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ABSTRACT

Irradiation creep and irradiation swelling are two of the lifetime limiting
factors for structural materials in nuclear reactors. These mechanical effects are
driven by irradiation defect evolution and the interaction of those defects with
dislocations in the microstructure. We present here a coupled cluster dynamics
— crystal plasticity approach to model irradiation swelling and irradiation creep
behavior in additive manufactured (AM) 316 stainless steel (SS). The time-
dependent evolution of irradiation defects is calculated with a cluster dynamics
approach and passed to the crystal plasticity model to compute the dislocation
evolution. We show the impact of the irradiation defect evolution on the stress
state in the material, which drives inelastic deformation through dislocation-
mediated stress relaxation. The inelastic deformation in the 316 SS is dependent
on the dose rate, where the inelastic deformation driven by the early-stage
irradiation defect evolution determines the mechanical behavior of the 316 SS.
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Development of a MOOSE-based crystal plasticity
model with irradiation defect evolution for irradiation
creep in 316 stainless steel

1. INTRODUCTION

The growing clean energy needs of the world has prompted the development of next-generation nuclear
reactors. Such reactors need to operate at high temperatures, under increased neutron fluence and energy
and exposed to corrosive coolants. Thus, there is a constant need to develop advanced materials for such
reactors that can survive the extreme environments throughout their lifetime. The Advanced Materials and
Manufacturing Technologies (AMMT) program was started as a pathway for accelerated qualification of
materials and processes for advanced reactor applications. One specific material that has been unanimously
popular and is being extensively studied under AMMT is the additively-manufactured (AM) 316 stainless
steels. Such steels undergo significant irradiation damage due to the formation of material defects under
reactor operation conditions. Prolonged exposure to irradiation, results in a significant population of such
defects that influence the long-term mechanical behaviour of such materials, i.e., the evolution of defect
induced volumetric swelling and residual stresses in the material. A systematic investigation of the mechanical
properties of AM 316 steels have been performed both in as-built samples, printed and fabricated through
different techniques, and post ion- and neutron-irradiation. However, performing experimental investigations
for numerous possible parameters, specific to the manufacturing process, the material and operation conditions,
is both difficult and expensive. Thus, there is a concerted effort to understand the performance of such steels
using mechanistic-based, multiscale modeling and simulation approaches.

Within this milestone effort, we have developed a coupled, mechanistic-based cluster dynamics (CD)
and crystal plasticity modeling and simulation approach to predict the irradiation creep behaviour in AM
316 steels. The CD model can predict the evolution of irradiation defects, i.e., voids, dislocation loops
and clusters. The Multiphysics Object-Oriented Simulation Environment (MOOSE)-based crystal plasticity
model calculates the eigenstrain associated with the volumetric swelling and incorporates this eigenstrain
into the mechanical response predictions. Temporal information about the defect population information is

passed from the CD model to the MOOSE-based crystal plasticity model to complete the one-way simulation



coupling. We have demonstrated the use of this coupled CD-crystal plasticity simulation capability for a
wrought 316 stainless steel (SS), predicting the evolution of the void population under a prescribed dose
rate and the impact of the resulting volumetric swelling eigenstrain on the mechanical performance. Future
successful validation of the coupled capability with both ex-situ and in-situ experimental measurements
would allow us to extend this modeling and simulation approach for AM 316 steels.

The following sections presents the efforts to develop the MOOSE-based crystal plasticity model, Section 2,
and to adapt the CD for the 316 SS of interest to the AMMT program, Section 3. Lastly we present the
results from initial coupling efforts of these two mechanistic-based models, Section 4. Further development

to expand the coupling is proposed at the conclusion of this report.



2. MOOSE-BASED CRYSTAL PLASTICITY IMPROVEMENTS

Crystal plasticity modeling approaches are used to predict the mechanical response of the 316 SS to
irradiation defects. In this work, the MOOSE-based finite element method (FEM) implementation of a thermal
creep model for 316 SS is used [13, 14]; this implementation was developed in the previous fiscal year [8]. A
volumetric swelling eigenstrain model, to account for the deformation occurring from void formation and
growth, was also implemented into MOOSE in the previous fiscal year. The eigenstrain model accounts for

the change in volume due to voids at each simulation time step, assuming the voids are perfect spheres

AV Arm 4

= 273, 1
V. Tl (h

where r is the average void radius and p,, is the total number density of voids [32]. The volume change due to
voids is calculated at every integration point, enabling spatial variations in the void population characteristics
across the crystal plasticity domain. Multiplicative decomposition of the total deformation gradient into
elastic, plastic, and eigenstrain tensors enables the connection between the volumetric eigenstrain measure

and the crystal plasticity formulation [16, 22].

21. Extension Of Void Swelling Eigenstrain Implementation

At the end of the previous fiscal year, the 316 SS thermal creep and the volumetric swelling eigenstrain
models were not coupled. Improvements to the MOOSE-based crystal plasticity code base were made in the
current fiscal year to enable coupling of these two models. With these improvements, the impact of voids
and void evolution on the inelastic deformation of 316 SS can be computationally investigated. This crystal
plasticity code improvement was a necessary step towards the larger milestone objective of coupling cluster
dynamics and crystal plasticity modeling approaches, see Section 4.

The effect of the volumetric eigenstrain on the plastic deformation of the 316 SS, as predicted with the
thermal creep constitutive model was demonstrated with two verification cases. Values for the constitutive
model parameters are taken from literature [12—14]. These simulation use a single crystal, 1 mm? cube
geometry. Symmetry boundary conditions were applied, and, on both faces normal to the z-axis, the
displacements were fixed, as shown in Figure 1. These zero displacement boundary conditions enable the

generation of a stress-response to void-induced volume changes, both swelling and shrinkage, in response to



the void evolution, in the z-direction.

Figure 1. Constraints applied in the verification simulations included pinned displacement boundary

L/

conditions applied on both the front and back faces, perpendicular to the z-direction.

Two different time histories of total void number density are applied: one constant value and one linearly

decreasing case, see Figure 2. A constant void radius of 1.0e-6 mm is prescribed in both cases for the duration

of the simulation. The volumetric eigenstrain produced by the void population is calculated with Equation (1)

and converted from the 3D volume change measure [8].
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Figure 2. Prescribed void characteristics, a constant number density and radius (a), and a linearly decreasing
void density with constant void radius (b), for the void swelling eigenstrain verification cases using the 316
SS specific crystal plasticity model for creep.

In each of the verification cases, the generation of the volumetric eigenstrain by the prescribed void

population produces plasticity deformation in the 316 SS. This permanent deformation is reflected in the

strain and stress response of the crystal, see Figure 3. The different stress responses predicted are the result

of the Z-direction displacement constraint boundary conditions applied to the crystal plasticity model. In

the constant total void number density case, the prescribed voids expand the crystal, and, because of the

displacement boundary conditions in the z-direction, see Figure 1, the voids induce a compressive stress-state



in the z-directions, Figure 3a. Conversely, the linearly decreasing total void density case shrinks the crystal
and produces a tensile stress-state in the z-direction, see Figure 3b: the reducing volumetric eigenstrain acts

to pull the crystal away from the zero-displacement boundary conditions.
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Figure 3. Predicted void-induced eigenstrain (top row) and second Piola-Kirchhoff stress (bottom row)
responses to the prescribed void characteristics—constant number density and void radius, (a), and
decreasing number density with constant void radius, (b).

2.1.1. Runtime Performance Comparison

Additional crystal plasticity code improvements included contributions to the simulation restart capabilities
for the crystal plasticity model and minor modifications to the storage of history-dependent variables. These
modifications resulted in a modest speed up of the crystal plasticity simulation of 3.7% for a thermal creep
simulation of a single crystal loaded under a constant load of 250MPa in the [110] orientation. The mesh
size was kept constant at 2,000 Hex27 elements. Further investigations indicated that numerical convergence
settings had a larger impact on the crystal plasticity simulation run time than the history-dependent variable

storage modifications.

2.2. Future Work

Additional dislocation movement and dislocation-defect interaction mechanisms are require to better
simulation irradiation creep in 316 SS. These mechanisms include dislocation climb, slip system hardening
due to irradiation defects, and dislocation interactions with irradiation-formed dislocation loops. Here the
definition of irradiation defects is narrowly restricted to voids and dislocation loops.

