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Uranium—molybdenum (U-Mo) alloys are critical for nuclear power generation and propulsion because of their su-
perior thermal conductivity, irradiation stability, and anti-swelling properties. This study explores the plastic deformation
mechanisms of y-phase U-Mo alloys using molecular dynamics (MD) simulations. In the slip model, the generalized
stacking fault energy (GSFE) and the modified Peierls—Nabarro (P—N) model are used to determine the competitive rela-
tionships among different slip systems. In the twinning model, the generalized plane fault energy (GPFE) is assessed to
evaluate the competition between slip and twinning. The findings reveal that among the three slip systems, the {110}(111)
slip system is preferentially activated, while in the {112} (111) system, twinning is favored over slip, as confirmed by MD
tensile simulations conducted in various directions. Additionally, the impact of Mo content on deformation behavior is
emphasized. Insights are provided for optimizing process conditions to avoid Y — & transitions, thereby maintaining a
higher proportion of y-phase U-Mo alloys for practical applications.

Keywords: U-Mo alloy, molecular dynamics simulation, plastic deformation mechanism, dislocation slip,

twin formation
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1. Introduction

Uranium (U) alloys are essential in key areas such
as nuclear power generation and nuclear propulsion.!!! The
swelling behavior induced by irradiation in metallic nuclear
fuels under high-temperature and irradiation conditions can
present significant safety hazards.?! y-phase U-based metal-
lic nuclear fuels are regarded as advanced nuclear fuels due
to their thermal conductivity, performance under irradiation,
and resistance to swelling.’] Recently, uranium—molybdenum
(U-Mo) alloys have emerged as promising fuel candidates
for fast neutron breeder reactors because of their outstand-
ing irradiation stability, high density, fissile characteristics,
high thermal conductivity, and low production costs.?! Exten-
sive investigations have been conducted on their mechanical
properties, [ phase stability,[* and phase transformations,!!?!
revealing that the incorporation of Mo effectively stabilizes the
Y-phase, thereby improving its thermal conductivity and anti-
swelling capabilities.[!4]

The ground-state structure of U-based alloys is the low-
symmetry orthorhombic a-phase. Currently, there is abundant
research on the mechanical properties of ¢-phase U-based
alloys, especially the mechanisms of plastic deformation.[!%]
However, the practical demand for nuclear fuel now tends
toward y-phase U-based alloys with superior comprehensive
properties. Therefore, this study focuses on exploring the me-
chanical properties of y-phase U-Mo alloys from a plasticity
perspective. Slip is generally the primary mechanism respon-
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sible for the plastic deformation of metallic materials, while
other deformation modes, such as twinning and kinking, act
as supplementary mechanisms under certain thermodynamic
conditions and loading scenarios where slip is challenging to
attain. In the case of U-based alloys, the intricate electronic
structure results in asymmetry within their structure and defor-
mation modes. In the analysis of plastic deformation, regard-
less of whether in the - or y-phases, twinning deformation
consistently plays a significant role.

This study employs molecular dynamics (MD) simulation
methods to explore the plastic deformation mechanisms of y-
phase U-Mo alloys. By constructing slip models and solv-
ing the generalized stacking fault energy (GSFE) and modi-
fied Peierls—Nabarro (P—N) models, we investigate the prefer-
entially activated slip system. We have refined the form of the
restoring force in the P-N model, so it is no longer fixed as
the traditional sine function is, making our model more rep-
resentative of actual conditions. Unlike previous mechanical
studies, which have focused primarily on the macroscopic me-
chanical properties and defect behaviors under specific con-
ditions, the present study focuses on the micro-level analysis
of slip and twinning competing mechanisms, which is crucial
for understanding the deformation behavior of alloys in prac-
tical applications. By constructing twinning models and solv-
ing the generalized plane fault energy (GPFE), we explore the
preferentially activated twinning system. Finally, to validate
the above findings, we performed molecular dynamic tensile
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simulations along different crystalline directions and deter-
mined which tensile direction favored ¥ — o” phase transfor-
mations. Understanding the plastic deformation mechanisms
of y phase U-Mo alloys will provide useful guidance for the
actual processing of alloys so that the selected processing will
favor twinning and inhibit phase transformations to maintain a
greater proportion of the y phase in metallic U-Mo fuels.

