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ARTICLE INFO ABSTRACT

Keywords: In the present work, the impact of phosphorus impurities on the grain boundary strength of nickel has been

Nickel investigated by means of density functional theory (DFT) modelling. Owing to different outcomes and trends

Pho.sphorus previously reported in the literature, it is unclear whether P is strengthening or weakening the Ni grain

gralibo}mdary boundary. To address this issue, we utilize three different DFT based methods: the excess-energy approach, rigid
econesion

grain separation, and Rice-Wang’s thermodynamic approach. The results show that the commonly used rigid
model predicts P to have an increasing effect on the peak stress of Ni of up to 14%, as opposed to a reduction,
which is indicated by the excess-energy approach. Employment of the Rice-Wang approach, on the other hand,
displays a slight reduction in work of separation. The results show that the discrepancies between previous
works can be attributed not so much to the physics of the system, but to the applied model, the partition
scheme and the interpretation of the outcomes. This underlines the importance of a proper description of the
fracture process, and shows that common simplifications can have a decisive impact on the observed trends.

Ab initio stress test

1. Introduction the impact of Cr, Si and P on the GB strength. Very few experimental

studies regarding the impact of impurities on Ni GBs are available in

Nickel and its alloys are used in many industrial applications, such
as aircraft- and steam turbines, heating equipment, medical appli-
cations, thermocouples, and nuclear power systems. The alloys are
particularly useful as the properties can be tailored and have good high-
temperature characteristics and corrosion resistance. However, if the
grain boundaries (GBs) are enriched with impurities, the material may
become brittle and susceptible to GB cracking under tensile loading.
This is of particular importance in irradiated environments, e.g. nu-
clear power plants, where Ni alloys are commonly used as structural
materials. The radiation field in the reactor core will generate high con-
centrations of point-defects such as vacancies and self-interstitial atoms
in the surrounding materials. An uneven distribution of defects will in
turn induce a flux of atoms in the material, which may lead to very
high local concentrations of impurities, in spite of insignificant bulk
concentrations [1,2]. This in turn can make Ni-based alloys susceptible
to creep, swelling, and embrittlement [3,4].

In a recent study, segregation tendencies of Cr, Fe, P, Si, Mn, and Ti
in irradiated dilute Ni binary alloys were evaluated in a self-consistent
mean field framework [5]. Results showed that Cr, Si and P enrich at
sinks following irradiation, whereas Fe, Mn, and Ti are depleted. Within
the context of irradiated Ni alloys, it is thus of interest to evaluate
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the literature [6-8], instead it is common to evaluate the cohesive
properties of interfaces by means first-principles methods. To this end,
the Rice-Wang model [9,10] can be used to determine the relative
impact of a species on the GB cohesion. The model evaluates the change
in work of fracture for GBs containing different amounts of impurities,
and based on the outcome it is possible to assess whether an element
contributes to either GB strengthening or weakening. However, the
model does not give any indication about properties such as critical
separation or peak stress associated with cleavage. This information
is instead given by energy- and traction-separation curves, which can
also be acquired from first-principles methods. But because atomic
relaxations during first-principles tensile tests induce an extra level of
complexity, such tests are often performed within the approximation
of rigid fracture. This approach, known as the rigid grain shift (RGS),
neglects the effects of atomic relaxations, which are important for a
correct description of surface energies and work of fracture [11-13].
However, including atomic relaxations can lead to ambiguity since the
peak stress and critical separation depend on the number of atomic
layers that are allowed to relax [14]. Specifically, Nguyen and Ortiz
derived that the peak stress is inversely proportional to the square root
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of the number of free layers, whereas the critical separation is directly
proportional the square root of the number of free layers [15]. Thus,
ab initio derived traction-separation data are generally non-unique and
appropriate scaling is necessary to ensure accurate interpretation of the
results.

To circumvent the issue of non-uniqueness associated with relaxed
ab initio traction-separation modelling, Van der Ven and Ceder intro-
duced the notion of excess quantities for cleavage simulations [11].
Within the excess approach, the material comprises interacting atomic
layers where interfaces (e.g. GBs) are considered to be localized devi-
ations from the surrounding bulk. Thus, by describing the interaction
between the atomic layers by means of parametrized interplanar po-
tentials, the impact of the deviating layer on the mechanical properties
can be uniquely determined. Such a description makes it possible to
allow for atomic relaxations, while the results are independent of the
number of atomic layers in the system. An additional attractive benefit
of the excess approach is that together with bulk potentials, the excess
properties can be used to generate atomistically informed multi-layer
potentials that relates the traction to the separation on a larger scale.
Consequently, the relaxed excess properties can be used to construct
analytical coarse-grained cohesive zone models of arbitrary thickness,
which can be adopted for upscaled continuum failure modelling. Thus,
the approach enables a physically accurate bridging between the atomic
scale and the larger scale models, which provides a sound basis for a
multi-scale description of the fracture response of a brittle material.

