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Effect of temperature and rhenium content in precipitates on dispersion
hardening of tungsten

Abstract

Tungsten (W) is being developed as a plasma-facing material for fusion reactors, where it is subjected to
MeV neutron irradiation, low-energy helium isotope particles, and high temperatures. These conditions
lead to the formation of point defects, dislocation loops, voids, and transmutation into rhenium (Re) and
osmium (Os), which form precipitates that significantly impact dislocation motion and increase hardness.
This study uses molecular dynamics modeling to examine the interaction between an edge dislocation
and Re-rich particles of various stoichiometries, specifically coherent bcc-phase particles and
noncoherent o-phase precipitates. Results show that shear stress increases by approximately 20-40%
with larger particle size (3-5 nm diameter) and higher Re content (50-75 at.%), while temperature
(600-1400 K) has a weak effect on critical shear stress. Coherent bcc-phase particles are weak barriers
to dislocations, whereas noncoherent G-phase precipitates are strong obstacles. The study reveals that
dislocations typically cut through these particles, except for noncoherent spherical ones, which are
bypassed via the Orowan mechanism.

Keywords
tungsten; molecular dynamics method; dispersion hardening; deformation; dislocation

Creative Commons License

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0
License.

Authors
Yulia R. Sharapova, Arseny M. Kazakov, Elena A. Korznikova, Alexandr Zinovev, Dmitry Terentyev, and
Sergey V. Dmitriev

This research paper is available in Karbala International Journal of Modern Science: https://kijoms.uokerbala.edu.iq/
home/vol11/iss1/3


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://kijoms.uokerbala.edu.iq/home/vol11/iss1/3
https://kijoms.uokerbala.edu.iq/home/vol11/iss1/3

RESEARCH PAPER

Effect of Temperature and Rhenium Content in
Precipitates on Dispersion Hardening of Tungsten

Yulia R. Sharapova °, Arseny M. Kazakov %" Elena A. Korznikova *°, Alexandr Zinovev ©,
Dmitry Terentyev ¢, Sergey V. Dmitriev ¢

@ Research Laboratory for Metals and Alloys under Extreme Impacts, Ufa University of Science and Technology, Ufa, Russia
b Polytechnic Institute (Branch) in Mirny, North-Eastern Federal University, Mirny, Russia

¢ Institute for Nuclear Materials Science, SCK CEN, Mol, Belgium

4 Institute of Molecule and Crystal Physics, UFRC of Russian Academy of Sciences, Ufa, Russia

Abstract

Tungsten (W) is being developed as a plasma-facing material for fusion reactors, where it is subjected to MeV neutron
irradiation, low-energy helium isotope particles, and high temperatures. These conditions lead to the formation of point
defects, dislocation loops, voids, and transmutation into rhenium (Re) and osmium (Os), which form precipitates that
significantly impact dislocation motion and increase hardness. This study uses molecular dynamics modeling to examine
the interaction between an edge dislocation and Re-rich particles of various stoichiometries, specifically coherent bcc-
phase particles and noncoherent c-phase precipitates. Results show that shear stress increases by approximately
20—40 % with larger particle size (3—5 nm diameter) and higher Re content (50—75 at.%), while temperature (600—1400 K)
has a weak effect on critical shear stress. Coherent bcc-phase particles are weak barriers to dislocations, whereas
noncoherent c-phase precipitates are strong obstacles. The study reveals that dislocations typically cut through these
particles, except for noncoherent spherical ones, which are bypassed via the Orowan mechanism.

Keywords: Tungsten, Molecular dynamics method, Dispersion hardening, Deformation, Dislocation

1. Introduction concentrations are well below the solubility limits
in W (26 at.% for Re and 5 at.% for Os), neutron

ungsten (W) has been selected for the plasma- irradiation promotes the formation of Re- and Os-

facing components of the ITER and DEMO containing clusters and precipitates [10,11], which
fusion reactors due to its highest melting point are known to negatively affect the ductility of tung-
among metals, good sputtering resistance, high sten [12]. The formation of noncohe‘rent o- apd' x-
thermal conductivity, and other advantageous phase part}cles has beer} detected in transmission
properties [1—3]. Its strength and structural integrity ~ electron microscopy studies [11—13]. _
are crucial for the long-term and safe operation of At the same time, W-Re alloys are considered
the reactor. Therefore, addressing the issue of irra- ~ advanced m‘aterlals for plasm.a-'f.acmg components
diation embrittlement of W is essential for designing ~ due to their lower ;;usceptlblllty to irradiation
reliable and economically viable components for ~ embrittlement —at intermediate temperatures
fusion reactors. W atoms can transmute to rhenium ~ compared to pure w [1‘%_17]- Re plays an important
(Re) and subsequently to osmium (Os) when role in.inhibitmg the migration and/or clustering of
exposed to neutron irradiation [4—8]. According to  vacancies [18,19]. In W-Re alloys, Re suppresses the
calculations, initially pure W is expected to contain nucleation of dls.locgt.lon loops'[20]. Increasing t}}e
3.8 at.% of Re and 1.38 at.% of Os after 5 years of Re content can significantly refine the grain size in
DEMO operation [9]. Even though these W-Re alloys [21]. Since the dissolution energy of
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deuterium (D) in W-Re alloys is higher than in W,
the total amount of D in W decreases significantly
when Re is added [22]. Alloying ultra-fine-grained
W with Re reduces grain boundary diffusivity [23].
The density of defects after irradiation in pure W is
higher than in W-Re alloys [24—26]. Adding Re in-
creases the fracture toughness of W, but only within
a limited temperature range of 50—200 °C [27]. W-Re
alloy with ZrC or TaC nanoparticles shows high
strength with favorable ductility [28—30].The solid
solution softening effect in W depends on temper-
ature and solute concentration [31,32].