We propose to model the slip system hardening mechanisms with a strong impenetrable obstacle



formulation for the voids, following the approach of Scattergood and Bacon [27]. The void bypass stress will
be calculated as a function of the current void population and added to the dislocation glide resistance term for
all slip systems equally. Hardening of the slip systems due to dislocation loops can be represented as either a
weak, short-range Orowan model [31] or with an anisotropic approach that accounts for preferential orientation
of the loops. Glide dislocations further interact with irradiation defect dislocation loops by absorbing the
loops. This interaction between glide dislocations and irradiation defect loops can be described with a simple
annihilation term, as proposed by Mastorakos and Zbib [24]. An anisotropic constitutive law, to account
for the density of dislocation loops on each slip plane, could also be considered. Future work in the crystal
plasticity model development will include selecting and implementing the dislocation and dislocation loop
interaction models most suited to the AMMT program needs.

The dislocation glide and climb mechanisms in the 316 SS constitutive model [ 12] have been implemented
in the the Nuclear Engineering Material model Library-2 (NEML2) crystal plasticity framework, in addition
to the MOOSE-based implementation discussed here. A potential development strategy under consideration
involves leveraging the work previously done by Argonne National Laboratory (ANL) to develop the NEML2
submodule in MOOSE [1]. Because of consistency between the foundational constitutive laws implemented
in both the MOOSE and NEML2 crystal plasticity models, the volumetric eigenstrain capabilities developed
here in MOOSE could be ported to NEML2. As a submodule in MOOSE, a future NEML2 implementation of
irradiation creep crystal plasticity model could be coupled with a cluster dynamics code through the MOOSE
MultiApp capability [9]. Preserving the multi-scale code coupling capability in future work is necessary to
retain the microstructure-sensitive material property predictions to radiation exposure, in both wrought and

AM 316 SS.



3. EVOLUTION OF IRRADIATION INDUCED POINT DEFECTS AND
CLUSTERS

3.1. The Mean-field Cluster Dynamics Framework

We present here a mean-field CD framework to predict the evolution of point defects and defect clusters,
post- ion or neutron irradiation. The defects generated in the displacement cascade are usually stable
point defects, i.e., self interstitial atoms (SIA) and vacancies as Frenkel pairs, small point-defect clusters
and transmutation products like He and Xe, during neutron irradiation. The surviving defects escape the
displacement cascade via thermally activated diffusion mechanisms and interact among themselves to form
extended defects like large SIA and vacancy loops, voids and bubbles. In order to efficiently predict the extent
of radiation damage, due to the nucleation, growth and coarsening of such extended defects, the mean-field
CD framework, based on the chemical reaction rate theory is commonly used.

The main assumption of the CD framework is that only mobile point-defect species, i.e., SIA and vacancies
are generated as Frenkel pairs in the displacement cascade. The mean-field approximation allows us to
homogenously ‘smear’ the density of point defects and defect clusters in the entire matrix. Similarly, the
density of microstructural sinks, i.e., line dislocation, grain boundaries and free-surfaces and the spatially
discrete displacement cascade events are assumed to be homogenously distributed or smeared in the irradiated
matrix. Thus, the CD model captures the evolution of mean density of defect species and ignores any spatial
fluctuation, in the matrix.

The CD model demonstrated in this report, has the general form given by Equation (2) [23].

dCZ (.13, t)
dt

= V(D;i(2)VCi(z,t) + gi(z) + D;s(x)ks(2)*Ci(z, t) + Ri(Ci(x, 1)) ()

where the rate of accumulation of any defect species, ¢, in a specific volume, is given as a summation of
it’s spatial diffusion through the volume element, the rate of generation in the displacement cascade, the rate
of absorption by microstructural sinks like dislocations and grain boundaries and it’s rate of reaction with
other defects and recombination with unlike defects. The four terms on the right hand side of Equation 2
denotes the rate of individual events, respectively, as mentioned above. The terms C;, D; and k‘f indicates

the concentration of defect i, it’s diffusivity in the irradiated matrix and the total strength of nearby sinks

for absorbing the defect. Thus, the CD model is a coupled set of partial differential equation (PDE), each



denoting the evolution of individual defect species. In a mean-field approximation, the spatial diffusion of

species is neglected, resulting in a coupled system of ordinary differential equation (ODE).

3.2. Background Of Cluster Dynamics Models

The coupled set of ODEs, representing the rate equations for each interacting defect species, can be solved
using an implicit non-linear time integration method to obtain the transient evolution of the density of each
species. The widely varying reaction rates of individual species, make the ODE system stiff. An implicit
backward differentiation formula (BDF) time integration is used to solve the stiff system of non-linear ODEs
[4]. However, it is computationally expensive to solve the coupled set of ODEs for large cluster sizes and for
large irradiation doses. One way to handle this problem, is to cast the discrete system of coupled ODEs in
the form of a Fokker-Planck (FP) equation that solves the density of clusters as a continuous function of the
cluster size. CD frameworks with discrete ODEs for small clusters having few hundreds of point defects and
the FP equation for large clusters, with a region of transition between the two cluster size regimes, have been
demonstrated by Ghoniem [10], Surh et al. [29], Jourdan et al. [17]. Another approach is to implement a
’grouping scheme’ where instead of discrete equations for individual defect species, several defect clusters
are represented by a single equation. Early formulation of the grouping scheme by Kiritani [19] and later
improvements by S. I. Golubov and Singh [26] and Kohnert and Wirth [20] has been able to demonstrate

efficient scaling of the CD method.

3.3. Background Of Alloy Class In The Cluster Dynamics Code Xolot/

The spatially-resolved cluster dynamics code Xolot! was developed under the Department of Energy
(DOE) Scientific Discovery through Advanced Computing (SciDAC) program, to study the generation and
migration of bubbles in reactor divertor components for fusion energy applications [5]. Later the code was
extended to include the CD framework for studying the evolution of irradiation defects, i.e., SIAs, vacancies,
vacancy faulted loops (n > 6), SIA frank and perfect dislocation loops (n > 4), voids, small spherical
vacancy (n < 6) and SIA (n < 4) clusters and stacking fault tetrahedra (SFT), during irradiation of the
Ni-based alloy 800H. The Alloy class [5] was specifically built for this purpose. The mean-field CD model
used in Xolotl has the form as shown in Equation (2). The last term in Equation (2) denotes a sum over the

rate of individual interactions that each defect species undergo with other defects.
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The first two terms in Equation (3) denote the association of two clusters with different sizes to form
a third type, whereas, the last two terms denote the thermal dissociation of a specific type of cluster. The
rate of association between defect clusters is given as a product of the rate coefficient and the concentration
of the interacting defect species. The rate of thermal dissociation is defined as a product of the dissociation
coefficient and the concentration of the dissociating defect species. The different possible irradiation-induced
defect species depend on the defect thermodynamics and kinetics of mobile defect species in the material
under investigation. The different defect species considered in Xolot! for alloy 800H has been mentioned

above.

3.3.1. Defect interactions considered in Xolot/

The list of possible defect interactions considered for the irradiation of 800H alloy, in Xolo#/ are listed

below.

Vacancy + Vacancy < Divacancy 4)

Vacancy + Void < Void %)

Vacancy + Vacancy Faulted Loop < V acancy Faulted Loop (6)
Vacancy + STA — 0 (7)

Vacancy + STA Frank Loop — SIA Frank Loop
()
Vacancy + STA Frank Loop — STA



Vacancy + SIA Per fect Loop — SIA Per fect Loop

Vacancy + SIA Per fect Loop — ST A

SIA+ SIA <« STAdimer

SIA + SIA Frank Loop <+ SIA Frank Loop

SIA+ SIA Perfect Loop <+ SIA Per fect Loop

STA + Vacancy Faulted Loop — Vacancy Faulted Loop

STA + Vacancy Faulted Loop — Vacancy

SIA+ Void — Void

STA + Void — Vacancy

STA Per fect Loop + Vacancy Faulted Loop — Vacancy Faulted Loop
SIA Per fect Loop + Vacancy Faulted Loop — Vacancy

STA Perfect Loop + Vacancy Faulted Loop — STA

STA Per fect Loop + Vacancy Faulted Loop — SIA Per fect Loop

SIA Per fect Loop + Vacancy Faulted Loop — ()

SIA Perfect Loop + SIA Frank Loop — SIA Frank Loop

10

)

(10)

(11

(12)

(13)

(14)

(15)

(16)



STA Perfect Loop + Void — Void
17)
SIA Per fect Loop + Void = Vacancy

SIA Perfect Loop + SIA Per fect Loop — SIA Per fect Loop 8
STA Perfect Loop + SIA Per fect Loop — SIA Frank Loop o
The SIA loops generated in the cascade were partitioned into glissile perfect loops ~ 80% and sessile
frank loops ~ 20%. The mobile defect species considered in the model are the point defects, i.e., vacancies,
SIAs and small SIA and vacancy spherical clusters, (n < 5), and larger SIA perfect loops, up to 45 SIAs. The
emission of SIAs from SIA perfect and frank loops have been neglected due to the high formation energy of
SIAs. Line dislocations act as microstructural sinks to the mobile defect species. The stacking fault tetrahedra

are not considered in the present model. Further details on the CD model can be found in [25].