GB embrittlement of Ni due Si, Cr and P has been the focus of
several theoretical ab initio studies [6,16-23]. The reported results
generally indicate that Si and Cr act as GB cohesion enhancers in
Ni [6,18,19], whereas the impact of segregated P impurities in Ni is
less clear. Previous studies give contradictory results, and the element
has been predicted to either strengthen or embrittle the material in
different studies [6,20,21,24-26]. This discrepancy has previously been
suggested to be due to a concentration effect, where P at low concen-
trations increase Ni GB cohesion, whereas at higher concentrations,
repulsion between P atoms weakens the GBs and leads to embrittle-
ment [23,24]. In light of the contradictory results in the literature
regarding the role of P impurities on the GB strength of Ni, and
because P in GBs is notorious for weakening other metal materials (e.g
Fe [27-30], W [31-35], and common austenitic and ferritic alloys [36—
40]), further investigation of its impact on the GB strength of Ni is
needed. Moreover, the conjecture that the underlying mechanisms for
the contradictory behaviour is due to concentration effects was made
without detailed consideration of how system parameters and relax-
ation schemes can impact the results. Indeed, it has been found that the
results in the literature indicating that P has a negligible embrittling
effect on Ni GBs, have mainly been produced using the Rice-Wang
framework [6,20,25], while studies involving the RGS approach indi-
cate that interstitial P can provide a significant increase of the peak
stress for the same GB [24,26]. Although impurity-induced changes in
peak stress and work of separation are intimately connected and often
exhibit similar trends, ultimately the impact on the interfacial work of
separation, as evaluated in the Rice-Wang model, may differ from the
impact on peak stress, which is assessed in the ab initio stress-test. Thus,
the interpretation of the results and the simplifications associated with
the two frameworks may produce different conclusions regarding the
embrittling potency of impurities, which may be an explanation of the
discrepancies found in the literature. A detailed investigation of such
effects is for this reason of great interest to the community, in addition
to providing new insights on the impact of P in this context.

The goal of the current work is for this reason twofold; the first and
most important is to provide a full description of the impact of P on
the Ni traction-separation behaviour, and to quantify the deviations
associated with the more simplistic models commonly used in the
literature. To elucidate the impact of the solute, the stress-response of
a Ni GB is evaluated using the relaxed interfacial excess approach for
different P impurity contents. The impact of common approximations
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has also been evaluated by performing the corresponding analysis in
both the RGS and the Rice-Wang frameworks and we have investigated
the role of different partition schemes. The second objective is to derive
a full set of excess energy parameters associated with bulk and the
decohering region, to enable the formulation of large-scale models to
evaluate brittle fracture of the material. The results of the current study
can in this way provide important insight, not only on Ni cohesive
properties, but also on how common approximations can impact the
results in this context.

2. Methodology
2.1. Geometry and preferential segregation

In the present work, decohesion was modelled within the framework
of density functional theory (DFT). The considered GB geometry is the
symmetric tilt £5 [100] (012) GB, which was generated using the GB
studio software [41] and is illustrated in Fig. 1. The choice of studying
the stress response of this particular GB is motivated by the fact that
it has previously been modelled in the literature in both the RGS and
the Rice-Wang frameworks with different reported outcomes. The clean
(impurity free) GB structure was first optimized using full coordinate
relaxation along with supercell relaxation in the GB normal direction
(the [012]-axis in Fig. 1). For the systems containing impurities, the
structure was again optimized along the GB normal direction following
the addition of the P atoms. Decohesion simulations were performed
by straining the supercell in the GB normal direction whereby the
system was allowed to undergo ionic relaxation at constant volume. To
reduce interactions between mirror images and minimize the impact of
finite-size effects, large bulk and GB supercells were used, both with
dimensions 7.0 x 7.9 x 31.5 A2, and comprising a total of 160 Ni atoms.
Four possible solute sites on one of the two GBs in the supercell were
considered when investigating the impact of P on the GB properties.
Three of them (denoted S, — .53 in Fig. 1(a)) are substitutional config-
urations in direct vicinity of the GB. The final position is an interstitial
site, which is referred to as I in Fig. 1(a). The four interstitial sites
illustrated in Fig. 1(b), I,-1,, are equivalent.

To evaluate the impact of P on the cohesive properties of Ni, the
relative stability of the impurities at various GB sites was first assessed.
This was done based on segregation energies according to Eq. (1).

Egep = E(GB + 0x) + E(Bulk) — (E(GB + (0 — 1)) + EBulk + 1)) (1)

where E(GB+0y) is the energy of the GB containing 6 impurities, in
which the subscript corresponds to .S or I, representing the substitu-
tional and interstitial configurations, respectively, E(Bulk) is the energy
of pure bulk, and E(Bulk+1) is the energy of the bulk containing a sub-
stitutional/interstitial solute. Eq. (1) describes the energies associated
with an incremental increase in defect concentration in the GB and,
according to this definition, negative energies represent preferential
segregation of the solute to the GB.