However, the advantage of W-Re alloys does not
eliminate the need to explore the effect of irradia-
tion-induced precipitation on ductile properties,
where both transmuted and pre-existing Re atoms
can agglomerate via irradiation-enhanced diffusion.
Since preventing the excessive formation of
dispersed particles in W or W-Re alloys in a fusion
environment is nearly impossible, it is important to
understand the consequences of structural evolu-
tion and changes in mechanical properties. Addi-
tionally, it is crucial to determine the operating
conditions under which the detrimental effects of
irradiation-induced precipitation are minimized.

Under neutron irradiation, other crystal lattice
defects can form in the grains of the material along
with precipitates. Collisions of high-energy neu-
trons with atoms knock them out of their positions,
forming a cascade of displaced atoms [33]. After
partial relaxation of these cascades, numerous point
defects, such as self-interstitial atoms (SIAs) and
vacancies, remain and begin to migrate, forming
clusters, dislocation loops, or voids [34—38]. As these
defects also obstruct dislocation movement, they
similarly affect material strength and ductility, albeit
to a different extent.

Importantly, excessive precipitation can cause
undesirable embrittlement of a material, jeopardiz-
ing the reliability of components operating under
extreme conditions. A well-known example is the
so-called “475 °C embrittlement” in stainless steels,
caused by the formation of Cr-rich a'precipitates
[39]. In superalloys alloyed with Re, undesired pre-
cipitation of close-packed phases can cause
embrittlement [40].

The role of irradiation-induced precipitation in
the evolution of mechanical properties of materials
under irradiation is not fully understood. While
some experimental studies have highlighted the
impact of rhenium (Re) precipitation on degrading
mechanical properties in tungsten (W) alloys
[41—43], further research is needed to deepen our
understanding. Computer simulations, particularly
ab initio modeling and molecular dynamics (MD),

provide valuable tools for analyzing microstructural
interactions where experiments face limitations.

Ab initio modeling is widely used to estimate
point defect energies, dislocation core structures [20,
44—53], mechanical properties, and interactions be-
tween solutes and dislocations. It also aids in fitting
interatomic potentials for W-W, Re-Re, and W-Re
systems. This method has been applied to study Re/
Os atom interactions with defects, shedding light on
radiation-induced precipitation mechanisms in W
[54—56]. However, it requires significant computa-
tional resources.

In contrast, MD simulations demand fewer re-
sources and are effective for atomistic-level in-
vestigations. They are used to study diffusion along
dislocations, interactions between dislocations and
defects [57—63], and Re aggregation on dislocation
loops in W. MD analyses have examined disloca-
tion-void interactions at various temperatures for W
and the interaction between moving dislocations
and Re-containing precipitates. These simulations
align well with ab initio results, offering time-
efficient insights into material behavior under irra-
diation [36, 64—69].

This study utilizes MD simulations to investigate
the interaction of edge dislocations with Re-
enriched particles in both coherent bcc-phase and
noncoherent c-phase over a temperature range
critical for fusion reactor materials. Understanding
these interactions is essential for predicting me-
chanical behavior and enhancing the long-term
stability of tungsten-based alloys used in such
extreme environments [70—72]. The findings aim to
contribute to developing more resilient materials by
optimizing alloy composition and microstructural
engineering.

This study aims to elucidate the role of tempera-
ture and rhenium content in precipitates on the
dispersion hardening of tungsten, a critical material
for fusion reactors. By analyzing the contribution of
different phases with varying shapes, we provide
insights into how these phases influence tungsten's
mechanical properties post-irradiation. This under-
standing is crucial for predicting changes in material
behavior under reactor conditions, where experi-
mental studies are often challenging.

2. Materials and methods

For this study, the MD method was used, which
has proven effective in analyzing various aspects of
crystal structure transformation [73], nonlinear lattice
dynamics [74], crowdions [75], the thermal stability of
nanomaterials [76,77], phase transitions caused by
deformation [78], vibrational energy localization
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[79,80], deformation mechanisms of high-entropy
alloys [81], and many other phenomena.

The simulation was carried out using the Large-
scale Atomic/Molecular Massively Parallel Simu-
lator (LAMMPS) [82] and an Embedded Atom
Method (EAM) potential for tungsten [83]. The ac-
curacy of different interatomic potentials for W was
assessed in the work by Kosarev et al. [84]. The
Open Visualization Tool (OVITO) program was
used to visualize the simulation results [85].