2. Simulation methods

The occurrence of slip and twinning is contingent upon
the movement of dislocations within the system. Building
on prior studies,!!”! Ojha et al.!**! explored BCC-type Fe-
based alloys by generating dislocations through rigid transla-
tion and subsequently developing slip and twinning models.
Microscopic deformation processes were simulated to obtain
the GSFE and GPFE, which closely align with experimental
values, thereby effectively validating the applicability of these
theories for determining plastic deformation mechanisms. The
calculation formulas for GSFE and GPFE are as follows:

v=(Es—Ep)/(24), 6]

where 7y represents the crystal’s generalized fault energy, Eg
and Ej are the energies of the deformed crystal and the per-
fect crystal, respectively, and A is the area of the deformation
plane. A factor of 2 is ascribed to two slip or twin planes ex-
isting in the system owing to the application of the periodic
boundary conditions in all directions.

The P-N model is a fundamental concept in dislocation
theory.[?! The Peierls stress (7,) represents the shear stress
necessary to initiate dislocation slip and serves as the resis-
tance to dislocation motion, which is influenced by the mis-
fit between atomic planes. In conventional calculations of
Peierls stress, the restoring force in materials is typically as-
sumed to be a sinusoidal function, which does not accurately
reflect real conditions. Therefore, the form of the restoring
force is improved by analyzing the GSFE curve, eliminating
the reliance on a fixed sinusoidal model. The GSFE curve is
derived through rigid displacement, where the atomic arrange-
ments above and below the slip plane are uniform; thus, the
restoring force can be expressed as the first derivative of the
GSFE with respect to displacement u, satisfying the relation

fry=—dy/du. )

The self-consistent method is then employed to resolve and
obtain the Peierls stress. This modified approach brings the
calculations closer to actual material deformation, although it
has several limitations. Firstly, since the restoring force is re-
garded as the first derivative of the GSFE with respect to dis-
placement, the accuracy of the GSFE directly influences the
model’s precision. The calculation of the GSFE is affected

by the construction of the slip model and the accuracy of the
potential function used, which can lead to errors in determin-
ing misfit energy and Peierls force. Secondly, the P-N model
is fundamentally a zero-temperature model, while the defor-
mation behavior of materials can vary significantly at elevated
temperatures. Neglecting temperature effects may restrict the
model’s applicability under high-temperature conditions. Ad-
ditionally, the model typically assumes uniaxial stress condi-
tions for the analysis of dislocation slip, yet in practical ap-
plications, materials are often subjected to complex multiaxial
stress states, which can impact dislocation movement mecha-
nisms.

Previous studies have shown!?! that U-Mo alloys form a
stable y-phase when the Mo content is greater than 14 at.%, so
the compositions of the models in this study are U-15 at.% Mo
(U-6.64 wt.% Mo), U-20 at.% Mo (U-8.66 wt.% Mo), and
U-25 at.% Mo (U-10.60 wt.% Mo). Owing to the large-scale
system calculations that are possible with the MD method, we
construct U-Mo random solid solutions with different compo-
sitions through random doping, which better match the disor-
dered state in real U-Mo alloys. Notably, GSFEs focus pri-
marily on defects near the fault plane, so when doping atoms,
it is necessary to divide the entire simulation box into different
atomic layers and dope near the fault plane and other locations
separately. This will ensure accurate doping of the atom con-
tent near the fault plane, thus avoiding size effects.

When plane defects are established through rigid transla-
tion, the boundary conditions of the model are periodic. If the
fault plane is not aligned with the axial plane of the unit cell
(i-e., xoy/xo0z/yoz plane), the periodicity at the boundaries of
the unit cell will result in atomic misalignment, which disrupts
the calculation outcomes. Consequently, a coordinate system
transformation is conducted, positioning the fault plane as the
xoy plane, with the atoms in the system receiving new coordi-
nates based on this updated base plane. The specific approach
entails utilizing MATLAB to compute the transformation ma-
trix based on the coordinate transformation relation provided
in Eq. (3), followed by substituting the coordinates of the crys-
tal in the general axial plane, x;, into the equation to derive the
new coordinates, x}, as shown below:

LR L]