Since the segregation energy evaluates the energy of the solute
in the GB, in reference to its energy in the bulk, the choice of an
appropriate bulk reference is of importance. Under equilibrium con-
ditions, P is more stable as a substitutional atom in the bulk [5],
and thus segregation energies should under such prevailing conditions
be used with this configuration as reference. However, in irradiated
environments, the concentration of interstitial atoms (self or foreign)
is significant. In such conditions, P can migrate independently of va-
cancies or other defects [5]. As the interstitial arrives at the GB, if the
latter is previously enriched in vacancies, the solute will there take on
a substitutional configuration. In the absence of vacancies in the GB,
P will there take on an interstitial configuration instead. Since the P
atom can originate from either interstitial or substitutional bulk sites
in an irradiated environment, both configurations have here been used
as reference when calculating the segregation energies of P. As the
presence of vacancies is required for a migrating interstitial to take on
a substitutional configuration in the GB, calculations were in this case
performed under the assumption that the GB contained a vacancy prior
to the arrival of the solute.
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Fig. 1. Illustration of the GB used in this work. (a) Front view. (b) Side view. Four types of segregation sites have been considered: three substitutional sites (positions S, — S3)

and four mutually equivalent interstitial sites (positions I, — I,).

2.2. Cleavage fracture modelling

The response of a material interface subjected to external stresses
can be estimated by a cohesive zone (CZ) model, which describes the
emerging traction as the material is strained. The purpose of such a
model is to predict the behaviour in the decohering region, which for
maximum accuracy should be separated from the elastic response of
the underlying atomic planes in the bulk. The distinction between the
two regions can be made by determining the system’s excess quantities,
defined as the difference in properties of the fracturing solid and those
of the ideal bulk when subjected to the same local stress state [11].

By means of first-principles methods, the energy of locally stable
configurations can be evaluated as a material is deformed in con-
trolled steps. Under the assumption that the atomic planes of the
crack remain parallel during decohesion, first-principles methods can
provide a good basis for assessing the stress-response of a decohering
system. This is done by fitting the strain energy versus separation
from ab initio calculations to a model curve, such as e.g. the universal
binding-energy relation (UBER) derived by Rose et al. [42,43]. From
the parameterization of the UBER curve, the potential energy of the
interactions between atomic planes is characterized. This gives the
traction-separation response of the system, as the first derivative of
the energy with respect to the separation. In the literature, fracture
processes are often modelled from first-principles by the RGS approach,
in which the distance between two rigid grains is increased in discrete
steps at a predefined fracture plane. However, to improve the physical
basis for the excess properties, atomic relaxations should be incorpo-
rated in the model. If such relaxations are included, it has been found
that the original UBER may not be sufficient to describe the interactions
between atomic planes, but an extension of UBER, the XUBER, given by
Eq. (2), has been found to yield an improved description of the excess
potential [35,42-44].

#(6) = C8? [1 - <mi a,, (%)m) exp (—%)] @
m=0

where § is the separation, C is the stiffness and the parameters «,,,
and 4 are to be fitted. When describing the fracture process as the
decohesion of a cohesive zone embedded in an elastic medium, all
deviations from bulk behaviour are incorporated in the excess prop-
erties. Results obtained in this framework (henceforth referred to as
the excess energy assessment (EEA) method) are independent of the
number of atomic planes included in the model [11,44,45]. For this
reason, the EEA method enables an unambiguous evaluation of the
interplanar potential. However, the approach makes parameterization
of energy curves significantly less straightforward compared to rigid
calculations. Unlike in the case of the RGS, the ab initio results can in
the case of the EEA method not be directly fitted to the UBER model
curve. Instead, in the EEA method, the energy obtained through ab
initio calculations represent the combined response of the interfacial
strength of the material, and the elastic response of the underlying

atomic planes. Thus, to parameterize the XUBER curve within the EEA
framework, the response of the material must be separated into the two
respective contributions. This can be done by describing each separate
binding interaction between two atomic planes as a nonlinear XUBER
potential [15].

Following the procedure outlined in [35], the total energy, @,
obtained by ab initio calculations, comprises the sum of all individual
contributions, and is in the case of a homogeneous bulk material given
by Eq. (3) [15].

(I)Bulk(él,éz) — N¢Bulk(51) + ¢Bulk(62) (3)

tot

where ¢BUX is the energy of an individual xXUBER potential, N is the
number of atomic layers in the model that are allowed to relax, and the
individual elongations, 5, and &,, correspond to the interplanar stretch
associated with the surrounding bulk and the decohering interface,
respectively.

The objective of the EEA method is to parameterize ¢B'K/GB(s,),
which is the excess energy that characterizes the stress-response of
the decohering region. In the case of bulk material, the excess energy
can be extracted by fitting energy versus separation curves obtained
from first-principles calculations to Eq. (3), where the energies of the
individual UBER potentials are on the form of Eq. (2). Additionally,
the condition that the total elongation, §,, consists of the individual
elongations must be fulfilled, i.e.

St = N6| + 6, (€]

and the individual potentials should adhere to the requirement of
mechanical equilibrium of global and local stresses at the CZ/bulk
boundary [35], i.e.

opBulk agBulk Bk

tot
= 5
96,0, 6, 96, )

For the case of GB decohesion [35], the total energy of the system is
given by Eq. (6).