The computational cell is a single crystal of bcc
tungsten, into which the 1/2[111] edge dislocation is
introduced. The coordinate axes X, Y, Z are oriented
along the crystallographic directions [111], [-1-12],
and [1-10], respectively. The linear dimensions of
the computational cells are (10~40) x (15~55) x
38 nm>. The cell size is varied along the X and Y
axes to account for different defect densities
[11—13,25,41,86]. The number of atoms in the cells
ranges from 1.3 x 10° to 5.2 x 10°. Strain-controlled
shear loading with the strain rate of 10° s' is
applied. Stress components other than o, are
maintained at zero. The lattice parameter of tung-
sten is @ = 0.316 nm. The length of the Burgers
vector of the dislocation is b = a1/3/2 = 0.2736 nm.

To ensure the presence of only one dislocation in
the computational cell, fixed boundary conditions
are applied along the Z axis, while periodic
boundary conditions are imposed in the other two
directions. Near the fixed boundaries, atoms are
immobile within a 1 nm thick layer. A comparison of
results obtained with periodic boundary conditions
in all directions versus fixed boundary conditions in
one direction and periodic boundary conditions in
the other directions was made in the work by
Kazakov et al. [65]. The equations of motion for the
atoms are integrated using the fourth-order Verlet
method with a 2 fs integration step.

The computational cell is shown in Fig. 1. This
figure displays (a) a spherical and (b) cylindrical
coherent bcc particle in the middle of the cell. To
create a spherical or cylindrical coherent bce particle
of a given size, some of the tungsten atoms were
replaced with rhenium in the desired ratio (50 or
75 %).

According to experiments, the o-phase pre-
cipitates can occur in various configurations with
different stoichiometries depending on temperature
and irradiation dose [87,88]. However, irradiation
ageing of the material must also be considered. A
stable configuration of the o-phase particle has been
determined through modeling [83,89]. In our simu-
lations, spherical or cylindrical o-phase particles
were introduced by replacing the corresponding
volume of tungsten crystal with the L1,

A

w[110]

v [112)
X [111]  (a)

Fig. 1. Visualization of the computational cell. The atoms around the
dislocation core are shown in red, the (a) spherical and (b) cylindrical
coherent bec particles are shown in blue. Tungsten atoms are not shown.
(c) Crystallographic orientation of the noncoherent o-phase particle
with L1, superstructure based on the fcc lattice. The dislocation slides in
the XY plane along the X axis and the monatomic planes of W and Re
are parallel to the YZ plane. The dislocation moving through the particle
creates an antiphase boundary.

superstructure based on the fcc lattice. The phase
stoichiometry is WRe. In the L1, superstructure,
monoatomic W and Re planes alternate along one of
the planes (100), (010), or (001), creating a tetragonal
distortion of the fcc structure. The superstructure
has the crystallographic orientation shown in
Fig. 1(c). The monoatomic tungsten and rhenium
planes are parallel to the YZ plane, so that disloca-
tion sliding along the X axis in the XY plane creates
an antiphase boundary in the particle [90]. Note that
while the main slip plane in the fcc lattice is (111), in
the considered geometry, dislocations are forced to
slide in the (100) plane, which is a secondary slip
plane.

3. Results and discussion

3.1. Coherent spherical and cylindrical bee particles

The interaction of the edge dislocation with
coherent spherical or cylindrical bec particles was
studied across 16 different sets of modeling pa-
rameters, listed in Table 1. Here, Cg, represents the
content of Re in the particles, L, and L, are the
corresponding dimensions of the computational
cell, and D is the diameter of the particle. The height
of cylindrical particles equals 34 nm, which is 4 nm
shorter than the size of the computational cell,
ensuring that fixed boundary conditions do not
affect the particle.

In Fig. 2(a), a typical stress—strain curve for the
interaction of the dislocation with a particle
(spherical or cylindrical, coherent or noncoherent) is
shown. This particular numerical run was conduct-
ed with a cylindrical particle of diameter D = 3 nm,

Cge = 50 at.%, L, = 20 nm, Ly = 50 nm, and a
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Table 1. Sixteen sets of the simulation parameters for coherent bce
particles.

Set No. Cre, (at.%) L, nm Ly, nm D, nm
Spherical bec-phase particle

1 50 10 55 3
2 50 20 55 3
3 50 20 55 5
4 50 40 55 5
5 75 10 55 3
6 75 20 55 3
Cylindrical bce-phase particle

7 50 10 55 3
8 50 20 55 3
9 75 10 55 1
10 75 20 55 1
11 75 10 55 2
12 75 20 55 2
13 75 10 55 3
14 75 20 55 3
15 75 20 35 3
16 75 20 15 3

7yz, MPa

0.0 05 1.0 15 20 (b)

Shear strain, %

Fig. 2. (a) Example of a typical stress—strain curve for a dislocation
interacting with a cylindrical or spherical particle, coherent or nonco-
herent. (b) The position of the dislocation relative to the particle at
different strain values shown in (a): A - the moment of attachment; B -
the moment of separation; C - the cut sphere and cylinder particles.

simulation temperature of 800 K. Similar curves
were obtained in molecular statics simulations at
0 K [66]. Shear deformation was modeled up to 2 %,
which is sufficient for the dislocation to overcome
the coherent particle.