/
X} air anp a1z | | x
/ /
]=|x5| =|a anas| |[x]. 3)
/
X, as axn azz | | x3

We take the {112}(111) slip system of the y-phase U-15 at.%
Mo alloy as an example to elaborate on the construction pro-
cess of the random solid solution. The orientation of the twin-
ning model aligns with the {112}(111) system in the slip
model. First, the (112) plane is identified as the xoy plane
of the unit cell, and the slip direction [111] is designated the
y-axis direction to avoid the influence of periodic boundary
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conditions. The unit cell is subsequently expanded by a factor
of 50 in the x, y and z directions, resulting in a supercell of
pure y-phase U consisting of 300 layers and a total of 750000
atoms. This substantial atom count enables the model to effec-
tively simulate real conditions. Next, Mo atoms are introduced
into the supercell. With the slip plane serving as the symmetry
plane, the entire unit cell is divided into two relatively uni-
form layers above and below this plane. The U atoms in the
four layers situated above and below the slip plane are ran-
domly substituted with 15 at.% Mo atoms, while the remain-
ing atoms outside these eight layers are uniformly replaced.
This approach guarantees that the appropriate proportion of
Mo atoms influences the fault energy, thus mitigating size ef-
fects. The same procedure is applied to adjust the Mo atomic
proportion to 20 at.% and 25 at.% in order to create slip mod-
els for the other two compositions of the {112}(111) system.
Similarly, by altering the xoy plane to other slip planes, slip
models for the { 110}(111) and { 123}(111) systems can be
developed.

To achieve high computational accuracy in MD simula-
tions, understanding atomic interactions, specifically the po-
tential function, is essential. The angle-dependent potential
(ADP) introduced by Starikov in 201712%! is employed to sim-
ulate the microscopic plastic deformation mechanisms of -
phase U-Mo alloys. The complexity of the ADP is intermedi-
ate between that of the embedded atomic method (EAM) po-
tential and the modified EAM (MEAM) potential. It offers
high computational accuracy and broad applicability, demon-
strating notable advantages in computational efficiency com-
pared to the MEAM potential, and is extensively utilized in
multibody system simulations. The ADP function is partic-
ularly suitable for materials like U-Mo alloys, which exhibit
complex phase transition behaviors, as it incorporates the an-
gular dependence between atoms. The referenced literature
highlights that this potential function is specifically designed
to describe y-phase U-Mo alloys and their metastable phases
(such as ¥ and other distorted lattice structures), as well as the
mechanical properties of the alloy, including elastic moduli
and phase transition temperatures.

3. Slip model
3.1. GSFE

Using the {112}(111) system as an example, the pro-
cess for obtaining the GSFE curve is described. Following
the establishment of the slip model, the entire simulation box
is divided into two regions, with the slip plane acting as the
symmetry plane. The upper region is displaced along the
slip direction by an increment of b/30 for a total of 30 dis-
placements, resulting in the upper region being displaced by

b relative to the lower region. For the three slip systems, the

slip direction is (111), and b represents the Burgers vector of
(a/2)[111], where a is the lattice constant of the y-phase U-
Mo alloy. To ensure accuracy in energy calculations and to
prevent atomic loss, atoms are permitted to move freely along
the z-axis. After each displacement, the energy of the stabi-
lized crystal is computed and recorded, yielding the GSFE
curve illustrated in Fig. 1. Additionally, the energy barriers,

L;EP, that must be surpassed for slip in the three slip systems
are presented in Table 1.
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Fig. 1. GSFE curves of three slip systems for U-Mo alloys of (a) U-
15 at.% Mo, (b) U-20 at.% Mo, and (c) U-25 at.% Mo.

Figure 1 and Table 1 show that for the same slip system,
the energy barrier increases with increasing Mo content. How-
ever, the Mo content does not affect the relative order of the en-
ergy barriers for the three slip systems, with the {110}(111)
system having the lowest values and the {112}(111) system
having the highest energy barriers. We preliminarily conclude
that the {110}(111) slip system is the easiest to activate, but
whether it is activated first depends on the orientation and di-
rection of the external force. We further verify this conclusion
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by solving the P-N model.

Table 1. Energy barriers '}/SEP on three slip systems of different
compositions of alloys.