D5B(5,,6,) = NgB™(5)) + ¢B(5,) (6)

In this case, the elastic response of the surrounding medium, ¢B"¥(5),
should follow bulk behaviour as determined from Eq. (3). Thus, in
order to extract the excess properties of a GB, the xUBER analysis
of the bulk material must first be performed. Once ¢B"X(6) has been
extracted, the excess behaviour of the GB can be obtained from a
similar approach as for the bulk; the total energy relation is given by
Eq. (6), the individual elongations follow the relation of Eq. (4), and
the requirement of mechanical equilibrium, Eq. (7), must be fulfilled.
aq)lGn? ogBulk  94GB

06 00, 95,

For a given N and 6, the relation between 6, and 5, is given by the
set {6,,6,} that minimizes the total energy and satisfies mechanical
equilibrium. For GBs, this relation is always given by Eq. (4), whereas

)
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for bulk material and small elongations, the strain will be uniformly
distributed in the material, and 6, = &,. The elongation at which
damage is initiated is known as the critical separation, §., and the stress
at this point is known as the critical stress, o.. When the crystal is
strained beyond the critical separation, one of the interlayer spacings
is assumed to undergo maximum separation, while the others remain
uniformly elongated, such that §, > 6, and Eq. (4) is satisfied for both
bulk and GB [35,45]. If additional stress is applied, the crystal will
eventually crack at §,, and the N §, elongations will return to their
equilibrium distance.

By using the EEA approach, both the bulk and GB excess energies
can be extracted. The GB excess energy marks the behaviour of the de-
cohering GB, isolated from the elastic response of the bulk. The method
provides a framework to assess how the stress-response of a material is
affected by the presence of a GB. Additionally, by performing the EEA
analysis on a GB containing impurities, it is possible to evaluate the
relative impact of a solute on the GB cohesive properties.

2.3. Work of separation and embrittling potency

In both the RGS and the EEA methods, the energy curves converge
towards the work of separation (WOS) in the asymptotic limit, given
by Egs. (8) and (9), for the bulk and GB, respectively [46,47].

WOSg,i = 215 ®)
where yg is the surface energy of the formed surface and

WOSgg =51 +7¥s2 — Y )]

where ygg is the GB energy, yg;, and yg, are the energies of the two
newly created surfaces, respectively. For the case of symmetric tilt GBs
with identically terminated surfaces on both sides of the decohering
plane, y5; =75, = 7s-

The embrittling potency was calculated to estimate the impact of
P on the GB strength by means of the Rice-Wang approach [10]. This
method describes the change in WOS as impurities are added to the GB.
In the case of the symmetric tilt GB, the embrittling potency is given
by Eq. (10) [48].

n = (rge = (Ys1 + ¥s2))with Impurities — (YGB — (2¥s)Without Impurities (10)

where ygg, 751, and ys, are defined by (9). For this definition, a negative
value indicates an increase in WOS of the GB following introduction of
impurities.

2.4. Modelling details

The traction-separation was modelled by both the RGS and the EEA
methods. In the EEA analysis, two initial configurations were evaluated
from which the system subsequently was allowed to relax; one in
which the crystal was homogeneously stretched, and one in which
the entire elongation was localized in 6, [11]. For all elongations,
the configuration corresponding to the lowest energy, and thus the
global minimum, was used for further analysis. As periodic boundary
conditions were implemented in this work, the supercells contained
two GBs/free surfaces (FSs). For this reason, some atom layers were
kept fixed at their equilibrium distance, so that the entire supercell was
not subjected to strain, and only one decohering interface underwent
deformation. We converged the WOS with respect to the number of
atomic planes free to relax for 4 < N < 10 and found that N =
6 was sufficient to yield well-converged results, thus allowing seven
interatomic spaces to be strained. The calculations were performed
under the assumption that the interplanar potential was truncated
beyond the nearest neighbours.

All DFT calculations were conducted using the Vienna ab initio
Simulation Package (VASP) [49,50]. The atomic relaxations were per-
formed using the conjugate gradient algorithm, with a maximum force
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Table 1

Segregation energies and excess volume for P in Ni, as function of impurity coverage,
6. 0, and 05 correspond to the interstitial and substitutional sites in Fig. 1. Negative
values describe energetically favourable configurations.

Configuration Egegon [€V] Excess .

in GB volume [A]
Bulk ref: Interstitial Bulk ref: Substitutional

6, =0 - - 0.20

0, =1 -2.9 -0.9 0.28

0,=2 -3.2 -1.2 0.48

6, =3 -3.4 -1.4 0.51

0, =4 -3.6 -1.5 0.56

05, =1 - 0.2 -

05, =1 -3.5 -1.1 0.09

05, =1 - -0.2 -

convergence criterion of 102 eV/A. Standard valence pseudopotentials
from the VASP library generated with the projector augmented wave
(PAW) method using the Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional were used in all calculations [51]. To ensure
convergence for the plane wave representation, a Methfessel-Paxton
smearing with a broadening of 0.2 eV was used. All calculations were
spin-polarized, the energy cut-off was set to 400 eV, and the Brillouin
zone was sampled with 3 x 3 x 1 k-points using the Monkhorst-Pack
scheme. The equilibrium lattice parameter was set to 3.522 A following
the convergence study of our previous work [5].