In Fig. 2(a), specific strain values are indicated as
A, B, and C, with corresponding relative positions of
the dislocation and the particle are shown in
Fig. 2(b). Negative stress around point A in Fig. 2(a)
arises from the attraction between the dislocation
and the particle, causing the dislocation to bend
towards the particle, as seen in configuration A in
Fig. 2(b). It should be noted that the larger the
particle size results in a stronger attraction of the
dislocation. In the strain range from A to B in
Fig. 2(a), linear stress growth is observed, accom-
panied by bending of the dislocation pinned to the
particle. Point B corresponds to the critical shear

stress 7,,, at which the dislocation detaches from the
particle and the shear stress sharply decreases.
Fig. 2(b) shows the spherical and cylindrical parti-
cles cut by the passing dislocation. As illustrated,
the dislocation shifts half of the coherent bcc particle
by the value of one Burgers vector. The maximum
bending of the dislocation during cutting the parti-
cle is relatively small, as shown in configuration B in
Fig. 2(b). This indicates that a defect of this type is a
weak obstacle to dislocation, especially in compari-
son to voids [61].

To assess the effect of temperature on the inter-
action of a dislocation with a coherent bcc particle,
Fig. 3 shows stress—strain relationships obtained at
different temperatures. Panels (a) and (b) display
the results for spherical and cylindrical particles,
respectively. As observed in Fig. 3, an increase in
temperature leads to a decrease in the strain at
which the dislocation cuts through the particle, with
this effect being more pronounced for spherical
particle. For spherical particles, the temperature
effect is stronger because thermal vibrations of the
atoms cause fluctuations in the dislocation line,
allowing the dislocation to cut the particle not along
the equator plane but with a shift. This shift facili-
tates cutting since the cross-sectional area of the
particle decreases with distance from the equator.

The temperature effect on the magnitude of the
critical shear stress is minimal, as shown in Fig. 3.
This can be explained as follows: while an increase
in temperature enhances the dislocation's ability to
cut through the defect, thermal fluctuations also
slow down the dislocation's movement due to the
Peierls-Nabarro (P-N) barrier. Moreover, the
coherent particles are relatively weak obstacles
compared to incoherent defects or voids [66]. The
effect of temperature on dislocation motion is
different at low and high shear stress. At low shear
stress the dislocation moves in the P-N relief due to
thermal fluctuations and the mobility of the dislo-
cation increases rapidly with temperature. On the
other hand, at high shear stress the dislocations

Fig. 3. The stress—strain curves for (a) bee-sphere and (b) bee-cylinder
particles, for the 1st and 7th sets of simulation parameters from Table 1.
In both cases Cg, = 50 at.%, L, = 10 nm, L, = 55 nm, and D = 3 nm.
Curves for different simulation temperatures are shown by colors.
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slide over the P-N barriers and in this regime
increasing temperature increases the viscous fric-
tion for the dislocation motion, which slightly re-
duces its mobility. In our simulations the second
regime is realized, when the effect of temperature
on dislocation motion is weak. This trend is
consistent across all parameter sets presented in
Table 1.

The next step is to analyze the effect of compu-
tational cell size, which influences the density of
defects in the crystal. This variation is examined to
study different defect densities according to exper-
imental data [11-13,25,41,86]. For this analysis, a
cylindrical coherent particle with a diameter of
D = 3 nm and containing Cg. = 75 at.% rhenium is
used. The study varies the cell sizes L, and L,,
focusing on parameter sets 13 through 16 from
Table 1.

The results are presented in Fig. 4. Comparing
panels (a) and (b) shows the effect of increasing L
from 10 nm to 20 nm while keeping L, = 55 nm
constant. It can be observed that doubling L, results
in an increase of 7,, by 10—20 % across different
temperatures. This relatively weak dependence of
the maximum shear stress on L, is attributed to the
interaction between the considered dis location and
other dislocations in the system, a consequence of
using periodic boundary conditions.

0.0 0.5 1.0 1.5 20 25 3.0
Shear strain, %

Additionally, in panels (b), (c), and (d), with
Ly = 20 nm and varying L, to 55, 35, and 15 nm, the
maximum shear stress 7, increases rapidly as L,
decreases, i.e., as the length of the dislocation
segment between obstacles increases. This effect is
explained by the Bacon-Kocks-Scattergood (BKS)
theory [91], which is discussed in detail below.

Table 2 presents the values of the critical shear
stress for all simulation parameter sets listed in
Table 1 and for all temperatures. From the analysis
of these data the following observations can be
made.

An increase in the rhenium content in the
coherent spherical particles from 50 % to 75 % re-
sults in a 20—40 % increase in obstacle strength, as
seen when comparing sets 1 and 2 with sets 5 and 6.
For cylindrical particles, the increase in obstacle
strength is smaller, around 10 %, as evidenced by
comparing sets 7 and 8 with sets 13 and 14. In some
cases, a lower rhenium content yielded higher 7.,
but this variation falls within the data scatter caused
by thermal oscillations.

