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Abstract

Molecular dynamics simulations were carried out to investigate the pressure dependence of homogeneous defect nucleation
behavior in bcc Mo. The crystal was sheared on the ð1�10Þ ½11�1� slip system under different confining pressures. The defect nucle-
ation stress was found to increase as the confining pressure increases. Dislocation loop was nucleated when sheared under hydro-
static compression, while Martensitic transformation was found to occur when sheared under sufficient hydrostatic tension.
Atomistic details of the nucleation processes are analyzed and the influence of pressure on the nucleation dynamics of dislocations
has been studied. Analysis was made with the help of the energetics of generalized stacking faults when the crystal was deformed
statically under different hydrostatic pressure in a highly controlled manner.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Much evidence shows that non-glide components of
stress on a given slip system may have important effect
on the dislocation or twinning behavior of bcc metals
[1–4]. Three distinct non-glide shear stress have been
identified to affect the glide of 1/2h111i screw disloca-
tions and a criteria including the effects of these stress
components was formulated, which formed a basis for
flow relations in continuum analysis [2]. When polycrys-
talline metals are deformed, even though the stress
applied to the sample is quite simple, such as uniaxial
tension or compression, the stress conditions inside each
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grain are different, due to the effects of the grain bound-
ary, anisotropy of elastic properties and mutually-
accommodating plastic deformation. The stress is more
complicated near the grain boundary regions and triple
junctions. These locations are usually the nucleation
sites of cracks when the sample was over loaded. In
the case of nanoindentation, the material beneath the in-
denter will deform under large compressive stress up to
tens of GPa [5,6]. The crack tip region in a solid under
tension is another important example of multi-axial
loading. The stress there can be separated into hydro-
static tension and a tension or shear component. The
stress at the crack tip may reach the level for homoge-
neous nucleation of defects. It has been shown by first
principles calculations that the strength of bcc Fe, which
had instability to fcc phase through the Bain transfor-
mation, is strongly influenced by hydrostatic stress [7].
The strength was increased by the triaxial tension. Thus,
the influences of confining stresses to the nucleation of
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Fig. 1. Elementary cell with basis vectors a1, a2, a3 corresponding to
vectors in the ½11�1�, ½�110� and [111] directions, respectively. The bcc
unit cell is delineated by the thick lines. Dislocation shear is on the
a1 · a3 plane along a1 direction, i.e., the slip system of the bcc metal:
½11�1� direction on ð1�10Þ plane (reproduced from Ref. [4]).
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defects under such extreme conditions are important to
the understanding of the deformation of materials.

It was found recently that the defect nucleation
behavior of bcc Mo lattice when sheared on the (11 2)
½�1�11� twinning system can be significantly altered due
to the application of confining pressure [4]. Deformation
twin is nucleated when the crystal is sheared under
tension, while dislocation is nucleated if the crystal is
sheared under hydrostatic compression. It is therefore
interesting to know what will be the effects of confining
pressure on the defect nucleation behavior when the
lattice was sheared on the slip system of bcc Mo.

In this work, molecular dynamics simulation was car-
ried out to study the effects of confining pressure on the
nucleation of dislocation or other defect, when the
lattice was sheared on the ð1�10Þ ½1 1�1� slip system in per-
fect bcc Mo. The generalized stacking fault energy was
calculated under different confinement to investigate
the influence of the constraint on the shear strength of
the lattice. Mo is chosen for this research not only be-
cause it is a good bcc model material, it has also impor-
tant space application and may subject to both creep
and shock loading, so that to understand its behavior
also has some practical significance.
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Fig. 2. Confining dependence of the yield strength of lattice sheared on
the ð1�10Þ ½11�1� slip system. The confining pressure was controlled by
adjusting the size of the simulation box, and x-axis here represents the
ratio of the box size to that under zero pressure.
2. Simulation method and setup