3. Results
3.1. Preferential impurity segregation sites and cleavage planes

To investigate the impact of P on the Ni stress-response, the prefer-
ential configurations and relative stabilities of the solute in the material
should first be determined. This was done based on segregation en-
ergies, Eq. (1), which describes the energy change associated with
taking a solute from the bulk and place it in the GB. As illustrated
in Fig. 1, the considered GB had room for up to four interstitial P
atoms. With the exception for 6; = 2, the placement of the P atoms gave
symmetrically equivalent configurations. However, when two intersti-
tials were present in the system, two possible configurations emerged.
They correspond to the second interstitial placed either at [010] or
(1/2)[021], relative to the position of the first, see Fig. 1(b), such that
their separations correspond to ideal second (2nn) and third nearest
neighbour (3nn) distances in the fcc structure, respectively. Ultimately
the latter configuration was found to be more stable (energy difference
0.3 eV), and was used in the further calculations. The interstitial
P atoms were added sequentially to the GB following the order of
Fig. 1(b), I, — I.

As discussed in Section 2.1, we consider both interstitial and sub-
stitutional P as reference for the segregation calculations to account
for irradiated and unirradiated conditions. As can be seen in Table 1,
the interaction between P and the GB is stronger in reference to the
interstitial configuration. This was expected, since the solute is more
stable as a substitutional compared to an interstitial in the bulk. More
important effects, as for instance a shift in stability of the considered
configurations between the two environments, were not seen. This is
an indication that P can be found as both an interstitial and a substitu-
tional in the GB in both irradiated and equilibrium conditions. For this
reason, no further distinction between the impact of the solute in the
two environments was considered beyond this point. It should however
be noted that the concentration of interstitials is orders of magnitude
lower in equilibrium conditions, for which reason the solute will mainly
take on the substitutional configuration in such environments. Results
in Table 1 show that both the interstitial and substitutional (positions
S, and §;) configurations are possible segregation sites for P in the
Ni GB. Positions S; and Sj, are however deemed unlikely, since the
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(a) ‘ ‘
e 9% 0

Fig. 2. Illustration of the §, = 3 partitioning schemes considered (a) Collected (b)
Dispersed 2nn and (c) Dispersed 3nn. The bright spheres correspond to the positions
of the P atoms.

configurations are either unstable or considerably less favourable com-
pared to position S,. The two positions are for this reason omitted from
further consideration. Regarding the interstitial configuration, results
in Table 1 indicate an increasing stability with increasing number of
P atoms in the GB up to the highest filling degree. Thus, based on the
results in Table 1, we investigate the impact P segregation at the S,
site and up to complete filling of the interstitial sites.

When multiple interstitial impurities are present in the system, it
is of importance to ensure that the traction-separation behaviour is
evaluated along the minimum energy path. Thus, the cleavage plane
termination that yields the lowest WOS should be identified. In the
present case, a number of different partitioning schemes were consid-
ered; the P atoms could end up in either collected configurations, with
all P atoms on the same FS, or in a dispersed configuration, in which
the P atoms are distributed over the two FSs. The WOS of a large
number of partitioning schemes were for this reason evaluated, and a
selection of the obtained results are presented in Table 2. Both rigid
and relaxed calculations have been used to identify the corresponding
minimum energy fracture path. Additionally, since traction—separation
curves are often smoother and more easy to fit when relaxations are
considered in the GB normal direction only (1D relaxations), compared
to when relaxations are allowed in all dimensions (3D relaxations), both
cases were considered. This allowed for a proper evaluation of how the
number of relaxation degrees of freedom could impact the WOS.

The results in Table 2 show that, if atomic relaxations are included
in the calculations, it is possible for the system to lower its energy
by moving atoms to a more favourable configuration. A consequence
of this was that the relative stability of the considered partitioning
schemes varied for the different relaxation schemes. The configurations
representing the minimum energy partitioning schemes for the different
relaxation schemes are presented in Table 3. Since the lowest energy
configuration should be used to evaluate the stress-response of a sys-
tem, the RGS and EEA analyses in the current work were performed
along their corresponding minimum energy path. As a consequence,
identical terminations were not used in the RGS and the EEA analyses.
This issue will be further discussed in Sections 3.4 and 4. In the case of
interstitial P, the results in Tables 2 and 3 indicate that 1D relaxations
were not sufficient to capture the minimum energy configurations,
for which reason 3D relaxations were used in all further calculations
related to the EEA model.

Nuclear Materials and Energy 28 (2021) 101055

(a) ‘ ‘
e 9 0

Fig. 3. Illustration of the #;, = 4 partitioning schemes (a) Collected (b) Dispersed 2nn
(zigzag) (c) Dispersed 3nn. The bright spheres correspond to the positions of the P
atoms.