Composition Slip system yﬁ?" (mJ/m?)
{110}(111) 359.31
U-15 at.% Mo {112}(111) 413.85
{123}(111) 408.38
{110}(111) 385.87
U-20 at.% Mo {112}(111) 441.93
{123}(111) 435.75
{110}(111) 409.00
U-25at.%Mo {112}(111) 466.44
{123}(111) 463.16

3.2. Misfit energy and Peierls stress

We use the P-N model to further analyze the priority of
slip system activation from the perspectives of misfit energy
and Peierls stress. From the previous analysis of the GSFE, it
is evident that an increase or decrease in Mo content does not
affect the priority order of slip system activation. Therefore,
all calculations in this section are illustrated using the y-phase
U-15 at.% Mo as an example.

First, we calculate the misfit energy. After the dislocation
movement of ab, the total misfit energy is as follows: >4

oo Gb3 62
E =
= Y e a8
Gb? Ep
=77 1 cosd 4
an(i—v) + > cosdro, %)
sz 21w

Ep=—— ¢ b 5
P n_(l_v)e 9 ( )

where n is an integer, Ep represents the potential energy of
periodic displacement, G denotes the alloy shear modulus, a
indicates the distance between slip planes, and @ = a/(1 — V)
is the dislocation width (which corresponds to the distance be-
tween the two points when the displacement reaches half of
the maximum displacement). Additionally, & represents half
of the dislocation width, and v is Poisson’s ratio. The corre-
sponding function in Fig. 2(a) shows that the energy barrier
of the {110}(111) system is the lowest, satisfying the rela-
tionship of the energy barrier AWi10y111) < AWpi12y111y <
AWr2310111)-

The Peierls stress is then calculated. By differentiating
the x-axis in Fig. 1(a), the restoring force fy, graph depicted
in Fig. 2(b) is obtained. The maximum value of the restor-
ing force is extracted and substituted into the enhanced Peierls
stress formula

Oop ZZKCXP <—f(l()> s (6)
xy(max

K=-—, (7

dy
fxy(max) = du ’ ()]

max

where G is the shear modulus and v is the Poisson’s ra-
tio. The Peierls stresses of the {110}(111), {112}(111),
and {123}(111) slip systems are 478.99 MPa, 1062.82 MPa,
and 1533.82 MPa, respectively, satisfying the relationship of

Tp {110}(111) < Tp {112}(111) < Tp {123}(111)-

55
0165 ——{110}(111) system (a)
——{112}(111) system
0.1604 \— {(128}(111) system
< 0.1554
= AW,oy
v
% 0.150 N AWy
5 S
° 0.145 o
;é i £ Wi
&
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Fig. 2. (a) Misfit energies of three slip systems of U-15 at.% Mo.
AW represents the energy barrier that each slip system needs to cross.
(b) Recovery stress on three slip systems of U-15 at.% Mo.

3.3. Competition mechanism of different slip systems

Above all, from both the misfit energy and Peierls stress
perspectives, we conclude that the {110}(111) slip system is
the primary slip system and is most likely to activate first in the
internal competition of slip systems. Since Fig. 1 shows that
the GSFE curves for the y-phase U-Mo alloys with three com-
positions are highly similar and that the relative order of the
curves does not change, it can be inferred that for the y-phase
U-20 at.% Mo and U-25 at.% Mo alloys, the {110}(111) slip
system is still most likely to be activated first. Importantly, this
inference is based on the assumption that Mo is randomly dis-
tributed in the alloy. However, in practical situations, as defor-
mation continues, Mo atoms may cluster near the dislocation
core. If the clustering degree of Mo atoms near the dislocation
core differs among the different slip systems, it could impact
the results.

In actual material deformation experiments, the priority
sequence of slip system activation must also take into account
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the Schmid factor €. Slip occurs only when the shear stress
along a slip direction on a slip plane exceeds the critical re-
solved shear stress T.ss. Although the Peierls stress and Tepgg
are not identical, both are associated with the onset of plastic
deformation and share the same physical significance. There-
fore, the ratio of Peierls stress to the Schmid factor, 7,/¢, is
utilized to determine the priority of the three slip systems, with
the system having the smallest 7, /€ ratio being activated first.