Molecular dynamics simulation was carried out with
constant strain rate loading using the Finnis–Sinclair
second-moment potential for bcc molybdenum [8]. Sim-
ulation cells containing up to 0.4 million atoms were
employed in the calculations, with periodic boundary
condition (PBC) in all three directions. Relatively large
simulation cell is chosen to let the nucleated dislocation
loop or Martensitic lath have the right boundary condi-
tion in the matrix, so that their dynamics is not
destroyed by the image interaction due to the PBC.
Shear displacements were imposed along ½11�1� direction
on ð1�10Þ plane; the confining pressure being adjusted by
changing the lattice parameter. All simulations were
started at temperature of 1 K, with temperature rescal-
ing through a first-order feedback control scheme to
remove the significant heat generated by plastic
deformation. The shear strain rate ranged from 2 · 106

to 1010 s�1.
The simulation cell was chosen to be multiples of an

elementary cell as shown in Fig. 1, in gray lines. The
latter is spanned by a1 ¼ ½11�1�a0=2, a2 ¼ ½�110�a0 and
a3 = [11 1]a0/2 and contains two atoms. The slip plane
ð1�10Þ is the plane spanned by a1 and a3. Shear deforma-
tion is applied on ð1�10Þ plane along ½1 1�1� direction, a1.

The generalized stacking fault energy was calculated
with the lattice sheared between only two adjacent lay-
ers. No relaxation in other layers and other directions
was allowed.
3. Results and discussion

3.1. Confining dependence of nucleation stress of defects

Fig. 2 shows the nucleation stress of defects in perfect
bcc Mo when the crystal is sheared on the ð1�10Þ ½11�1�
slip system. The x-axis is the ratio of the length of the
simulation box when the system is under confining to
that under zero pressure, which is an indication of the
confining pressure applied to the system. It can be seen
from the plot that the yield stress increases with the
increasing of the confining pressure (decreasing of lattice
parameters). This trend is similar to the relation of (112)
½�1�11� twinning shear strength and confining pressure,
but the curvature here is negative, showing a weaker
dependence on compression and a stronger dependence
on tension. The yield strain increases also with increas-
ing confining pressure.

The increase of shear strength with confining pressure
can be understood by the change of generalized stacking
fault energy with the confining pressure. Fig. 3 shows
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Fig. 3. Change of generalized stacking fault energy with confining
pressure on the ð1�10Þ ½11�1� slip system. The E0.97, E1.00 and E1.03
correspond to the fault energy when the lattice was sheared under
compression, zero pressure and tension.
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the shear fault energy curve when the lattice parameter
is at 0.97, 1.00 and 1.03 of its equilibrium value, showing
the effects of compression or tension on the lattice resis-
tance to the defect nucleation. It can be seen that the
energy barrier of shearing the lattice on the ð1�1 0Þ ½11�1�
slip system is higher when the lattice is sheared under
compression than under tension. The slope of the energy
curve around the first inflection point for shearing under
compression is much larger than that under tension; this
gives a larger restoring force from the lattice, corre-
sponding to larger shear strength under compression.
The first inflection point of the curve in Fig. 3 under
compression corresponds to larger shear amplitude than
other cases (e.g., 0.15 for 0.97a0 vs. 0.12 for 1.00a0), sug-
gesting a higher shear yield strain of the compressed lat-
tice. It can also be seen from the slope changes in the
curve of Fig. 3 that the shear modulus becomes lower
when the lattice was sheared under tension for a shear
displacement of a few percent. This lowering of the
modulus caused the instability of the bcc lattice and for-
mation of the Martensite with the orthorhombic struc-
ture. It should be noted that on the curves in Fig. 3,
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Fig. 4. Stress–strain relation for the lattice sheared under (initially
there is a second inflection point around 30% of the
shear displacement along [111] direction, while it is ab-
sent in the BOP and DFT calculation [9]. This is due to
the potential cutoff used in the Finnis–Sinclair potential,
which is associated with the lattice properties through
the fitting procedure of the parameter in the potential.
Although the second inflection point appeared at much
larger shear deformation than that when the lattice lost
its stability (at around the first inflection point), it may
influence the final structure of the defect nucleated dur-
ing the shear deformation. More calculation using DFT
or BOP might be needed to clarify the final structure of
the Martensite generated when the lattice was sheared
under hydrostatic tension.

3.2. Dynamic yielding during confined shear

Fig. 4 shows the stress–strain curve when the lattice
was sheared under hydrostatic compression of 1% and
tension of 2.5%. It can be seen that the lattice yielded
at a shear strain of about 10% when it was under 1%
compression, but the yield strain is about 3% under
2.5% hydrostatic tension. The two curves behave differ-
ently after yielding, indicating nucleation of different
types of defects when the lattice was sheared under dif-
ferent confining pressure. The curve under tension
shows some oscillation after yielding, as can be seen
from the following analysis. This corresponds to the
nucleation of Martensite in the bcc matrix.