5
—— Bulk: N@(61) + ¢(5,)
@® Bulk: DFT
44 —— GB: N¢(61) + ¢(67)
V GB:DFT
3
£
521
o
1 4
O 4

1 2
Stot [A]

Fig. 4. Energy versus separation from EEA analysis of bulk Ni and the clean Ni GB,
together with data from DFT calculations.

3.2. Decohesion of bulk Ni and the Ni GB

In Fig. 4, the results from the EEA analysis of the clean GB and
bulk Ni are presented, together with total energies obtained from ab
initio calculations. The parameters of the fitted excess energy curves
obtained in the EEA analysis are presented in Table 4. As can be seen
in the figure, the results from DFT are well represented by the model of
the current work. This indicates that the energy-separation behaviour
of the system is captured by the sum of the individual xUBER potentials,
according to Eq. (3).

From the EEA analysis, the excess energy associated with the deco-
hering plane, ¢B"/GB(5,), was obtained. The results are presented in
Fig. 5a, together with the corresponding results from the RGS analysis.
In Fig. 5b, the traction-separation curves associated with the two
methods are presented. The figures indicate that the only important
difference between the two models, is the GB WOS, with 3.5 J m™2
obtained from EEA and 3.8 J m~2 from RGS. In the bulk system,
however, the difference in this quantity is significantly less important
(4.8 J m™2 from EEA, 4.9 J m™2 from RGS). The two methods also
display comparable results for the traction-separation response of the
material. Indeed, a GB critical stress of 25.0 GPa was obtained by
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Fig. 5. Impact of ab initio stress-test model on Ni bulk/GB properties. (a) Energy-separation (b) Traction-separation.

Table 2
WOS of the considered partitioning schemes for the GB containing interstitial P at increasing surface coverage, 6.
WOS [J m~2] 0=1 6, =2 6, =3 6, =4
Rigid 1D 3D Rigid 1D 3D Rigid 1D 3D Rigid 1D 3D
1P atom Interstitial 3.77 3.42 3.39 _ _ _ _ _ _ _ _
Substitutional 3.72 3.41 3.41
Collected - - - - 3.65 3.65 3.31 3.69 3.49 3.42 3.76 3.59 3.57
Dispersed 2 P in 2nn - - - - - 4.26 3.89 3.51 4.68% 4.31% 4.18*
P 2 P in 3nn - - - 3.88 3.97 3.37 4.11 3.73 3.37 4.56 4.13 3.40

aTwo of the centre Ni atoms were moved to the same side as two P atoms, resulting in a zigzag fracture pattern. For an illustration of the 6,

= 3 and ¢, = 4 partitioning schemes, see Figs. 2 and 3.

Table 3

Partitioning schemes giving the lowest FS energy for the different relaxation schemes.
Surface coverage Rigid 1D relaxation 3D relaxation
0, =2 Collected Collected Collected
0, =3 Collected Collected Dispersed 3nn
0, =4 Collected Collected Dispersed 3nn

both methods, whereas the bulk critical stress was calculated to 30.0
GPa and 29.2 in the EEA and the RGS frameworks, respectively. The
minor differences indicate that the RGS approach can be considered a
reasonable approximation for describing the fracture of bulk Ni, and
the clean Ni GB.

3.3. Decohesion of the Ni GB containing P

The excess energy and traction-separation data from the EEA and
RGS analyses for the Ni GB containing P are presented in Figs. 6 and
7, respectively. The results have been separated into low concentration
effects (65, 0; = 1) and higher concentration effects (8, = 2-4), for
clarity. The corresponding results for bulk Ni and the clean GB are
included in both figures for reference. All fitted parameters of the
xUBER model curve from the EEA analysis are presented in Table 4.

Figs. 6 and 7 indicate that P only has minor effects on the WOS
of Ni, regardless of concentration or applied model. However, the EEA
and the RGS methods give significant differences in traction-separation
behaviour. In the RGS approach, a clear trend is seen with increasing
P concentration. The peak stress increases up to 14% for 6, = 4, a
strengthening which corresponds to the peak stress of the perfect bulk.
For low concentrations (6, /s =1), on the other hand, the computed RGS
peak stress only deviates marginally from that of a clean GB (difference
in peak stress is less than 1%). In the case of the EEA method, the
low P concentrations result in a decrease in critical stress, indicating
that the P in this case contributes to ~7% weakening of the material.
A weakening effect (~3%) is also seen for 6§, = 4. However, for §; =
2-3, no significant impact on the GB strength is seen. Thus, a trend
corresponding to the findings in the RGS framework, could not be seen
when the EEA model was applied. It has previously been shown that

the presence of P give rise to magnetically dead layers in the X5 (210)
Ni GB [7]. This phenomenon could possibly contribute to the observed
impact of the solute on the system’s stress response. However, a full
evaluation of how such effects could impact the peak stress is beyond
the scope of this work. The impact of P on the peak stress of the Ni GB is
summarized in Fig. 8 for the two methods, respectively. The disparate
behaviour displayed in the figure is a clear indication of the importance
of inclusion of atomic relaxations in the model. It should be noted that
including atomic relaxations in the calculations were shown to impact
the relative stability of the considered surface terminations. For this
reason, identical terminations were not used in the RGS and the EEA
analyses. Consequences of this will be further discussed in Section 3.4.