For the {110}(111) slip system, which has the smallest
Peierls stress, the minimum value of the maximum Schmid
factor under various loading directions is as follows:

ioy(i11y = min{max (&g 101111y (F)]} =0.2722.  (9)

For the other two systems with larger Peierls stresses, the max-
imum value of the Schmid factor is 0.5. To ensure the general-
ity of the results, we take the smaller Schmid factor value for
the {110}(111) system in the slip hard orientation, whereas
we take the maximum Schmid factor value for the other two
systems in the slip soft orientation. This satisfies the following

relationship:
op{110}(111)  op{112}(111)  op{123}(111) (10)
0.2722 0.5 0.5 '

On the basis of the current computation and simulation results,
the {110}(111) slip system tends to be the first to activate un-
der certain specific loading directions, but this conclusion may
vary under different material conditions (temperature, stress
state, etc.). We compared these results with the experimental
results of Jia Jianping et al.,!*”] who conducted tensile tests on
U-10 at.% Mo alloys at room temperature and obtained a yield
strength of 870 MPa. In our study, considering both the Peierls
stress and Schmid factor for U-15 at.% Mo, the yield strength
should be 957.98 MPa. This calculated value is slightly greater
than the experimental value, with an error of about 10%, which
can be attributed to factors such as the differences in material
composition (polycrystalline U-10 at.% Mo in the experiment
vs. single-crystal U-15 at.% Mo in the simulation), temper-
ature differences, and differences in dislocation motion under
thermal activation. In general, the calculation results are on the
same order of magnitude as the experimental yield strength,
supporting the reliability of the simulations.

4. Twinning model
4.1. GPFE

The selection of potential functions, lattice constants, and
other parameters for the twinning model, as well as the relax-
ation and energy output operations, are consistent with those
used for the slip model. The primary distinction between the
two lies in the formation of the stacking fault. In the slip
model, the upper portion of the crystal is displaced as a whole
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Fig. 3. Generalized fault energy curves for three slip systems of (a) U-
15 at.% Mo, (b) U=20 at.% Mo, and (c) U-25 at.% Mo. &7*P repre-
sents the energy barrier that must be overcome to continue slipping after
a (a/6)(111) partial dislocation is formed. §y™*™™ represents the energy
barrier that must be overcome to continue twinning after a (a/6)(111)
partial dislocation is formed.

in relation to the lower part along the slip plane. In construct-
ing the twinning model with rigid shear, twins are generated
by creating continuous stacking faults. Initially, the twinning
planes at the center and top of the simulation box are desig-
nated as boundaries, dividing the entire simulation box into
upper and lower sections. The upper section is translated 10
times relative to the lower section, with each translation dis-
tance set at b/30, resulting in a total distance of b/3. Subse-
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quently, the twinning plane is shifted up one atomic layer in
the middle and down one atomic layer at the top, establishing
new boundaries and repeating the first translation operation,
leading to a b/3 displacement. Finally, the twinning planes
are shifted up by one atomic layer in the middle and down
by one atomic layer at the top to define new boundaries, and
this translation operation is repeated. After completing these
operations, two stable three-layer twins with a total translation
distance of b are formed in the model. The energy of the stable
state after each displacement is calculated and output to gen-
erate the GPFE curve. When combined with the GSFE curve
from Fig. 1, the generalized fault energy for various compo-
sitions of the y-phase U-Mo alloys is obtained, as illustrated
in Fig. 3. Regardless of composition, the energy barrier for
twinning is consistently lower than that for slipping. This pre-
liminary observation indicates that twinning is likely to occur
prior to slip in the {112}(111) system.

4.2. Competing mechanism between slip and twinning

In the case when a (a/6)(111) partial dislocation forms in
the system, its subsequent movement can either occur within
the same {112} plane until the displacement is large enough
to cause slip, or it can move across a series of consecutive
{112} planes to result in twinning. Previous research has
shown %3] that the competitive priority between slip and twin-
ning can be determined by the ratio of §7*1"/§y*P. A ratio
of §y™in/§y*liP > 1 favors slip, whereas a ratio < 1 favors
twinning. The ratios of §y™1"/§y*P for the three different
U-Mo alloys are given in Table 2. An analysis of the data in
Table 2 reveals that §Y™1" /§y*iP < 1 is valid for all three com-
positions of the y-phase U-Mo alloys. This means that for the
{112}(111) system, twinning is likely to occur before slipping
under external loading.