3.3.2. Reaction rate coefficients in the CD model

3.3.2.1 Association or absorption reactions: The rate coefficient for the association of defects,
as shown in Equation (3), i.e., k::rj, is governed by the diffusivity and geometry of the reacting defect species,
i.e., 2 and j. This implies that the association reaction is mixed-controlled by both, the diffusion of species
and the reaction kinetics. Equation (4) - Equation (18) lists all possible association reactions considered for
alloy 800H in xolotl. For some interactions, both the reacting species are mobile while for other interactions

one species is mobile and the other species is immobile. The general form for k:z+ ; 1s given as:

kit = 4m(Di + Dj)(ri + 15 + Teore), (19)
where D; and D; indicate the diffusivity and r; and r; indicate the radii of the reacting species. For the

association reaction to take place, the species need to be within an interaction volume, which is given as a

sum of the species radii and a recombination distance, 7ec.
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3.3.2.2 Dissociation or emission reactions: The rate coefficient for the thermal dissociation

k—i ;> 1S determined by a detailed mass balance between the reacting

reactions, shown in Equation (3) as k
species [11]. Emission of vacancies from divacancies, voids and vacancy faulted loops and the emission of
SIAs from SIA-dimers, frank and perfect loops indicate the possible dissociation reactions, in the present
model. These backward reactions are shown in Equations (4), (5), (6), (10), (11) and (12). The form for the
rate coefficient of dissociation is given as:

_ 1

ig =g ki exp(—AE"/kpT), (20)

where A E? indicates the binding energy, i.e., the energy associated with the binding of the emitted defect
with the parent defect. The kg7 term in Equation (20) indicates the thermal energy per atom at the given

temperature 7', with kp being the Boltzmann constant, and €2 is the atomic volume.

3.3.2.3 Sink reactions: The microstructural sinks, i.e., the dislocation loops, clusters and line
dislocations absorb the mobile defect species, i.e., SIAs and vacancies, in the irradiated matrix. From the
mean-field reaction rate theory [21], the rate of sink-defect interaction is represented by the third term on
the right hand side of Equation (2). The dislocation sinks are assumed to be biased, with a larger capture
efficiency for SIAs than vacancies. The general form for the partial strength of sinks L, i.e., k% o towards

mobile defects, 7, is given as [25]:

k%ﬁj =CL[pZs + (1 —p)Zz),

Zg = 47T(T'L +r;+ Tcore)v
21
Z1 = 471'27"[,/109(1 + STL/(Tj + Tco'f‘e))a

1
L+ (rn./(rj + Teore))?

p:

9

where C', is the density of sinks and kj% p is given as a superposition of the strength for the 3D spherical
and 2D toroidal nature of the sinks, i.e., Zg and Zp, respectively. The degree to which the dislocation loop
appears as a spherical sink is given by the factor p. Also, the respective sink strengths depend on the sink
geometry with ry,, r; and rc,. being the radius of the loop, diffusing defect and the dislocation core. The

total strength of different sinks L, for mobile defects j, is given as:

12



kY= Z ki (22)
L

The partial sink strengths, i.e., k2 o relates to the rate coefficient of sink-defect reaction, i.e., kzr j in the

CD model as:

D;k3 ;Cj = ki ,CLCy, (23)

where D; and C; are the diffusivity and density of the diffusing species. For further details on the reaction

rate coefficients, the readers are directed to the following resources [7, 11, 21, 25].

3.3.3. Parameters of the CD model

3.3.3.1 Binding energy of vacancy to clusters: The rate of point defect emission from clusters
is determined by the energy associated with the binding of point defects to clusters, AE®, as shown in
Equation (20). Using the capillary emission law [11], the binding energy of vacancies to clusters, i.e., vacancy

faulted loops, voids, small vacancy clusters, have been defined. The form of the vacancy binding energy is:

ES = E} — EMn®3 — (n—1)%3). (24)

Equation (24) has been fitted using analytical expressions for loop and void formation energy, calculated

using linear elasticity theory [5, 25]. The fitted coefficients are listed in Table 1.

El(eV) | E*(eV)
Void 1.9 3.1
Faulted loop 1.9 32
Vacancy cluster 1.9 3.1

Table 1. Binding energy of vacancy to clusters

3.3.3.2 Binding energy of SIA to clusters: Using a similar capillary emission law, as shown in
Equation (25) below, the binding energy of SIA from small SIA clusters and voids have been defined in

Xolotl.

E! = B} — BP0 — (n— 1)*/%). (25)
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Emission of SIA from SIA frank loops is energetically unfavorable due to the high formation energy of
SIAs. The coefficients of Equation (25) fitted using the linear elastic expressions for the formation energy of

voids and small 3D SIA clusters [25] are shown in Table 2.

Bl(eV) | B (eV)

Void 35 3.45
SIA cluster 3.5 2.5

Table 2. Binding energy of SIA to clusters

3.3.3.3 Generation of defects in the displacement cascade: The rate of generation of defects
in the displacement cascade, serves as the source term—g; in the CD model, shown in Equation (2)—for any
defect species, i. Xolot! considers the generation of both, point defects and small vacancy and SIA clusters, in
the displacement cascade. The volumetric defect creation rate was computed using cascade simulations in The
Stopping and Range of Ions in Matter (SRIM) [33] with 10 keV and 25 keV PKA energy in surrogate copper
[25]. The fractions of point defects and clusters in the cascade were also determined based on Molecular
Dynamics (MD) results. The probability distribution of defects generated in the cascade have been discussed
in details in [3, 25]. However, realistic values of the rate of defect generation in displacement cascade of
800H is required from SRIM, instead of using a Cu surrogate, for accurate source terms and a better prediction
from the CD model.

NNRT

Using the SRIM damage data, i.e., the number of point-defects generated in the cascade, Ng;x* and

NZJ,V RT 'the displacement cascade efficiency, 7, the ion-irradiation flux, ¢, and the fraction of different clusters,

fsra(n) and f,(n), of size n, obtained from MD (cite), the rate of generation, g;, in displacements per atom

per unit time, dpa/s, is given as:

gsra(n) =n (@) fsra(n) (Z) fr

go(n) =1 (N]; RT) R (2) (26)

p=4/a®

where the factor f7, is only for SIA loops with size 6 < i < 45 SIAs, as a ratio of perfect ~ 80% and

frank loops ~ 20%. Also, p is the atomic density and a is the lattice parameter. While ¢ is obtained from the
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user input script of Xolot/, the remaining parameters that have been considered for alloy 800H are listed in

Table 3.

Parameter Value

n 0.15
NEFET (vacancies/nm — ion) | 85.7

NNET (vacancies/nm —ion) | 85.7

a(nm) 0.36

p(atoms - nm=3) 84.5

Table 3. Generation rate of defects

3.3.3.4 Diffusivity of mobile defects: The mobile defect species considered for irradiated alloy
800H, in Xolotl, are the single SIA, vacancies, small clusters of vacancies (n < 6) and SIAs (n < 4) and SIA
perfect loops (n > 4). The diffusivity of mobile defects are important to define the reaction rate coefficients,
as shown in Equation (19) and Equation (23). The diffusivity of migrating defects, D; is parameterized with

the pre-exponential diffusivity factor, D7, and the migration energy for diffusion, E" as:

D; = Dy - exp(—E;"/kpT)

DS = —Nv (27)

where v is the Debye frequency of phonons, N is the number of atomic jumps and A is the atomic jump
distance. For FCC systems, the atomic jumps are along the close packed (110) directions and has a magnitude
of a/+/2, where a is the lattice parameter. The diffusivity of defect clusters are assumed to reduce by a factor
of their size, n, as compared to the point defects. Table 4 list the values of the different parameters used to

calculate the diffusivities in Xolot!.