Increasing the diameter of the spherical particle
from 3 nm to 5 nm results in an average increase of
.. by 20 %, as observed when comparing sets 1 and
2 with sets 3 and 4 in Table 2. For cylindrical defects,
parameter sets 9 and 10 correspond to D = 1 nm,
sets 11 and 12 to D = 2 nm, and sets 13 and 14 to

0.0 0.5 1.0 15 20 25
Shear strain, %

T
s00 - [—— 600K
—— 800K
500 | [—— 1000 K|
—— 1200 K

0.0 0.5 1.0 15 20 25 3.0
Shear strain, %

Fig. 4. (a—d) Stress—strain curves for the interaction of the dislocation with the bee-cylinder particle for parameter sets 13 to 16, respectively (see
Table 1). The cylinder diameter is 3 nm and Cg, = 75 at.%. The values of L, and L, are given in the panels. The colors of the curves corresponding to
the simulation temperatures of 600, 800, 1000, 1200, and 1400 K are shown in the legends.
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Table 2. The critical shear stress for coherent bce particles for different
temperatures. The last column gives the averaged values.

Set No. 7.,,MPa

xz?

600 K 800 K 1000 K 1200 K 1400 K

* aver
7,2, MPa

Spherical bec-phase particle

1 146.7 1374 153.6 155.0 140.1 147

2 152.8 149.6 156.2 146.8 143.7 150

3 183.6 188.8 179.8 190.5 187.6 186

4 1924 1919 185.2 178.6 192.3 188

5 195.1 194.7 201.4 199.1 200.8 198

6 197.3 200.6 191.3 194.9 203.7 198

Cylindrical bce-phase particle

7 179.8 203.5 225.7 197.0 194.2 200

8 187.5 201.8 200.2 192.3 186.4 194

9 71.2 77.8 724 80.0 78.5 75.6
10 91.7 93.6 87.9 88.0 90.2 90.3
11 1394 137.8 1373 143.8 136.6 139

12 1585 148.1 1355 135.6 139.7 143

13 201.3 1909 188.1 203.9 199.3 197

14 220.2 2273 216.0 203.1 240.1 221

15 2919 2809 295.7 281.4 318.9 294

16 6745 556.6 677.1 616.6 573.3 620

D = 3 nm. As shown in Table 2, the obstacle
strength increases approximately linearly with the
diameter of the cylindrical particle.

It appears that in most cases, 1.2 times higher
shear stress is required to cut the cylindrical particle
compared to the spherical one. This difference can
be attributed to the ability to cut the spherical par-
ticle with a shift away from the equatorial plane,
facilitated by dislocation line fluctuations caused by
thermal vibrations of atoms.

3.2. Noncoherent o-phase particles

Now, let us consider the interaction between edge
dislocations and noncoherent oc-phase particles.
Eight sets of simulation parameters were studied
and analyzed, as detailed in Table 3.

A key difference between coherent and nonco-
herent particles is that the latter introduce misfit
dislocations in the tungsten matrix, which will be

Table 3. Simulation parameters for noncoherent a-phase particle.

Set No. Cgre, (at. %) L, nm Ly, nm D, nm
Spherical o-phase particle

1 50 10 55 3
2 50 20 55 3
3 50 20 55 5
4 50 40 55 5
Cylindrical o-phase particle

5 50 10 55 3
6 50 20 55 3
7 50 20 35 3
8 50 20 15 3

discussed in more detail later. Crystal lattice defects
around precipitates have also been observed
experimentally [11,12]. Before the edge dislocation
interacts with the particle, it first encounters the
misfit dislocations. Since c-phase particles require
higher stress and strain to be cut compared to
coherent bee particles, a shear strain of up to 3.5 %
was applied for spherical particles and up to 4 % for
cylindrical particles.

The effect of the computational cell size is exam-
ined by analyzing the results shown in Fig. 5. In this
analysis, the dislocation interacts with a cylindrical
noncoherent particle of diameter D = 3 nm at
different temperatures ranging from 600 to 1400 K.
In panels (a) and (b), Ly, = 55 nm, with L, set to 10
and 20 nm, respectively. An increase in L, by a factor
of two results in a corresponding increase in the
maximum shear stress 7., by a factor of two, a much
stronger effect compared to the coherent particle, as
shown in Fig. 4(a and b). This pronounced influence
of L, for noncoherent particles is due to the increase
in the number of misfit dislocations around the
particle as L, increases from 10 to 20 nm.

The results for different values of L, with
L, = 20 nm are shown in Fig. 5(b-d). For L, values of
55, 35, and 15 nm, the maximum shear stress in-
creases and reaches approximately 1050, 1300, and
1900 MPa, respectively. Here, L, represents the
length of the dislocation segment between two ob-
stacles. The observed increase in 7, with decreasing
L, is explained by the BKS theory [91] and the
interaction between the edge dislocation and the
misfit dislocations, which will be discussed in more
detail later.

The comparison of stress—strain curves for spher-
ical and cylindrical o-phase particles is shown in
Fig. 6(a and b). The parameters are L, = 20 nm,
Ly = 55 nm, and D = 3 nm (corresponding to the 3rd
and 6th sets of simulation parameters from Table 3).
Results for temperatures ranging from 600 to 1400 K
in 200 K increments are compared. As illustrated in
Fig. 6, the curves exhibit a similar shape to those for
coherent bcc particles, with some distinctions. The
initial peak occurs when the dislocation interacts
with the particle. The increase in shear stress as the
dislocation approaches the particle is attributed to
the interaction with misfit dislocations, which is not
present with coherent bec particles. The subsequent
linear increase indicates that the dislocation is over-
coming the obstacle, and at the maximum shear
stress 7, the dislocation has passed through the
particle.