However, since it is not feasible to compare the priority
order between the {110} (111) slip system and the {112}(111)
twinning system through computational simulation, it cannot
be concluded that twinning will necessarily occur before slip
in the actual deformation of y-phase U-Mo alloys. This pro-
cess is influenced by numerous factors, including alloy com-
position, loading method, loading temperature, and loading
orientation. Furthermore, the results presented in Table 2 indi-
cate that as the Mo content increases, the ratio of §y™*1" /§ysliP
gradually decreases, suggesting that an increase in Mo content
can positively influence the occurrence of twinning.

Table 2. Determination of the ratio of Y™ to §yIiP.

Composition 8§y (mJ/m?) Sy (mI/m?)  §yWin/§yslip
U-15 at.% Mo 115.17 180.03 0.64
U-20 at.% Mo 118.79 189.96 0.63
U-25 at.%Mo 120.99 199.16 0.61

4.3. Tensile model

To verify the accuracy of the previously determined pri-
orities in plastic deformation, uniform tensile simulations are
conducted on y-phase U-15 at.% Mo alloys along the [100]
and [110] directions. The tensile direction is aligned with the
x-axis, and strain is applied along this axis during the calcu-
lations. To enhance the precision of the results, the model
is initially relaxed at a low temperature of 10 K for 10 ps to
achieve the most stable energy state, followed by tensile test-
ing at room temperature with a time step of 0.002 ps and a
strain rate of 1.0 x 10° s~!. The periodic boundary condition
is enforced along the tensile direction, while the free boundary
condition is implemented along the other two directions.

The stress—strain variations during the tensile process are
presented in Fig. 4. For tensile testing along the [100] direc-
tion, as strain increases, the stress curve can be categorized
into three distinct stages: the first stage represents the elastic
deformation phase, where the stress curve resembles a linear
function, with the slope corresponding to the elastic modulus;
the second stage indicates microplastic deformation, charac-
terized by a notable change in the slope of the stress curve
compared to the first stage, along with a decrease in flatness;
the third stage marks the yield phase, during which the stress
value reaches a maximum, and the curve may display yield
plateaus or yield serrations, reflecting irregular wave-like pat-
terns under rheological conditions. The stress—strain curve for
tensile testing in the [110] direction exhibits some similarities
but does not include the microplastic deformation stage.

2500 - -
——[100] direction
——[110] direction
2000+
£
1500+
g
2
& 1000-
8
n
500+

07 &

Strain (%)

Fig. 4. Stress—strain curves for tensile testing along the [100] and [110]
directions.

The stress—strain curve for the [100] direction clearly
demonstrated a plastic deformation stage. Consequently,
structural files for this stage were generated, revealing signif-
icant twinning. Ovito!*’! software was utilized for disloca-
tion analysis to identify the twinning planes, and the atomic
coloring function was employed to indicate the twinning sys-

tem. The results of the dislocation analysis are presented in
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Fig. 5(a). By calculating the atomic coordinates, the twin-
ning plane was initially identified as (211). Due to the higher
energy of atoms near the twin boundary compared to other
atoms, the atomic coloring function was applied to determine
the shear plane and twinning direction, coloring atoms based
on their energy levels. The marking results are illustrated in
Fig. 5(b), where the red line represents the symmetrical par-
tial twinning structure, with the shear plane identified as (011)
and the twinning direction being [111]. This twinning system
is classified as {112}(111), aligning with prior molecular stat-
ics calculations.

(a) & Shear plane (011)

S

v
Twin plane (211
- plane (211)

Fig. 5. (a) Defect surface grid analysis of U-15 at.% Mo, with the twin-
ning plane determined as (211). (b) Calibration analysis of the twin-
ning structure, with the shear plane being (011), the twinning plane being
(211) and the twinning direction being [111].

In contrast to the tensile results along the [100] direction,
no twinning configurations were observed in the tensile results
along the [110] direction, and the stress—strain curve also ex-
hibited notable differences. Initially, common neighbor anal-
ysis was conducted on the models in both directions. The re-
sults are presented in Table 3, and the corresponding atomic
configuration diagrams are displayed in Figs. 6(a) and 6(b).
For the [100] direction, the results indicate that the majority
of atoms remain in the BCC structure, with atoms undergoing
structural changes located only on the surface of the solid so-
lution, implying that y-phase U-Mo alloys do not experience
phase transformation when subjected to tensile stress in this
direction. Conversely, the results for the [110] direction reveal
that about 50% of the atoms have transitioned from the BCC
structure to alternative structures, with the atoms undergoing
structural changes distributed throughout the solid solution, in-
dicating that phase transformation has taken place.