3.3.3.5 Radius of reaction: The rate coefficient for the association of defects is given by Equation (19).
After determining the diffusivity of mobile defects, it is important to define the reaction radii of defect reactions.

The expression for reaction radii used in Xolot/ is:
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Parameter Value
E™(eV) 0.5
E(eV) 1.3
B pect(€V) 0.7
N 1
v(s™h 9.6 x 10'2
a(nm) 0.36
Table 4. Diffusivity of mobile defects
R=nr;+ 7j + Tcore- (28)

Considering the loops to be cylindrical, the radius of dislocation loops, i.e., ', is given by:

r =4/nd —; Q= —, (29)

where n is the number of atomic species in the loop, 0.25a> indicates the effective volume of an atom
in the fface centered cubic (FCC) unit cell, i.e., 2, and by, is the burger’s vector of different loops: vacancy
faulted loops and SIA frank and perfect loops. The burger’s vector of different loops, considered for alloy

800H in Xolotl, is listed in Table 5.

Type | br(nm)
Perfect 0.50
Faulted 0.33

Frank 0.33

Table 5. Burger’s vector of loops
The radius of spherical voids and small vacancy and SIA clusters is given as:

3/nad 3
— L= 30
s 4  Ar’ (30)

where n indicates the number of atomic species in the defect. Finally, r... in Equation (28) is denoted a

value of 0.36nm, for 800H in Xolot!.

3.3.3.6 Bias of microstructural sinks The strength of microstructural sinks, defined in Equation (21),

should be multiplied by a bias factor, i.e., B = 1.2, for the absorption of SIA and small SIA clusters. This
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indicates that the sinks have a greater capture efficiency for SIA and SIA clusters than vacancy and small

vacancy clusters.

3.3.4. Justification of using the Alloy class in Xolot/

The reason for choosing the Alloy class for 800H is to demonstrate the capability of Xolo#/ and CD
models, in general, to capture the evolution of irradiation-induced point defects and clusters. Since the focus
of the program, AMMT, is to predict the population of irradiation defects in AM 316 steels, we would further
utilize the knowledge gained from the analysis of Xolot/ to do similar studies on wrought and AM 316 steels.
Extending Xolot! to include the capability of predicting irradiation defect population in 316 steels is a possible

long-term goal of this effort.

3.4. Results And Discussion
3.4.1. Initial conditions and input parameters

The input script for running the CD simulations in Xolotl, using the A11oy 800H class, allows the user to
define the input parameters. These parameters include the irradiation conditions the flux, ¢, temperature, pre-
irradiation density of microstructural defects (SIA, vacancies and small clusters), certain parameters specific
to the spatial simulation domain (dimension and maximum defect size to be considered), and parameters
specific for efficient execution of the underlying PETSc solver [4] (cluster-size groups, choice of non-linear
timestepping (TS) algorithms and linear krylov subspace (KSP) solvers, tolerance parameters, timestep size).
The choice of irradiation conditions and initial thermal defect concentrations that we have considered for our

simulations are listed in Table 6.

Parameter Condition
d(nm=2s7 1) or (dpa/s) | (1072,1073,10~%) or (1.5 x 1073,1.5 x 10~%,1.5 x 107?)
T(°C) 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800
Cgiit (nm=?) 10~

Table 6. Irradiation conditions

For detail regarding the PETSc solver algorithm and parameters the readers are directed to the following

references [4, 25].
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Figure 4. Evolution of the density of mobile point defects in the irradiated matrix, with dose.

3.4.2. Evolution of mobile point defects

Using the input parameters, mentioned above, the predicted evolution of the density of mobile point
defects, i.e., vacancies and SIAs, with irradiation dose, is shown in Figure 4. The irradiation temperature and
dose rate are chosen to be 723 K and 1.5 x 1072 dpa/s, respectively. There is an initial accumulation of the
point defects due to the displacement cascade events in the matrix. This accumulation is followed by the
onset of SIA migration and clustering to form small clusters and loops. The mobile SIAs are also absorbed by
the vacancy clusters. The vacancies keep accumulating in the matrix due to their sluggish mobility, until they
reach a peak density. The peak vacancy density is followed by the migration of vacancies and their clustering
into large voids and faulted loops. Recombination of SIA and vacancies also lead to annihilation of the point
defects, at the specified irradiation temperature; however, we do not see a recombination dominant regime in

the plots for point defect density.

3.4.3. Evolution of voids

The predicted evolution of total void density and average void diameter, with irradiation dose, is shown
in Figures 5(a) and (b) respectively. At the same irradiation temperature, variation in the void density with
dose is presented for three different dose rates, i.e., 1.5 X 1072, 1.5 x 1073 and 1.5 x 10~* dpa/s. Atall
the dose rates, there is an initial accumulation of small sized voids, as shown in Figure 5a. However, there is
a slight change in the slope of the accumulation of void density, at the irradiation dose which corresponds to

the peak in the SIA density, in Figure 4. This indicates that the mobile SIAs start migrating to the small voids,
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thus reducing their accumulation slightly. The buildup of small voids, until a peak density, is followed by the
onset of void growth that leads to a reduction in the total density. Figure 5c shows the variation of average
void size with dose, where the growth of voids is clearly visible. Around the same dose as the peak total void
density, the growth of voids begin steadily. Void growth accelerates on further irradiation and slows down at
around ~ ldpa. This is because, the available mobile vacancies also clusters into vacancy faulted loops.
The CD predicted evolution of voids, with irradiation dose, has been compared with the experimentally
measured density of small defect clusters and voids in ion-irradiated 800H, for low dose, i.e., < 1 dpa [2], and
high dose, i.e., > 1 dpa [30], as shown in Figure 5a. The temperature and dose rate for the low dose and high
dose irradiation experiments have been indicated in Figure 5a and 5b. For the low dose ion-irradiation results,
the type of visible defect clusters were not reported [30]. Thus, it is difficult to infer if the clusters could be
termed as voids or SIA defect clusters. The high dose ion-irradiation results [30] report the total density and
average diameter of cavities, observed on bulk irradiation of 800H at 713 K above 10 dpa upto 20 dpa. We
observe a discrepancy of almost three orders of magnitude in the CD predicted and experimentally observed
density of voids. Also, Xolot! significantly under predicts the average void diameter at such high doses. This
is possibly because of several reasons. First, the dose rate used in Xolotl was computed from SRIM damage
data obtained with 25keV primary knock-on atom (PKA) in Cu surrogate. More realistic displacement
cascade calculations need to be performed for alloy 800H for better predictions from the CD model. Second,
the in-situ ion-irradiation experiments have been performed in thin transmission electron microscopy (TEM)
specimen. As a result, the mobile SIAs generated in the cascade are likely to get annihilated at the free
surfaces, leaving vacancies to cluster and form large voids and faulted loops. The CD simulations are for
bulk irradiation where the annihilation of SIA and vacancies, due to recombination, depletes their density.

This depletion restricts the total density and average diameter of voids, significantly.

3.4.4. Effect of temperature on void evolution

The CD simulations have been performed for different initial conditions, as mentioned in Table 6. Despite
the discrepancy in prediction of the defect population, using Xolot/, due to the reasons mentioned in the
previous subsection, it is worthwhile to obtain a detailed insight into the defect clustering kinetics at different
initial conditions. Figure 6a shows the variation of void density with irradiation dose at a dose rate of
1.5 x 1073 dpa/s and a range of irradiation temperature between 473 — 1073 K at every 50 K interval. We

see that at a low irradiation temperature the kinetics of void clustering is sluggish, due to the slow diffusivity
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Figure 5. Evolution of total void density, (a), and average void diameter, (b), (¢), with irradiation dose, in
alloy 800H, at 7' = 723 K and dose rate = 1.5 x 1073, 1.5 x 10~* and 1.5 x 1075 dpa/s. The void
population reported from ion-irradiation of alloy 800H [2, 30] have also been indicated in the plots (a) and
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of vacancies. As a result, we see the evolution of voids happening at higher doses. Also, the peak void
density is reached at a higher dose which indicates that the onset of void growth is delayed at low irradiation
temperatures. The peak vacancy density corresponds to the peak void density and indicates an onset of void
growth. Thus, the peak vacancy density happens at larger irradiation dose for low temperatures. Finally, the
change in slope during the accumulation of small voids, as seen in Figure 5a and discussed in the previous
section, seems indistinct at a lower irradiation temperature. This indicates that the migration of SIAs to the
vacancy clusters and small voids also gets restricted due to sluggish kinetics.