The obstacle strength for o-phase particles,
calculated for all sets of model parameters listed in
Table 3, is summarized in Table 4. The dependence
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Fig. 5. Stress strain curves for the interaction of dislocation with noncoherent o-phase cylinder particle of diameter D = 3 nm. Values of L, and L, are
indicated in each panel. The colors of the curves corresponding to the simulation temperatures of 600, 800, 1000, 1200, and 1400 K are shown in the
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Fig. 6. The stress—strain curves for (a) the spherical o-phase particle,
2nd set of parameters from Table 3, and (b) o-phase cylinder precipitate,
6th set from Table 3. In both cases L, = 20 nm, L, = 55 nm, and
D = 3 nm. The colors of the curves corresponding to the simulation
temperatures of 600, 800, 1000, 1200, and 1400 K are shown in the
legends.

of 7., on model parameters for noncoherent parti-
cles is similar to that for coherent bcc-phase parti-
cles. Increasing the precipitate diameter D and the
parameter L, both lead to an increase in 7. High
temperatures generally make it easier for the
dislocation to overcome the obstacle, though the
effect of temperature is not pronounced. Notably,
cylindrical o-phase particles are approximately
twice as strong as spherical ones due to differences
in interaction mechanisms. In contrast to the bcc
particles, where the dislocation slips in the primary
slip system, the noncoherent c-phase particles force
dislocation slip in the secondary slip system.

Table 4. The critical shear stress for noncoherent g-phase particles for
different temperatures. The last column gives the averaged values.

Set No. 7,,MPa T8 MPa
600 K 800 K 1000 K 1200 K 1400 K

Spherical c-phase particle

1 520.1 544.7 533.9 515.2 567.6 537
2 606.6 570.7 551.1 478.9 430.2 528
3 7612 8058 7853 7678 7898 781
4 877.6 8569 871.0 895.3 834.7 867
Cylindrical o-phase particle

5 470.6 498 465.8 595.9 476.3 490
6 1094 1017 1076 1090 1030 1061
7 1203 1215 1330 1344 1305 1297
8 1918 2106 1845 1903 1502 1855

Additionally, the noncoherent particles generate
misfit dislocations, which enhance the overall
obstacle strength. The dislocation also expends en-
ergy creating antiphase boundaries within the
noncoherent particle.

3.3. Details of the interaction of the dislocation
with the noncoherent particles and surrounding
misfit dislocations

There are two primary mechanisms for disloca-
tion-precipitate interaction: the formation of the
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Orowan ring [92—95] and the cutting of the precipi-
tate [96—98]. In our simulations, the edge dislocation
cut through spherical and cylindrical coherent par-
ticles, as well as cylindrical noncoherent particles,
while the spherical noncoherent particles were
bypassed using the Orowan mechanism. Cutting bcc
coherent particles is relatively straightforward
because the dislocation moves in the primary slip
plane, which is (100). For o-phase particles with an
fcc lattice, the main slip plane is (111). However, in
our simulations, the maximum Schmidt factor is
achieved in the secondary slip plane (100). This re-
sults in dislocation movement in both slip planes —
(100) and (111) — within the cylindrical o-phase
particles.

Precipitate

Edge dislocation SRR

Misfit dislocations
L

The interaction between the edge dislocation and
the cylindrical noncoherent particle, along with the
misfit dislocations surrounding the particle, is illus-
trated in Fig. 7. Common Neighbor Analysis (CNA)
[99] is used to visualize the atoms around the dislo-
cations and other defects, while the dislocation
analysis function [100] highlights dislocations across
different slip systems. The significant number of
defects around the precipitate contributes to the
increased obstacle strength, as edge dislocations
interact with these misfit dislocations. Addition- ally,
the L1, ordered structure of the precipitate is a factor
in hardening, as dislocations sliding through the
structure create antiphase boundaries, consuming
extra energy in the process.

12 i
e[ 10 0]

i
i |

|

' Additional dislocation *-
Initial dislocation e slip system !

slip system

Fig. 7. (a) Initial position of an edge dislocation and o-cylinder precipitate; (b), (c), (d) dislocation behavior during deformation at 1.6 %, 2.5 %, and
3.5 Y% shear strain, respectively. Dislocations marked with green and pink lines belong to different dislocation slip systems. (e) o-cylinder precipitate
profile (middle part) after cutting, projected on the XZ plane; (f) o cylinder precipitate profile (bottom part) after cutting, projected on the YZ plane.
The simulation temperature is 600 K, L, = 20 nm, L, = 55 nm, and D = 3 nm. Cylindrical o-precipitate is shown in blue, atoms of the disordered
structure are shown in gray, they surround the dislocation cores and other defects.
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For the interaction of an edge dislocation with a
spherical o-phase particle, the Orowan bypass
mechanism is observed, as shown in Fig. 8. The
atoms in the simulation cell are color-coded using
the CNA method to illustrate this process. This
strengthening mechanism is commonly studied in
bce metals [95], but has not been observed in mo-
lecular statics simulations [66]. The smaller number
of misfit dislocations around the spherical c-phase
particle compared to cylindrical particles results in a
higher energy requirement for cutting the precipi-
tate and forming antiphase boundaries. Instead, the
Orowan ring formation is more favorable. In
contrast, the cylindrical precipitates, with their
greater number of misfit dislocations, compel the
edge dislocation to cut through the particle rather
than bypassing it, thus preventing the realization of
the Orowan mechanism.

