynamic ground state. Only electronic energ
3.1. Impurities in bulk zirconium

Before investigating the effects of impurity elements on the
grain boundary and its corresponding free surfaces, the energetics
and site preference of impurities in bulk zirconium were deter-
mined. Preferred sites of impurities in bulk zirconium together
with associated heats of formation were computed using low tem-
perature stable phases for impurity elements as reference states.
Preferred impurity configurations will be used to determine the
segregation energy to the grain boundary and surface. Bulk model
calculations with impurities at different sites show that: (i) smaller
elements H, B, C, N, and O clearly prefer interstitial sites (ii) He, Si,
Cr, Fe, and Ni have no strong site preference between substitu-
tional and interstitial sites, and (iii) Li, Nb, Sn, Cd, Sb, Te, I, Cs, Hf,
and U substitute for bulk Zr atoms.

The heat of solution for elemental defects in bulk a-Zr is sum-
marized in Fig. 2, where H, B, C, N, O, Si, Sn, Sb, and Te have a neg-
ative heat of formation. A negative value means that it is
energetically favorable for these impurities to dissolve in the Zr lat-
tice, either in an interstitial or a substitutional site, if no competing
compound phases could form. With increasing temperature, the
gain in configurational entropy in the dissolved state generally
tends to increase impurity solubility. Computed heats of formation
of impurities in a-Zr are consistent with available experimental
binary phase diagrams [23]. No phase diagram is reported for I–
Zr, Te–Zr or He–Zr in the literature reviewed. In fact, helium is
the least stable impurity in Zr in the current set, and together with
Cs, these elements have a strong thermodynamic driving force to
escape from metallic Zr. The Cs–Zr and Li–Zr phase diagram show
that neither Cs nor Li are soluble in Zr.

3.2. Impurities at zirconium (0 0 0 1) surface

Segregation energies were calculated to understand the propen-
sity for impurity atoms to diffuse from their preferred positions in
bulk a-Zr to either a free surface or grain boundary. Calculations
showed that fifteen of twenty elements studied have a tendency
to segregate to the Zr(0 0 0 1) surface while five elements, namely
B, C, N, Nb, and Hf have a tendency to remain in the bulk as shown
in Fig. 3. Boron, carbon, and nitrogen all occupy octahedral sites in
bulk zirconium. At the zirconium surface, these atoms also occupy
octahedral interstitial sites, just below the top zirconium atomic
layer. However, they form more nearest neighbor bonds in the bulk
sites than at the surface and therefore, are somewhat more stable
in the bulk resulting in no driving force for surface segregation. It
etically favorable for the impurity to go into solution. The heat of formation is in
ies are taken into account.



Fig. 3. Summary of element surface segregation energies in a-Zr. Cs, I, He, Te, Sb, and Li have substantial driving forces for surface segregation. C, N, B, Hf, and Nb prefer to
remain in the bulk.

Fig. 4. Preferred locations of iodine: (a) ad-atoms at a Zr free surface (no grain boundary), and (b) substitutional at a Zr grain boundary (GB).

Fig. 5. Summary of grain boundary segregation energies and stable occupancy sites in a-Zr. Cs, I, He, Te, Si, Ni, Cr, and Fe each have a substantial driving force for grain
boundary segregation.

124 M. Christensen et al. / Journal of Nuclear Materials 404 (2010) 121–127
should be noted that these results are obtained for the Zr(0 0 0 1)
surface and may not hold for other surfaces.

For all other elements studied, there is a driving force for sur-
face segregation, i.e., the system lowers its electronic energy by
moving an atom from the bulk to the surface. The element with
the largest segregation energy is Cs, with I, He, Te and Sb having
significant segregation energies. The most stable site for H, Li, O,
Fe, I, and Cs are ad-atom sites on the Zr(0 0 0 1) surface, occupying
threefold hollow sites. The preferred ad-atom site for iodine is
shown in Fig. 4a. Si, Cr, Ni, Nb, Cd, Sn, Sb, Te, Hf and U are most sta-
ble in substitutional sites at the free surface. It should be noted that
the present analysis was based strictly on energy considerations
and does not include entropic contributions that may be important
at high temperature. However, it is not expected that the overall



Fig. 6. Effect of impurities on the Zr grain boundary strength. Impurities are arranged from left to right in order of most weakening element (Cs) to most strengthening
element (Fe).
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conclusions of this study to change when entropic contributions
are taken into account.

3.3. Impurities in zirconium
P

7 twist grain boundary

The atomic environment of elements in a
P

7 twist grain
boundary is similar to that in the bulk. This leads to the same com-
puted site preference between interstitial and substitutional sites
in the grain boundary as in the bulk. Smaller elements H, He, B,
C, N, and O together with Fe prefer an interstitial site within a grain
Fig. 7. Main contribution (s and p) of the PDOS for an iodine impurity, d-projected DOS
system without an impurity in the Zr bulk, at the free Zr surface, and in the Zr grain bo
boundary. A substitutional site is preferred by Li, Si, Cr, Ni, Nb, Cd,
Sn, Sb, Te, I, Cs, Hf, and U, as shown in Fig. 4b for iodine. Just as in
bulk zirconium, energy differences between interstitial and substi-
tutional sites are small for elements Cr, Fe, and Ni.