To more precisely identify the phase transformation struc-
ture resulting from tensile testing along the [110] direction,

Table 3. Results of common neighbor analysis in both tensile directions.

[100] direction

Structure other FCC HCP BCC ICO
Count 78174 23 23 498580 0
Fraction 13.6% 0.0% 0.0% 86.4% 0.0%

[110] direction
Structure other FCC HCP BCC ICO
Count 572004 1923 6836 572677 0
Fraction 49.6% 0.2% 0.6% 49.6% 0.0%

1601 (c)
140 1
1201
100 1
801
60 1
401
201 {
O .
0 2 4 6 8
Distance (A)

Particle density

704 (d)
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50
40+
30 A
20

o U

Distance (A)

Particle density

Particle density
o

21 ‘ ‘V\\ \/' v

T T T

0 2 4 6 8
Distance (A)

Fig. 6. Atomic configuration diagrams for tensile testing along the
(a) [100] direction and (b) [110] direction, where BCC atoms are
marked in blue, FCC atoms are marked in green, HCP atoms are marked
in red, ICO atoms are marked in yellow, and other atoms are marked in
grey; radial distribution functions of (c) the perfect BCC crystal, (d) the
perfect orthorhombic crystal and (e) 8% tensile strain along the [110]
direction.

the phase structure was examined using the radial distribu-
tion function (RDF). The RDFs of the structure with 8% strain
along the [110] direction were compared to those of the per-
fect BCC crystal structure and the perfect orthorhombic crys-
tal structure, as shown in Figs. 6(c)-6(e). At both the first and
second nearest neighbor positions, the RDF of the structure
under 8% strain along the [110] direction corresponds with

that of the perfect orthorhombic crystal, suggesting a transfor-
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mation from the y-phase to the o”’-phase. Therefore, apply-
ing tensile stress to y-phase U-Mo alloys in various directions
leads to different outcomes. Since a”’-phase U-Mo alloys dis-
play poorer overall mechanical properties, tensile deformation
should be conducted along the [100] direction in practical ap-
plications to prevent phase transformation and retain a y-phase
structure with superior mechanical properties.

5. Conclusion

The MD calculation method is utilized primarily to cal-
culate the GSFE and GPFE curves of random solid solutions
with three distinct compositions of y-phase U-15 at.% Mo,
U-20 at.% Mo, and U-25 at.% Mo. These calculations facili-
tate the determination of the preferential activation sequence
of three slip systems and the competition between slip and
twinning in y-phase U-Mo alloys.

The preferential sequence of slip systems is determined
by combining the GSFE curves with the modified P-N model
to calculate the Peierls stress for the {110}(111), {112}(111),
and {123}(111) systems, yielding values of 478.99 MPa,
1065.82 MPa, and 1533.82 MPa, respectively. These findings
suggest that the {110} (111) slip system is the most easily ac-
tivated. This conclusion is further supported by the analysis
of misfit energy. It is verified that the calculated results for
the {110}(111) system align closely with experimental val-
ues. In light of the anisotropy observed during tensile tests,
the Schmid factor is calculated, indicating that the {110}(111)
slip system is likely to be the first to activate under specific
loading directions; however, this conclusion may change un-
der varying material conditions.

To investigate the competition between slip and twinning
in the {112}(111) system of y-phase U-Mo alloys, a compar-
ison of the GSFE and GPFE curves reveals that the ratio of
Sy™in /§y51iP is Jess than 1 for all three compositions. Conse-
quently, it is determined that twinning is likely to precede slip-
ping in the {112}(111) system under external loading. This
conclusion is further validated through tensile tests conducted
in the [100] direction. Additionally, tensile tests performed in
the [110] direction demonstrate the y-to-ot” phase transforma-
tion. Given that the o’ phase exhibits inferior overall mechan-
ical properties, it is recommended that practical applications
favor directions that promote twinning while inhibiting phase

transformation during tensile testing.
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