The variation of average void diameter with dose, also shows an interesting trend with the increase in
irradiation temperature. The accelerated growth of voids, at high irradiation temperature, is evident from
the plots of average void diameter with dose, as shown in Figure 6b. The void growth starts from lower
doses and the plot of average void diameter with dose becomes steeper, and slows down as the vacancies
also start clustering into vacancy faulted loops. At irradiation temperatures, above ~ 723 K, the voids and
faulted vacancy loops ceases to grow, possibly due to higher rate of emission of vacancies from the voids at
high temperatures. This shows up as the void diameter plots getting flat, in Figure 6b, beyond 773 K. Also,
Figure 6c plots the average void diameters at different doses for the series of irradiation temperatures chosen
above. It was to particularly indicate the peak average void diameter at different irradiation temperatures. We
observe a drop in the peak void diameter beyond 723 K, which indicates that the void shrinking is significant

at high irradiation temperatures, possibly because of thermal emission of vacancies.

3.4.5. Effect of dose rate on void evolution

Irradiation dose rate has a significant effect on the kinetics of void evolution during irradiation. The CD
simulations have been performed for different dose rates, as shown in Table 6. The choice of dose rate helps
to emulate different irradiation conditions, i.e., ion and proton irradiation, in the CD simulations. Figure 5a
and 5c shows the CD predicted variation of total void density and average void diameter, respectively, with
the irradiation dose at 723 K for different dose rates. We see that a lower dose rate allows the mobile defects
to diffuse for longer times and hence cluster easily for forming voids and dislocation loops. As a result, we
see the peak in total void density, in Figure 5a, appearing at smaller doses when the dose rates are lower. This
indicates an early onset of void growth at low dose rates. For higher dose rates, the accumulation of small
voids and clusters take place until high doses, as the mobile defects cannot diffuse significantly to initiate

void growth. Also, in Figure 5a, the change in slope during accumulation of small voids due to absorption
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Figure 6. Evolution of the total void density, (a), and average void diameter, (b), with irradiation dose, in
alloy 800H, at dose rate = 1.5 x 1073 dpa/s and a range of temperature between 473 — 1073 K. Plot of the
average void diameters for different doses at each temperature, (c), from (b), to indicate the peak average
void diameter at each irradiation temperature.
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Figure 7. Plot of the average void diameters for different doses at each temperature for 1.5 x 10™* dpa/s

of SIAs, prior to reaching the peak void density, happens at smaller doses for lower dose rates. The mobile
SIAs have sufficient time to diffuse at low dose rates and get absorbed at the small voids, thus reducing their
density. The evolution of average void diameter with dose, as shown in Figure Sc, slows down at low dose
rates due to the deficiency of mobile point defects in the irradiated matrix. Even though the dose at which the
onset of void growth happens, is earlier, the kinetics of the same is slow, at low dose rates.

Figure 7 show the plot of average void diameter with dose for each temperature, at a dose rate of
1.5 x 10~ dpa/s. We see a reduction in the peak temperature at which there is significant void growth,
at low dose rates. Thus, a matrix of temperature and dose rate is required to understand the extent of void
growth. A reduction in the dose rate can reduce the temperature of extensive void growth. Thus, neutron
irradiation dose rates which are almost 103 — 10* dpa,/s lower than the ion-irradiation dose rates would lead

to significantly smaller void growth rates at the reactor operating temperatures.

3.5. Summary And Discussion

Thus, we see that mean-field CD can be effectively used to predict the evolution of defect population,
during irradiation. It solves a system of reaction-diffusion equations for individual defect species and predicts
the accumulation of defects under irradiation. Xolot! is a mean-field CD code that predicts irradiation damage
in alloy 800H. Based on the experimental observations, the type of irradiation-induced defects considered
in alloy 800H are the point defects, i.e., SIAs and vacancies, small SIA and vacancy defect clusters and

extended defects like voids, faulted and perfect dislocation loops. Considering the point defects, small defect
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clusters and small SIA perfect loops to be mobile, all possible interactions between defects have been defined.

The diffusion-controlled reaction rate for each interaction govern the kinetics of defect clustering during

irradiation. The driving force for defect clustering and coarsening is the continuous generation of defects in

the displacement cascade. The rate of defect generation appears as the source term in the CD equations. The
details about the reaction rate coefficients and the parameters of the model have been discussed above.

The CD simulations have been performed at different irradiation temperature and dose rates, representing
the range of irradiation conditions that occur in experiments. A range of irradiation temperatures between
200 — 800°C have been chosen for the simulations. Similarly, dose rates between 1.5 x 1075 — 1.5 x 1073,
emulating proton irradiation for low dose rates and ion irradiation for high dose rates have been chosen to
represent the rate of generation of point defects. This report particularly focuses on the evolution of voids,
predicted by Xolotl. The key observations for the evolution of void population, from Xolot! are:

* At any dose rate and temperature, there is an initial accumulation of irradiation-induced small vacancy
clusters upto a certain dose. On further irradiation, the growth and coarsening of small vacancy clusters
into large voids take place.

* At different dose rates, the dose at which the void growth begins vary. At lower dose rates, the initiation
of void growth takes place at lower doses. While, at higher dose rates it happens at a higher dose. This
is because, at larger dose rates the mobile species does not get enough time to diffuse and interact with
each other. As a result, we see a large accumulation of small clusters. At lower dose rates, although the
available number of mobile defects from the displacement cascade is lesser, they get enough time to diffuse
and cluster together resulting in an early onset of void growth.

* At a higher dose rate, although the onset of void growth is delayed, the rate of void growth is larger due to
a large density of available mobile defects generated in the cascade. This results in a steeper plot of the
variation of average void diameter with dose as compared to lower dose rates.

» For a specific dose rate, irradiation at different temperatures show an interesting trend in the variation of
average void diameters with dose. The peak average void diameters observed at different temperatures
gradually increases with the irradiation temperature, achieves a maximum, before suddenly reducing with
further increase in the temperature. This is possibly because at low irradiation temperatures the mobile
vacancy diffusivity is not significant to result in extensive void growth. The extent of void growth gradually
increases with an increasing irradiation temperature, due to a greater mobility of vacancies and hence

an accelerated kinetics of vacancy absorption by voids. At even higher irradiation temperatures, there
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is thermal emission of vacancies from the voids, that significantly reduces the rate of void growth. This
implies, at a specific irradiation dose rate, there is an intermediate temperature window where the average
size of the void population is maximum.

* The temperature window of void growth varies with the irradiation dose rate. As mentioned before, at a
high irradiation dose rate, the kinetics of void growth is higher due to the availability of a large number of
mobile vacancies generated in the cascade. As a result, the rate of emission of vacancies from the voids
become significant at higher irradiation temperatures. Thus, the rate of void growth by the absorption of
vacancies competes with the rate of thermal emission of vacancies by the voids. For lower dose rates, the
rate of void growth is slow due to a lower density of available mobile vacancies in the cascade. As a result,

the rate of thermal emission of vacancies become significant, even at lower temperatures.

3.6. Future Work

* We are currently studying the evolution of vacancy faulted loops and SIA Frank and perfect dislocation
loops along with the voids in irradiated alloy 800H. This would allow us to understand the evolution of
voids along with the other extended defects and mobile point defects. A detailed analysis would also help
us understand the kinetics and the mechanisms of irradiation defect evolution, better. For example, if
the clustering of SIA Frank and perfect loops compete with void evolution or the temperature window of
extensive void growth is modified due to the concurrent evolution of SIA defect clusters.

» The Alloy class in Xolotl has been designed to predict the evolution of irradiation induced defects in alloy
800H. We are working on a CD model for studying the kinetics and mechanisms of defect evolution in
irradiated 316 steels. The type of irradiation defects observed in irradiated 316 steels, from TEM studies,
have been identified and different defect interactions have also been modeled. The parameterization of
the reaction coefficients and identification of the same from existing literature and atomistic simulations,
is underway. Finally, validation of the CD model results and optimization of the parameters need to be
performed from TEM measurements of irradiated 316 steels.