To evaluate the dependence of dislocation density
on shear strain, Fig. 9 presents the results for
spherical and cylindrical o-phase particles. Panels
(a) and (b) compare the dislocation densities for
these two types of particles.

L
Misfit
E_dgc . dislocations
dislocation

Precipitate \

(a) (b)

8y

Orowan ring formation

S —

The dislocation density was calculated using the
dislocation analysis function in OVITO, with mea-
surements taken every 0.5 % of shear strain.

As shown in Fig. 9, the dislocation density as a
function of shear strain varies between spherical and
cylindrical c-phase particles. For spherical particles,
the dislocation density increases almost linearly with
strain and tends to rise with temperature. This in-
crease is primarily due to the formation of Orowan
rings around the particles. The observed increase in
dislocation density with temperature for spherical c-
precipitates, as shown in Fig. 9, can be attributed to
enhanced dislocation mobility that which may be the
result of increased diffusion and mass transfer often
observed when a material is exposed to extreme
conditions [102—105] and the formation of Orowan
loops. At elevated temperatures, dislocations gain
additional thermal energy, facilitating their move-
ment and allowing for more frequent interactions
with the precipitates. This interaction enables dislo-
cations to bypass the precipitates by forming Oro-
wan loops, which is energetically favorable at higher
temperatures. Furthermore, increased thermal

i * Orowan ring
; I & around the
le' __precipitate

(©

Fig. 8. (a) Starting position of an edge dislocation and o-sphere precipitate surrounded by the misfit dislocations; (b) Orowan ring formation during
deformation; (c) Orowan ring around the o-precipitate after dislocation unpinning. The simulation temperature is 600 K, L, = 20 nm, and D = 3 nm.
The spherical o-precipitate is shown in blue, the atoms of the disordered structure are shown in gray.
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Fig. 9. Dependence of dislocation density on shear strain for (a) spherical and (b) cylindrical o-phase particles. The simulation results for different
temperatures are shown in different colors according to the legend. The short dashed lines show the polynomial fit.
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energy may promote the generation of new dislo-
cations through mechanisms such as dynamic re-
covery. As a result, the overall average dislocation
density increases with temperature, exhibiting a
nearly linear dependence.

In contrast, the dislocation density for cylindrical
particles exhibits nonmonotonic behavior: It initially
increases with strain but then decreases. This com-
plex behavior is attributed to the interaction of the
edge dislocation with misfit dislocations and the
dislocation's movement across two slip systems, as
illustrated in Fig. 7(b), where dislocations are seen
sliding in the (-100) and (-1-1-1) planes.

3.4. Application of the BKS model

The effect of temperature on the dislocation-pre-
cipitate interaction was found to be relatively
modest. Therefore, the maximum shear stress can
be described using the BKS analytical model, which
does not account for temperature effects but in-
corporates the interaction between dislocation lines
that bow between obstacles [91]. This model con-
siders the formation of a pair of screw dislocations
with opposite Burgers vectors, which significantly
influences the mechanical properties of the material.
Although the BKS theory is designed for in-
teractions with impenetrable obstacles, we compare
its theoretical predictions with numerical results for
cylindrical coherent and noncoherent particles,
which are overcome through cutting.

According to the BKS theory, the critical shear
stress for an impenetrable obstacle is [91]:

max _ Mb 1
i () o] W

where p = 160 GPa is the shear modulus of the
tungsten matrix, b = 0.2736 nm is the length of the
Burgers vector, L' = Ly — D is the length of the
straight dislocation segment between precipitates.

According to the BKS theory, when the dislocation
length L, decreases, the stress required to overcome
the precipitate increases. If the diameter of precip-
itate D increases, then 772** also increases.

The analytical estimate of 772" is presented in
Table 5 for different values of L, and precipitate
diameter D = 3 nm. Three values of 7" presented
in Table 5 are compared with the numerical values
7. for the cylindrical bcc coherent particle
(Table 2, parameter sets 6, 7, and 8) and cylindrical o-
phase noncoherent particles (Table 4, parameter sets
6, 7, and 8). It can be seen that for the coherent par-
ticles T,2ve" < 7% because in this case the particles

Table 5. T¢g according to Eq. (1) for different L, values and particle of
diameter D = 3 nm; numerically found 7.°“ for the coherent and
noncoherent cylindrical precipitates; effective diameter of the cylindrical

precipitate surrounded by misfit dislocations.

L, nm  75& MPa 7" MPa 7., MPa De.g, nm
coherent noncoherent

55 234 221 1061 33.5

35 372 294 1297 19.6

15 915 620 1855 7.4

are not overcomed by the Orowan mechanism, rather
being cut with a less shear stress. Thus, for the bcc
coherent particles, the numerical results obtained are
in agreement with the BKS theory. On the other hand,
for the coherent particles one has 7,7 > 7
although they are also overcome by cutting. The
explanation is the presence of misfit dislocations
around the noncoherent particles. Such defects in-
crease the strength of the obstacle by effectively
increasing its diameter. The last column of Table 5
gives the effective diameters D obtained from the
conditions that Eq. (1) gives the maximum shear
stress equal to 7, for the noncoherent particle. It
can be seen that D¢ increases with increasing L, and
this correlates with the fact that the number of misfit
dislocations increases with increasing L.