The effect of P in Ni has also been evaluated based on the embrit-
tling potency, Eq. (10). The results are presented in Table 5, where
the corresponding effect of the solute from the EEA and RGS analyses
are also presented for comparison. For all cases, n > 0, which is an
indication that WOS decreases by the introduction of P impurities.
This is valid regardless if the EEA or RGS method is employed, or if
the impurities occupy interstitial or substitutional sites. However, the
reductions can be considered to be very small for both, as 0 < < 0.18
Jm™2 and 0 < n < 0.25 J m~2 for the EEA and RGS approaches,
respectively.

3.4. Impact of partitioning scheme on the Ni GB stress-response

As can be seen in Figs. 6-8, the impact of P is significantly different
in the EEA and RGS approaches. The fact that different partitioning
schemes were used in the two methods may be the possible source
of this discrepancy. In order to evaluate if this was indeed the case,
the impact of all three #; = 4 configuration, illustrated in Fig. 3,
were assessed in the EEA framework. The resulting excess-energy and
traction—separation curves are presented in Fig. 9. The corresponding
changes in peak stress are quantified in Fig. 10.

As can be seen in Fig. 9, the stress tolerance depends on the parti-
tioning scheme, and is particularly high when the system is fractured
according to the zigzag configuration. Due to the considerable increase
in surface energy of this configuration, it is however deemed unlikely
to occur. The main interest of the current section is to evaluate whether
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Fig. 6. (a), (b) Excess energies and (c), (d) traction—separation curves obtained from EEA analysis. The results are separated into low surface coverage (6, 6§, = 1), and higher
surface coverage (6, = 2-4) for clarity. The corresponding clean GB and bulk responses are included for reference.

Table 4

Parameters of the UBER curve, in Eq. (2), obtained from the EEA analysis. a, and «; were set to 1, and «, was set to O to

assure consistency with the original UBER format.

A [;\] C [eV 10\’4] ay a, as a ay ag
Bulk 0.40 482.9 1.93-107! -7.92:1073 —6.11-1073 9.07-107* - -
6=0 0.48 222.1 —-2.32:107! 3.14-107! —-1.64-10"! 3.79:-102 —-4.09-103 1.53-107*
Og=1 0.50 247.2 3.92:107! -3.02-107! 1.10-1072 -1.68-1072 1.11-1073 -
6, =1 0.53 189.6 5.87-1072 -4.74.102 9.24.1073 -5.73-10% - -
0, =2 0.58 172.0 —-1.99-10"! 1.47-107! —-3.92:1072 3.88.1073 - -
0,=3 0.53 197.0 —-2.95.1072 2.03-102 —7.54-1073 1.06-1073 - -
6, =4 0.58 200.2 -2.73-102 8.32:102 -2.95.10"2 4.22.1073 - -

Table 5

Effect of P at various surface coverage on Ni stress-response from different models
commonly used in literature. W represents Weakening, S represents Strengthening and
N stands for Negligible effect.

EEA RGS Embrittling potency, Relaxed  Embrittling potency, Rigid

n [mJ m2] Effect # [mJ m=2] Effect
0g=1 W N 78 w 182 w
0,=1 W N 92 w 131 w
0,=2 N S 178 w 249 w
0,=3 N S 113 w 203 w
0,=4 N S 80 w 142 w

the significant difference between the impact of P when evaluated in
the RGS and the EEA frameworks respectively (Fig. 8) can be explained
by the use of different partitioning schemes. Since the collected config-
uration was used in the RGS method, the corresponding result obtained
with the EEA method should be used to evaluate such effects. As can
be seen in Fig. 10, this configuration results in a small increase in peak
stress compared to the clean GB. However, the effect is minor compared
to the impact of the same configuration when evaluated in the RGS
framework. Thus, these results indicate that although a correct choice
of partitioning scheme is of considerable importance, the difference

between the RGS and the EEA approaches cannot be fully attributed
to such effects.

4. Discussion

Although the stress-response of the clean Ni systems is equivalent
when evaluated in the EEA and the RGS frameworks, more significant
differences emerge as P is added to the system. Owing to the lack of
experimental data regarding the effect of P in Ni, such information
cannot be used to estimate the accuracy of the results. However, the
current work gives a quantitative description of uncertainties associated
with the considered models. The Rice-Wang approach is a computa-
tionally efficient method that can be used to estimate the direct effect
of solute addition to the GB. However, conclusions in this model are
based solely on the sign of the embrittling potency, and the importance
of small energy differences risk being exaggerated. This is of particular
importance in the Ni-P system, for which it was shown in the current
work that the WOS varied very little between the clean and the P
covered GBs. Consequently, the small energy variations can explain
why previous work in the literature suggested that the impact of
P in Ni ranges from cohesion enhancing [20], via no effect, [6] to
embrittling [21], although in all these studies, the Rice~-Wang method
was used.
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Fig. 7. (a), (b) Excess energies and (c), (d) traction—separation curves obtained from RGS analysis. The results are separated into low surface coverage (6, #; = 1), and higher
surface coverage (0, = 2-4) for clarity. The corresponding clean GB and bulk responses are included for reference.