» Extending Xolot#/ with the CD framework for 316 steels, is also a possibility. However, it needs to be a

concerted effort with the developers of Xolo#/ in University of Tennessee, Knoxville.
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4. COUPLED APPROACH TO VOID-INDUCED VOLUMETRIC
SWELLING

A primary objective of this milestone effort is to predict the irradiation creep behavior of 316 SS with
a mechanistic approach. We are continuing our efforts from the previous fiscal year [8] with a focus on
understanding the influence of void populations on the hardening and stress relaxation behavior. The evolution
of irradiation-induced defect clusters generates a volumetric change, which in turn influences the dislocation-
mediated inelastic deformation in the irradiated material. The mechanistic approach employed here aims to
predict how irradiation-induced void populations and evolution change the stress-state in the microstructure.
A more-complete understanding of the influence of the void-generated stress-state will enable better prediction
of dislocation motion and inelastic deformation behavior in 316 SS.

To achieve this objective, we employ a coupled crystal plasticity and CD approach to investigate the
effect of irradiation voids on the long-term mechanical behaviour, i.e., irradiation-induced creep. The cluster
dynamics model can efficiently capture the nucleation and growth of voids and dislocation loops from
the surviving point defects, including SIA and vacancies, in the displacement cascade, see Section 3. To
demonstrate a simple multiscale model for the evolution of defect-induced volumetric strains on irradiation
we have used a CD model, Xolotl, developed by the University of Tennessee, Knoxville as a part of a SciDAC
program [6]. Xolotl is able to predict the population of irradiation-induced point defects, the total density
and the average size of voids, small SIA and vacancy clusters and faulted and perfect dislocation loops,
in ion-irradiated alloy 800H, with the progress of irradiation. The MOOSE-based crystal plasticity model,
described in Section 2, has been implemented to compute the eigenstrain associated with the volumetric
swelling due to voids. The crystal plasticity model calculates the stress-state and inelastic deformation

resulting from the void-induced eigenstrain.

4.1. Implementation Details Of The Cluster Dynamics-Crystal
Plasticity Coupling

A multiscale, coupled cluster dynamics and crystal plasticity approach is used here to predict history-
dependence of the stress-state on the irradiation-induced void evolution. The CD model calculated the point
defects created from a prescribed flux. The evolution of these point defects is used to predict the population

of irradiation defects, as described in Section 3.2.
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In this work we focus on voids as the irradiated microstructure component evolution to pass from the
CD simulations to the crystal plasticity simulations. The code coupling scope is restricted to the evolution
of voids due to vacancy clustering and the volumetric eigenstrain associated with that void evolution. The
void population, as predicted at each CD simulation time step, was homogenized by calculating the total
void density number and the average diameter, as discussed further in Section 4.2. A one-way coupling
scheme was used to transfer the homogenized void population time-history data from the CD to the crystal
plasticity simulations: the comma separated value (CSV) output from the Xolot/ simulation is employed
as input to the MOOSE simulation. Unit conversion from the nm length system used in the Xolot/ code to
the mm-MPa-s unit system assumed by the MOOSE crystal plasticity implementation is performed in the
CSV file transfer process. The MOOSE Piecewise Linear capability [15] is used to read the CSV file.
Linear interpolation is performed between time-void characteristic points when needed, i.e., when variations
between the Xolotl and MOOSE time stepping schemes occur. The homogenized void population time-history
is used to compute the associated volumetric eigenstrain via Equation 1. The impact of void swelling on
the stress-state is computed in the crystal plasticity simulation. The coupling scheme between the CD and
the crystal plasticity codes is illustrated by the schematic in Figure 8. Only the data transfer in green was

implemented in this work.

Cluster dynamics capability (Xolotl) Crystal plasticity capability (MOOSE)

Applied BCs,

Displacement damage .
microstructure geometry

rate due to irradiation

Point defect populations

v

Point defect evolution: Dislocation evolution constitutive laws:
Dislocation densities

Recombination Absorption by sinks |

Climb  Glide Hardening

Clustering and growth of defects:
Nyoia (X, t,1) = Cyoia(X, t,n) = (Cyoia(t,n))x Void populations Constitutive eigenstrain relationships

Local stress . .
Converged elastic, plastic
state

Degradation of mechanical stress-state at timestep end
properties

Figure 8. This schematic outlines the coupling scheme envisioned between the cluster dynamics simulations

and the crystal plasticity simulations.

This one-way coupling approach allows us to model both the void evolution and the resulting stress
relaxation behaviour simultaneously, and this approach can be extended to simulations of in-situ creep testing.

We acknowledge that this coupling approach will require validation data beyond the post-irradiation creep
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testing planned in the AMMT program.

Efforts to fully-couple the Xolot/ and MOOSE-based crystal plasticity codes with a two-way scheme were
also undertaken. In a two-way coupling scheme, data from the crystal plasticity simulation, e.g. network
dislocation density, would be passed back to the Xolot/ simulation at every timestep. The two codes, Xolot!
and MOOSE would be run simultaneously within the MOOSE MultiApp coupling capability [9]. A MOOSE-
wrapped implementation of Xolot/ was previously used for multiscale simulations of uranium dioxide [18],
which leveraged the MOOSE MultiApp code coupling capability. An attempt to generalize the MOOSE-
wrapped Xolot/ and to implement two-way coupling with the MOOSE crystal plasticity code was ultimately
unsuccessful. Two main challenges hindered these two-way coupling efforts:

* The Alloy class in Xolotl was developed specifically for irradiation-induced defect evolution in alloy
800H. The present version of the A11loy class is not generally applicable to different material systems. For
example, the type of defect species and defect reactions are based on the irradiation-induced microstructure
of alloy 800H. Also, the interaction with microstructural sinks, i.e., line dislocations and grain boundaries
are not considered in the present version. The development of a separate Xolot! class specific to 316 SS is
not a trivial task and would require substantial development hours.

* Another fundamental issue is the differing assumptions for spatial dimensions within the two codes. While
the MOOSE crystal plasticity code solves the volumetric eigenstrain associated with the irradiation defects
in a 3D domain, the Xolot/ code is restricted to solve the CD equations in a mean-field manner. Thus, there
is no spatial resolution of the equations in Xolot/. Generalizing the MOOSE-wrapped implementation of
Xolotl used by Kim et al. [18] to enable two-way coupling through the MOOSE MultiApp capability will
also require substantial development time and effort.

Given the level of code development effort required to overcome this challenges, the two-way coupling
scheme was not considered in this milestone effort. Results from the one-way coupling simulations are shown

in the following sections of this report.

4.2. Cluster Dynamics Simulations

The Alloy class in Xolot/ was implemented to predict the mean-field population of voids for different
irradiation conditions, i.e., temperature and dose rates. The choice of such conditions should be relevant to
the actual experiments in order to have an accurate validation of the model results. The range of irradiation

temperatures chosen for the Xolot/ simulations are between 200 to 800°C', the common operating temperature
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window of most reactors. The dose rates chosen for the simulations are between 1.5x 107> — 1.5x 1073 dpa/s.
The lower dose rate limit is close to the proton irradiation dose rates ~ 10~7 — 1075 dpa /s, while the upper
limit of the chosen dose rate emulates heavy ion-irradiation dose rates.

The Xolotl simulations were performed for a maximum time of 4 x 10* s. Thus, the maximum dose
achieved at different dose rates are different in Figure 9. Detail about the parameters in Xolotl, the irradiation
conditions and the results from the model is presented in a later section 3. The important observations from

the Xolot! results are:

4.2.0.1 Predicted growth of voids: As shown in Figures 9 (a), (b) and (c), at any dose rate there is an
initial accumulation of irradiation-induced small vacancy clusters upto a certain dose. On further irradiation,
the growth and coarsening of small vacancy clusters into large voids take place. This is evident from the

reduction of total void density at higher doses, past the peak void density.

4.2.0.2 Effect of dose rate on the growth of voids: At different dose rates, the dose at which
the void growth begins vary. At lower dose rates, the initiation of void growth takes place at lower doses.
While at higher dose rates it happens at a higher dose. Peak in the plot of total void density, at an irradiation
temperature of 623 K and the three dose rates, is indicated by the red dot in Figures 9 (a), (b) and (c). As the
dose rate increases, the peak appears at higher doses. Also, the peak void density increases with the dose rate.
This is because, at larger dose rates the mobile species does not get enough time to diffuse and interact with

each other. As a result, we see a large accumulation of small clusters.

4.2.0.3 Effect of temperature on the peak average void diameter: For a specific dose rate, the
peak average void diameters observed at different temperatures gradually increases with the irradiation
temperature, achieves a maximum, before suddenly reducing with further increase in the temperature. This
is evident from the plot of average void diameter with dose in Figures 9 (d), (e) anf (f). At high irradiation
temperatures, there is thermal emission of vacancies from the voids, that significantly reduces the rate of void
growth. This implies, at a specific irradiation dose rate, there is an intermediate temperature window where

the average size of the void population is maximum.