4. Conclusions

In general, one can conclude that our findings
provide a detailed understanding of how tempera-
ture and rhenium content in precipitates affect
tungsten's mechanical properties. The results align
with previous studies that highlight the role of Re in
enhancing ductility and reducing defect clustering
in W-Re alloys [14—17]. The observed increase in
shear stress with larger particle size and higher Re
content corroborates existing literature on precipi-
tation hardening mechanisms. Furthermore, our
study extends current knowledge by demonstrating
the distinct behaviors of coherent and noncoherent
particles under irradiation, which is consistent with
the known effects of misfit dislocations on material
strength [41—43]. By situating our results within this
broader context, we offer insights into optimizing
tungsten alloys for improved performance in fusion
reactors. This work suggests potential pathways for
future research, such as exploring chi-phase and
hcp-phase particle interactions, to further enhance
our understanding of dispersion hardening in irra-
diated tungsten.

Our study includes coherent bec particles with 50
or 75 at.% rhenium and noncoherent c-phase pre-
cipitates of WRe composition, characterized by an
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L1, ordered structure based on an fcc lattice. The
particles are modeled as either spherical or cylin-
drical. The effects of temperature, particle size, and
computational cell size on the dislocation-
particle interaction are analyzed.

It is found that the coherent bcc particles (both
spherical and cylindrical) are weak obstacles, in
agreement with the previous study [101], and both
are cut after interaction with the edge dislocation.
The obstacle strength of coherent precipitates de-
pends on the simulation parameters as follows: the
critical shear stress 7, increases almost linearly with
the defect diameter for the cylindrical precipitates.
The rhenium content influences the hardening even
more than the defect size - an increase of Cg from
50 to 75 at.% leads to an increase of the obstacle
strength by 20—40 % for spherical and by 10 % for
cylindrical precipitates. The shape of the precipitate
also has an effect on hardening: approximately 1.2
times higher shear stress is required to cut the cy-
lindrical particle compared to the spherical one.
This can be explained by the fact that the particle is
not cut by the dislocation through the equatorial
plane, but with a shift due to the fluctuation of the
dislocation line caused by the thermal vibrations of
the atoms.

Noncoherent c-phase particles are much stron-
ger obstacles than coherent bcc particles. Firstly,
the misfit dislocations surround the noncoherent
particles and these dislocations are different for
cylindrical and spherical particles. Therefore, the
edge dislocation interacts differently with spherical
and cylindrical noncoherent particles. The spher-
ical o-phase particles of 3 or 5 nm diameter are
overcome by the Orowan mechanism and disloca-
tion loops (Orowan rings) are formed around the
precipitate, which is probably due to the complex
interaction of the edge dislocation with the misfit
dislocations. On the other hand, cylindrical o-
phase precipitates are cut by the edge dislocation
similar to cylindrical coherent bcc particles, but it
requires much higher shear stress due to the
following reasons:

o Before the edge dislocation reaches the cylin-
drical precipitate, it interacts with misfit dislo-
cations, which increases the obstacle strength;

e The main slip plane in the fcc o-phase particles
is (111), but the maximum Schmidt factor in the
considered simulation setup is realized for the
secondary slip plane (100). This is the reason for
the observed dislocation sliding in the cylindri-
cal o-phase particle in two slip planes, (100) and
(111), and the precipitate is cut in two planes, see
Fig. &;

e When a dislocation cuts the ordered c-phase, an
antiphase boundary is created, which inhibits
the dislocation sliding.

The effect of temperature on the magnitude of
the critical shear stress, 7,,, is not significant (see
Tables 2 and 4). This is because two opposing factors
are at play. As temperature increases, the strain
required for the dislocation to cut through the par-
ticle decreases due to enhanced atomic vibrations.
However, at higher temperatures, the sliding of the
dislocation is slowed down because it encounters a
higher P-N barrier. This interplay between the
reduction in required strain and the increased dif-
ficulty of dislocation motion at higher temperatures
results in only a modest effect on the critical shear
stress.

As the cell size L, increases, the dislocation density
decreases, and the maximum shear stress 7,, slightly
increases. Conversely, reducing L, which represents
the distance between precipitates, leads to a rapid
increase in the critical shear stress, consistent with
the predictions of the BKS theory [91].

The BKS theory accurately predicts that bcc
coherent particles should be cut by the edge dislo-
cation, as the calculated Orowan stress exceeds the
critical stress observed in simulations where the
particles were indeed cut (see Table 5). However, for
noncoherent particles, the BKS theory cannot pre-
dict the obstacle strength because it does not ac-
count for crucial hardening factors such as the
presence of misfit dislocations.

Overall, the results are consistent with the mo-
lecular statics study [66] and offer valuable insights
for enhancing the properties of reactor materials.
Future research will focus on the interaction of
dislocations with chi-phase and hcp-phase particles
in tungsten to achieve a comprehensive under-
standing of the mechanisms behind dispersion
hardening in tungsten.
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