In order to evaluate the traction—separation behaviour of a decoher-
ing system, it is possible to utilize either the RGS or the EEA approach.
The two give very similar critical stresses for the clean GB and bulk
material, however, Figs. 6 and 7 display significant differences on the
impact of P. Indeed, the EEA method indicates that the solute has a
weakening effect, although more important at lower concentrations,
whereas the RGS method suggests a considerable strengthening effect.
Both results are in contrast to the findings in the Rice-Wang framework,
where the effect is considered minor to negligible. While results in the
literature indicate that P has a negligible effect in Ni, they have mainly
been obtained within the Rice-Wang framework [6,20,25]. In studies
performed using the RGS approach, interstitial P at high concentration
has been shown to significantly strengthen the GB [24,26]. These
results are very well in line with the results of the current work, and can
be seen as a clear indication that the applied method can significantly
impact the observations. These results strongly suggest that, although
the RGS method can provide an acceptable description of the traction—
separation response of clean Ni, it cannot fully capture the effect of
impurities on the system. One important source of error in this context,
is that the minimum energy partitioning scheme could not be found
using the rigid approach. However, results in Section 3.4 show that this
is not a sufficient explanation as to why such a significant deviation
is observed in this framework. Instead, the seemingly disparate results
from the reduced WOS and increasing peak stress with increasing
impurity content for the RGS approach, can be explained by the fact
that even though the peak stress increases, the strain energy, i.e. the
overall area under the traction-separation curve, decreases. This is an
indication that, despite the peak stress increase, the toughness of the
material is generally decreased, such that the amount of energy that
can be absorbed by the material before fracture is reduced.

As discussed in the introduction, atomic relaxations are important
for a correct description of surface energies, and should be included
for a proper description of the system. The results in the current
work indeed underline this fact, but also the importance of adopting
the lowest energy fracture path. Since the EEA method takes both

- EEA
RGS
10
g s
M
%
&
9
<

=0

Fig. 8. Impact of P surface coverage on peak stress of the Ni GB.

factors into consideration, in addition to providing a full description of
the emerging forces during decohesion, results in this framework are
considered more reliable compared to the two others. The fact that P
was shown to have a weakening effect further increases the reliability
of the results. However, significantly more computational resources and
post-processing of data are required in the EEA model, for which reason
this approach is perhaps not always a convenient choice. With that said,
an important benefit of the EEA model is that it also can be used to
obtain a full set of parameters which characterizes the cohesive zone,
and can thus be used in larger scale cohesive zone models.

5. Conclusion
In the present work, the impact of P on the stress response of Ni

GBs has been estimated. This has been done by applying three separate
ab initio approaches; the Rice-Wang model, the rigid grain shift (RGS)
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Fig. 9. (a) Excess energy and (b) traction-separation behaviour for the three fracture planes of Fig. 3. Results from obtained in the EEA framework. Bulk Ni and the clean GB

are included for reference.
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Fig. 10. Impact of partitioning scheme (see Fig. 3) in the EEA analysis on peak stress
of the Ni GB containing four interstitial P atoms.

and the excess energy assessment (EEA). The goal was to improve the
current understanding of how P can impact the cohesive properties of
Ni, and to investigate how the results can depend on applied model.

The Rice-Wang approach is a computationally efficient method,
which can be used straight-forwardly to estimate the impact of a solute
on the cohesive properties of a material. However, it does not provide
any information about the gradual decohesion process or insight on
the associated critical stress. This information can instead be obtained
in both the RGS and the EEA frameworks. An important difference
between the two methods is that the EEA approach allows for atomic
relaxations, all the while results are kept independent of the number
of free planes in the system. This is not the case for more simplistic
models. As a consequence, result obtained in this framework can be
used straight forwardly in larger scale models to further investigate the
process of brittle fracture of the material.

Results in the current work display a similar stress-response of bulk
Ni and the clean Ni GB in the RGS and the EEA frameworks, for which
reason the former provides an appropriate approximation for the two
systems. However, the relative trends regarding the impact of P were
not consistent between the two methods. The RGS model indicated that
P has a significant strengthening effect on the material, whereas the
EEA method indicated that the solute had a negligible to weakening
effect. The EEA approach is in many ways more thorough compared
to the two others, and results obtained in this framework are generally
considered more reliable. It is for this reason concluded that the RGS
approach, which is very common in the literature, is associated with
significant uncertainties when evaluating the impact of solutes in the
current and similar systems. The method should for this reason not be
used without proper consideration of how the many simplifications can
impact the results.
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