4.2.0.4 Effect of dose rate on the peak average void diameter: The temperature window of

void growth varies with the irradiation dose rate, as shown in Figures 10 (a), (b) and (c). The rate of void
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growth by the absorption of vacancies competes with the rate of thermal emission of vacancies by the voids.

For lower dose rates, the rate of void growth is slow due to a lower density of available mobile vacancies

in the cascade. As a result, the rate of thermal emission of vacancies become significant, even at lower

temperatures.
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Figure 9. Xolot! predicted total void densities, (a), (b), (b), and (d), (e), (f) average void diameters at (a) and
(d) 1.5 x 107 dpa/s, (b) and (e) 1.5 x 10~* dpa/s, (c) and (f) 1.5 x 1073 dpa/s.
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Figure 10. Xolotl predicted average void diameters at every doses for different irradiation temperatures and
dose rates of 1.5 x 107 dpa/s, (a), 1.5 x 10~% dpa/s, (b), 1.5 x 1072 dpa/s, (c). This plot compares the
peak average void diameters at different irradiation temperatures.

The data for the total void density and average void diameter at different doses up until the maximum dose

is taken as output in a CSV data file. The data file was read by the crystal plasticity application and the void
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population data at different doses was used to compute the eigenstrains associated with the irradiation-induced

voids.

4.3. Coupled Cluster Dynamics--Crystal Plasticity Simulation Results

The time-history of the void total number density and the average void diameter, for individual dose
rates, is passed to the crystal plasticity model through a CSV file. In the data transfer process, the unit
conversion is performed and the void radius is calculated from the void diameter. Equation 1 is used to
compute the volumetric eigenstrain due to void swelling at each time step of the MOOSE-based crystal
plasticity simulation.

A set of single grain, 1 mm? cube crystal plasticity simulations were conducted, using the cluster dynamics
results from all three dose rates presented in Section 3 and at the temperatures of 623,673,723, 773, and
823 K, for a total of 15 simulations. These temperatures were selected to reflect the temperatures producing
the largest void diameter values across the three different dose rates as shown in Figure 10. The crystal
orientation is aligned with the Cartesian coordinates—the [001] crystallographic direction is aligned with the z
axis of the cube. Zero displacement boundary conditions were applied to both of the z-direction faces of
the single crystal cube, as illustrated in Figure 1, and symmetry boundary conditions were applied in the
x and y directions. As in the verification simulations discussed in Section 2.1, these boundary conditions
allowed the crystal plasticity domain to expand in the x and y directions while remaining fixed in the z
direction. As a result the stress state in the z direction reflects both swelling and shrinking due to changes
in the void population through out the simulation. Compressive stress occurs in response to swelling of the
crystal. Tensile stress is an indication that the swelling has reduced from a previous state, at which plastic
deformation occurred.

We have shown here the evolution of the second Piola-Kirchhoff stress measure, the zz component,
and the evolution of the pinning point density on the [111] slip plane. The pinning point density is a metric
for the dislocation density, as discussed in Hu et al. [14]. The zz-component stress results and the pinning
point density results are plotted against total dose on a logarithmic scale, Figures 11 and 12, to highlight the
connection with the peak total void density number, Figure 9.

Figure 11 the maximum compressive stress occurs around 10~% dpa, consistently for all three dose rates
considered here; the peak total void number density also occurs near 10~ dpa, Figure 9. The stress state

becomes first compressive, as the total void number density increases. In the lower dose rate case, Figure 11a,
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Figure 11. Plotted on a logarithmic scale, the zz component of the 2"¢ Piola-Kirchhoff stress demonstrates
the largest compressive stress value at the dose corresponding to the peak total void number density value, at
dose rates of 1.52 x 1075 (a), 1.52 x 10~% (b), and 1.52 x 1072 dpa/s (c).
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Figure 12. The pinning point density evolution at dose rates of 1.52 x 1075 dpa/s (a), 1.52 x 10~* dpa/s
(b), and 1.52 x 1073 dpa/s (c). Evolution of the dislocation density measure—the pinning point density—as
shown on a logarithmic plot to emphasize the correlation between plastic deformation and the peak total void
number density decrease.

the compressive stress relaxes but generally does not change to a tensile stress-state as the void swelling
decreases with decreasing total void number density. In the higher dose rate cases, Figures 13b and 14c, at
the lower temperatures, the stress state does become tensile. Plastic deformation in the material is marked by
the evolution of the pinning point density, Figure 12. The temperatures and dose rates which demonstrate
plastic deformation also show a change to a tensile stress state.

The second Piola-Kirchhoff stress zz component and the dislocation pinning point density is also shown
plotted against total dose on a linear scale, Figures 13 and 14, respectively. This more traditional representation
of the mechanical response demonstrates the sensitivity of the stress state and plastic deformation to the
prescribed dose rate. The implication of these results is that the early-irradiation small void population—which
may be difficult to experimentally detect and measure—impact the stress-state of the material, even later in
time.

We acknowledge that the homogenizing calculation of the total void number density may be too simplistic
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Figure 13. The dependence of the stress relaxation response of the 316 SS material on the dose rate is
demonstrated in this comparison of the zz component of the 2"¢ Piola-Kirchhoff stress resulting from void
swelling at three different dose rates. The stress relaxation response is shown here at dose rates of

1.52 x 1072 dpa/s (a), 1.52 x 10~* dpa/s (b), and 1.52 x 1073 dpa/s (c).
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Figure 14. The pinning point density evolution at dose rates of 1.52 x 1075 dpa/s (a), 1.52 x 10~* dpa/s
(b), and 1.52 x 1073 dpa/s (c). The pinning point density increases with increasing dose rate, demonstrating
that larger void-induced volumetric eigenstrain drives greater amounts of dislocation-mediated plastic
deformation.

and may be contributing to an over prediction of the stress and dislocation response to the void evolution.
Nonetheless, the trends shown in these simulations highlight the importance of capturing the early-stage
irradiation defect impact on the mechanical response predictions of 316 SS, even before void swelling can be

easily detected.

4.4. Efforts Towards Cases Of Interest For AM Components

We applied the coupled CD and crystal plasticity simulation capability towards two problems of interest
for the AMMT program. These problems include an effort to approximate the volumetric eigenstrain expected
for AM 316 SS, as based on measurements of the void population, and an investigation of the impact of

spatial variations in the flux experienced by a material under radiation exposure.
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4.4.1. Replicating 316 Stainless Steel Volumetric Eigenstrain due to Voids
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Figure 15. Xolotl predicted evolution of total void density, (a), and average void diameter, (b), with
irradiation dose, in alloy 800H, at dose rates = 1.5 x 1073, 1.5 x 10~*and 1.5 x 107 dpa/sand 773 K.
Comparison of the total void density and average void diameters for alloy 800H [2, 30], wrought, and AM
316L [28], from ion-irradiation experiments have also been presented.

4.4.1.1 Comparison of the Xolotl results to experimental measurements: The CD predicted
evolution of voids, with irradiation dose, has been compared with the experimentally measured density of
small defect clusters and voids in ion-irradiated 800H, for low dose, i.e., < 1 dpa [2], and high dose, i.c.,
> 1 dpa [30], as shown in Figure 15(a). The temperature and dose rate for the low dose and high dose
irradiation experiments have been indicated in Figure 15(a) and (b). We observe a discrepancy of almost

three orders of magnitude in the CD predicted and experimentally observed density of voids. Also, Xolot!
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significantly underpredicts the average void diameter at such high doses. This is possibly because of several
reasons. First, the dose rate used in Xolot/ was computed from SRIM damage data obtained with 25 keV PKA
in Cu surrogate. More realistic displacement cascade calculations need to be performed for alloy 800H for
better predictions from the CD model. Details about the parameters and the error associated with the values
used in the CD simulations, using Xolot/, have been discussed in Section 3. Second, the in-sifu ion-irradiation
experiments have been performed in thin TEM specimen. As a result, the mobile SIAs generated in the
cascade are likely to get annihilated at the free surfaces, leaving vacancies to cluster and form large voids
and faulted loops. The CD simulations are for bulk irradiation where the annihilation of SIA and vacancies,

due to recombination, depletes their density. This restricts the total density and average diameter of voids,

significantly.
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Figure 16. Comparison of the volumetric eigenstrain values calculated using the void population data
predicted by Xolot/ for alloy 800H with the void population data from ion-irradiation of alloy 800H and 316
steels.