Grain boundary segregation energies are given in Fig. 5. Ele-
ments showing a strong driving force for grain boundary segrega-
tion are He, Si, Cr, Fe, Ni, I, Te, and Cs. Elements that clearly prefer
to stay in bulk Zr rather than in the grain boundary are C, N, and O.

Comparing grain boundary and surface segregation energies
(Figs. 3 and 5), it is found that the propensity for Cr, Fe, and Nb
for a neighboring Zr atom, and d-projected DOS for a Zr atom in the corresponding
undary.



Table 1
Comparison of effects of various elements on work of separation, for the Zr

P
7

(0 0 0 1) grain boundary, to failure modes reported in Zircaloy experimental studies.

Element Work of Separation Zr
P

7
(0 0 0 1) grain boundary (J/
m2)

CERT studies
at 573 K [24]

Pressurized
tubes at 1073 K
[25]

Cs �1.23 Ductile Ductile
I �0.65 Brittle Brittle
He �0.57 Ductile Ductile

126 M. Christensen et al. / Journal of Nuclear Materials 404 (2010) 121–127
grain boundary segregation is larger than for surface segregation.
In other words, Cr, Fe, and Nb atoms tend to segregate to the grain
boundary rather than to the surface. It is noted that transition me-
tal elements Cr, Fe, and Ni have a strong tendency to migrate from
the bulk to grain boundaries. In fact, grain boundary segregation
energies for these elements is similar to that of I and Cs to the sur-
face. Again, it should be pointed out that these results are for a spe-
cial grain boundary and surface and may not hold for other cases.
Te �0.33 Ductile Brittle
Sb �0.30 Ductile Ductile
Sn �0.18 Ductile Ductile
Cd �0.15 Brittle Ductile
3.4. Effects of impurities on Zr grain boundary strength

In order to assess the effects of impurities on grain boundary
strength, the work of separation was calculated for the grain
boundary model containing an impurity. During grain boundary
decohesion, the impurity would move to an energetically more
favorable position. For example, if the preferred site was substitu-
tional in the grain boundary but as an ad-atom at the free surface,
then the impurity would move to the energetically more favorable
ad-atom position on fractured surface. Based on surface energy cal-
culations, this occurred for iodine, cesium, and lithium. For all
other elements, the preference for being substitutional or intersti-
tial at the grain boundary is the same as at the free surface. The ef-
fects of impurities on the Zr grain boundary strength is displayed in
Fig. 6, which shows differences in work of separation (DWsep) for
the grain boundary with and without each impurity. Cs has the
largest potential for detrimental effects on a Zr

P
7 (0 0 0 1) grain

boundary along with I, He, Te, Li, Sb, Sn, O, and H. Note that while
Sb and O have a negative effect, neither have a driving force for
grain boundary segregation. Fig. 6 indicates that these effects are
not simply a size effect as there is no correlation between the
atomic radius of an impurity and the change in work of separation.
For all other elements, their effect on grain boundary strength was
small. Fe had the largest strengthening effect followed by Cr and
Nb. Hf has no effect on the Zr grain boundary strength, which is
not surprising due to the similarity of Zr and Hf.

Electronic structure calculations were performed to further
probe chemical interactions locally around an impurity atom in
the Zr bulk, at the Zr free surface, and in the Zr grain boundary.
Electronic structure was investigated by an angular momentum
projected electronic density of states (PDOS) approach and is
shown in Fig. 7 for iodine. Predicted iodine p-states on the free
Zr surface are located at about �4 eV, closer to Zr d-states when
compared to bulk Zr. The p-states are broadened at the surface
and are split into a double peak. This interaction between iodine
p-states and Zr d-states leads to the formation of the energetically
favorable I–Zr bonding at the free Zr surface. The result is a fairly
strong bond with ionic components that is highly stable for I on
the Zr surface that in turn reduces the work of separation.
4. Comparing computational results to experimental fracture
behavior