4.4.1.2 Volumetric eigenstrain calculations using the predicted void population: The
volumetric eigenstrain computed from the Xolot/ predicted void population data—the total void density and
the average void radius—is shown in Figure 16. The equation used to compute this volumetric eigenstrain is
given in Section 2, Equation (1). This compute value has been compared with the volumetric eigenstrains
computed using the the TEM observed void population in ion-irradiated alloy 800H [2, 30], wrought, and
AM 316 steels [28]. The volume change associated with the voids in wrought 316 steels is higher than AM
316 steel and alloy 800H. However, the eigenstrain computed using the Xolot! predicted void population in

alloy 800H are significantly small by at least 5 orders of magnitude. The discrepancy in the eigenstrain
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values is possibly due to the uncertainty in the parameters used for the A11loy class in Xolot/. Details about
the parameters and the error associated with the values used in the CD simulations, using Xolotl, have
been discussed in Section 3. One of the parameters in need of revisiting is the use of data from realistic
displacement cascade simulations of alloy 800H, in SRIM. As mentioned in the previous paragraph, the
ion-irradiation was performed on thin TEM specimen, as compared to the CD simulations of bulk irradiation
of alloy 800H. The proximity of irradiation defects to free surfaces has a significant effect on their distribution

and density.

4.4.1.3 Linear scaling of the volumetric eigenstrain from Xolotl void evolution predictions:
As a first approximation to represent the volumetric eigenstrain expected for AM 316 SS, we apply a linear
scaling factor to the Xolot! simulation results for the 1.52 x 10~ dpa/s dose rate a 623 K. This specific
CD case was selected for its proximity to the conditions in which the experimental data was collected, as
previously discussed. Five scaling factors were applied to the calculated volumetric eigenstrain in this
investigation: 1 x 10%, 1 x 102, 1 x 103, 1 x 10%, and 1 x 10°. The set of scaling factors allows us to
investigate both the mechanical response trends with increasing volumetric eigenstrain and to track numerical

convergence issues that may arise with increasing volumetric eigenstrain values.

4.4.1.4 Crystal plasticity simulations using the linearly scaled volumetric eigenstrain: As
in the coupling cases presented above, Section 4.3, the crystal plasticity simulation domain was set to a
single grain, 1 mm3 cube, with zero displacement boundary conditions on both faces in the z-direction and
symmetry boundary conditions applied in the other directions.

The scaled eigenstrain simulations are restricted to a low dpa value, to focus on the region of anticipated
maximum compressive stress and associated plastic deformation. Figure 17 demonstrates earlier compressive
stress evolution and plastic deformation with increasing scale factor value. These trends suggest the volumetric
eigenstrain in AM 316 SS may produce larger amounts of plastic deformation under the void swelling driven
stress state than shown by the coupled simulation results using the Alloy class functionality in Xolotl,

Section 4.3.
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Figure 17. Mechanical response predicted with scaling of the applied volumetric eigenstrain: stress
relaxation (a) and pinning point density evolution (b). The legend lists the scaling factor applied to the
volume change value, from the 1.52 x 1074 dpa/s, 623 K Xolotl results.

4.4.2. Spatial Variations in Experienced Flux

Flux profiles for materials under radiation exposure follow a non-uniform curve. We show here an
investigation of the affect of spatial variations in the dose rate, using results from Xolo#/ simulations at 623 K,
applied at one end of a rectangular prism domain in a coupled crystal plasticity simulation.
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Figure 18. SRIM damage data used for the near-surface damage rate calculation in Xolot/.

This coupled simulation is conducted on a 0.02 mm x 0.01 mm x 0.01 mm crystal plasticity domain.
Results from the Xolot! simulations at 623 K for the 1.52 x 107° dpa/s, 1.52 x 10~* dpa/s, and 1.52 x
1073 dpa/s dose rates are used as inputs to the crystal plasticity simulation. As shown in Figures 19a and
19b, the lowest dose rate is applied to the red domain block, the medium dose is applied to the domain portion
shown in green, and the largest dose rate is applied to the blue domain block. Each individual dose rate block

is 0.001 mm thick, and the total depth to which a dose rate is applied is 0.005 mm, or 5 um. The portion of

37



the domain shown in grey in Figure 19b is not subject to any applied dose.

Zero displacement boundary conditions are applied to the domain faces perpendicular to the x-direction,
and the bottom and back surfaces—not shown in Figure 19b—have zero displacement boundary conditions
applied in the y- and z-directions, respectively. Results shown in Figure 19 are taken when the total dpa in

the highest dose region—the blue block in Figure 19b—was 2.07 x 10~* dpa.
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Figure 19. Application of a simplistic dose variation (a) to the end of a single crystal domain to approximate
the flux profile experienced by an irradiated material (b). The resulting volumetric eigenstrain, due to the
void population (c) and the stress response in the constrained direction (d).

As expected, the largest eigenstrain value corresponds to the application of the highest dose rate, Figure 19c.
The non-zero void-induced eigenstrain values remain local to the location of the applied dose rates, in the
approximately 5 um region where irradiation defects are experimentally observed. The stress response,
however, does not remain local to the regions where the dose rate was prescribed. Increases in the xx-
component of the second Piola-Kirchhoff stress, Figure 19d, corresponding to the parallel zero displacement
boundary conditions, are seen both in the regions of applied dose rate and at the edges of the simulation

domain. Spatial variation modeling capabilities, such as the approximation to the radiation flux curve shown

38



here, will assist in interpreting the in-situ neutron creep experiments being developed by the AMMT program.

These spatial variations in the irradiated material response will combine with the variations of the AM
microstructure, which introduces another set of internal material stress-state drivers, to produce a more
complex internal stress state. The mechanistic-based modeling capability developed here will enable a better
prediction of the stress state in the material by capturing the influence of the irradiation defects on the AM

316 SS stress state and resulting mechanical performance.

4.5. Future Work

The results presented here demonstrate the one-way coupled simulation capability developed for this
milestone, using single crystal simulation domains and voids as the sole irradiation defect considered. Future
work will include application of the coupled simulation capability to more complex microstructures and
inclusion of a broader set of irradiation defects in the coupling approach. Increasing the complexity of the
simulated microstructure domain with regularly shaped polycrystalline FEM domains should be completed
as part of a near-term future work efforts. After simulating regularly shaped polycrystalline domains,
representations of realistic wrought microstructure and then realistic AM microstructures can be considered.
Initial discussions with the Idaho National Laboratory (INL) X-ray Computed Tomography (XCT) team
have outlined a potential workflow for future collaborations. XCT measurements of AM 316 SS samples,
produced by other teams within the AMMT program, could be reconstructed in to a FEM mesh. This FEM
mesh could then be used as input to the crystal plasticity component of the coupled simulation capability
developed during this milestone effort. Future development of additional irradiation defects to include in the
coupled simulation capability should include irradiation defect and microstructure component interaction
mechanisms. Dislocation climb, as mediated by irradiation-generated point defects, and increased dislocation
glide resistance from irradiation SIA loops represent two such interaction mechanisms. Additional efforts to
address the challenges of two-way coupling, as discussed in Section 4.1, should also be considered for future

work.
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5. CONCLUSIONS

Efforts to develop and demonstrate a mechanistic-based approach to modeling irradiation creep in 316
SS are described in this report. Two simulation codes were used in this work: a CD code, Xolot/, to model
the evolution of irradiation defects on the nm scale, and a MOOSE-based crystal plasticity code, to model
the stress and deformation states of the material on the larger mm length scale. We show the importance of
including the temporal defect evolution in simulations predicting the stress relaxation response of 316 SS:
high dose rates produce larger total void number density values, generate an larger void swelling eigenstrain,
and drive more dislocation motion earlier in the radiation exposure. These results show that early variations in
the dose rate produce different stress-states, in response to the early-stage void-induced plastic deformation.

Future development for each of these mechanistic-based codes, and for the coupling of those two codes,
is described in Sections 2.2 and 3.6, and 4.5, respectively. In addition, future work will incorporate coupling
of additional irradiation defects, and their evolution, on the stress relaxation and creep behavior of 316 SS,
for both wrought and AM materials. Understanding the impact of microstructure variation on both irradiation

defect evolution and on mechanical performance is necessary for rapid qualification of AM materials.
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