This section compares the results of computational studies with
experimental studies assessing fission product interactions with
Zircaloy cladding materials. While many studies have reported
the effect of iodine interactions, two studies considered a broader
field of fission products and compounds. In one study, constant
extension rate tests were conducted on Zircaloy-2 at 300 �C in
the presence of 35 chemical elements and several of their com-
pounds to assess the potential for Zircaloy embrittlement [24]. Io-
dine produced embrittlement, with failure attributed to a SCC
mechanism. Liquid metal embrittlement was reported from five
metals Cd, Zn, Y, Ca, and Sr, but only when dissolved in Cs. Cs itself
did not cause embrittlement. Experimentally, Cd was reported to
be the most embrittling element (liquid metal mechanism), either
alone or with Cs. Te was evaluated both as an element and dis-
solved in Cs, with only ductile fracture observed. Sb and Sn tested
individually did not embrittle Zircaloy-2. Experiments with Sb, Li,
or Sn dissolved in Cs were not conducted. In another study, simu-
lated fission product elements and compounds were placed inside
Zircaloy-4 tubes and either annealed at 500–1100 �C to assess
chemical interactions, or pressurized and exposed to a constant
temperature of 700 �C to assess creep rupture, or transient tested
to 1100 �C to assess creep burst [25]. Annealing tests revealed grain
boundary attack for Cd, Cs2Te, and TeI4, with evidence of Cd diffu-
sion along grain boundaries. Se, Sn, Sb, Te, and I resulted in uniform
attack by dissolving material at Zircaloy surfaces to form com-
pounds. Pressurized tube studies revealed significant decreases in
burst strain for Zircaloy-4 exposed to I2, ZrI4, TeI4, and I2O5 with
intergranular cracking observed on fracture surfaces and metallo-
graphic cross sections from specimens exposed to these materials
as well as Te and Se. No decrement in behavior was reported for
pressurized tubes containing Cs, Cd, Sn, or Sb.

Table 1 compares the above computational results to experi-
mental studies described above; mixed results are revealed. Re-
sults for iodine are consistent in both types of studies; however,
results for Cs are not consistent. Cs was calculated to be the most
embrittling once at a Zr

P
7 (0 0 0 1) grain boundary, but neither

brittle intergranular nor transgranular cleavage has been reported
experimentally over a wide range of conditions. This may be par-
tially attributed to details of failure mechanisms that have not
yet been explored, such as how detrimental elements interact at
a crack tip to lower the strength of a boundary and kinetic trans-
port phenomena. Mechanistic details explored with atomistic
modeling studies have shown spontaneous dissociation and
adsorption of iodine on a Zr Surface, accompanied by fast surface
diffusion. These results implied that iodine SCC crack propagation
is not likely limited by iodine diffusion [26]. Similar experimental
exploration into details of Zr–I reaction kinetics has also been re-
ported [27].

Experimental results for He not promoting brittle failure are
more readily understood as there is no driving force for helium
to interact with zirconium. However, helium can enter a lattice
by nuclear reactions. Sources of helium may be from nuclear reac-
tions involving trace levels of boron-10, nickel-58, alpha decay, and
ternary fission. In ternary fission, a fission event produces three nu-
clei instead of two, with the third nucleus usually being He. He
atoms produced by ternary fission have a kinetic energy of approx-
imately 14 MeV, allowing travel of many microns in adjacent
materials prior to stopping and equilibrating. While the amount
of helium needed to embrittle a specific material varies on many
factors, 10 atom ppm of helium has been associated with embrit-
tlement and intergranular fracture of austenitic stainless steels
above 500 �C [28]. However, He embrittlement of zirconium-based
alloys has not been reported. Limited fractographic evidence from
commercial PCI failures does not implicate He as an embrittling
specie as characteristic void coalescence has not been observed
on intergranular fracture surfaces.
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5. Summary and conclusions

The strength of zirconium grain boundaries including impurity
and alloying atoms was studied using first-principles DFT calcula-
tions. Interface energetics were analyzed via a concept of work of
separation using a Zr

P
7 (0 0 0 1) twist grain boundary model.

The models utilized provide screening methods for a variety of lo-
cal impurity environments to represent a range of conditions for
low solute concentration in bulk, a low energy grain boundary,
and a relatively higher energy material surface. Twenty different
elements were investigated and ranked according to their interface
energetics, including Zr grain boundary work of separation. In or-
der of most weakening to most strengthening, the grain boundary
results are: Cs, I, He, Te, Sb, Li, O, Sn, Cd, H, Si, C, N, B, U, Ni, Hf, Nb,
Cr, and Fe.

These results demonstrate that the strength of the Zr
P

7
(0 0 0 1) twist grain boundary is quite insensitive to most ele-
ments. This is partially due to the similar behavior of atoms in
the grain boundary and at the free Zr surface. Most atoms that
are energetically favorable to segregate from the bulk to the free
surface are also energetically favorable to segregate to the grain
boundary. Elements that prefer a substitutional site in bulk Zr also
prefer a substitutional site at the surface and in the Zr

P
7 (0 0 0 1)

grain boundary. Exceptions are Li, I, and Cs that prefer a substitu-
tional site in the bulk but prefer an ad-atom position at the free
surface (He, which just leaves the free surface is another excep-
tion). These elements are also among those with the largest reduc-
tion in calculated grain boundary cohesion. No element in this
study showed a large beneficial effect on the grain boundary
strength. Comparison of modeling and experimental results reveals
consistency for iodine embrittlement results.
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