3.3. Defect configuration produced by shearing under

compression

Under hydrostatic compression, a dislocation loop is
nucleated when the lattice shear reaches a critical value.
Segments of the expanding loop travel at a high speed
due to the high level of stress. Fig. 5 shows configuration
of edge and screw segments of the nucleated dislocation
loop. The bonds between first and second nearest neigh-
bor atoms were shown in edge part (Fig. 5b), in order to
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) hydrostatic compression of 1% (a) and tension of 2.5% (b).



Fig. 6. Martensite formed by shearing under tension. The red, green
and blue axes correspond to the a1 a2 and a3 axes in Fig. 1. The shear
direction of the box is parallel to the red axis, along a1, on the plane
spanned by the red and blue axes. The gray, blue and yellow atoms
have coordination number of 14, 13 and 12 respectively. The red atoms
on the upper left corner show a bcc elementary cell, with a green atom
as its center. The transformed part designated by yellow atoms has a
lattice close to orthorhombic structure. (For interpretation of the
references in colour in this figure caption, the reader is referred to the
web version of this article.)

Fig. 5. Planar core configuration for screw (a) and edge (b) portion of
dislocation loop nucleated. The gray, blue and yellow colors show the
atoms with coordination number (including first and second nearest
neighbors in bcc lattice) 14, 13 and 12, respectively. Bonds between
neighboring atoms in edge dislocation are used to show the misregistry
between atomic planes in the core region [10]. (For interpretation of
the references in colour in this figure caption, the reader is referred to
the web version of this article.)
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show the misregistry between atomic layers in the dislo-
cation core region. The screw dislocation core is shown
using the color encoding by coordination number of
each atom [10]. The dislocation here shows planar char-
acter in both the edge and screw orientation, in contrast
to those of non-planar behavior in some other simula-
tion [2,11]. One of the reason is due to the dislocation
here was nucleated under high level of stress and subse-
quently moved in a very high speed. It is shown from the
previous simulation that the dislocation core shows its
non-planar character when it stops, but it is flattened
once it starts to move [12]. Another reason of the planar
core structure may be due to the interaction between
different dislocation segments in the loop. The two
opposite screw portions in the same loop on the same
slip plane will impose on each other a shear force field
in the plane of the loop, which would increase the frac-
tion of screw partial in the loop plane, that favors the
planar configuration of the screws. The larger compres-
sive force perpendicular to the slip plane generated by
the lattice shearing may also contribute to the contrac-
tion of the core in the direction perpendicular to the slip
plane.

3.4. Martensitic transformation by shear under

hydrostatic tension

When the hydrostatic tension exceeds about 1%, the
lattice no longer yields by nucleation of dislocation loop,
but accommodates the plastic deformation by local mar-
tensitic transformation. Fig. 6 is a snapshot of the shear-
ing process, showing a lath of Martensite (convex lens
shape as it was nucleated) in the bcc lattice. The volume
containing yellow atoms with a lower coordination
number of 12 is an orthorhombic Martensite phase
formed by shearing of the simulation box along the x-
axis. The density of the transformed part is lower than
the matrix to accommodate the lattice expansion due
to the hydrostatic tension. The volume expansion due
to the martensitic transformation is about 20% for
shearing under 3.2% hydrostatic tension. This is compa-
rable to an earlier calculation for iron, which shows
about 8% volume expansion after bcc to fcc transforma-
tion [13], but in contrast with experimental observation
for iron. The experimental volume expansion for Fe al-
loys is about 4% from fcc to bcc Martensite [14,15]. The
difference in the amount of the lattice expansion between
previous and the calculation here may partially be due
to the difference in stress state. In the calculation here,
the lattice is in large tension of, say 3.2%, in each direc-
tion, so the Martensite is still under tension even after
the transformation, and it is naturally bigger in volume
than that in unstressed case. In the experimental case,
when Martensite is formed, it expands in volume, so
that subjected to compressive stress by the matrix, that
may be the reason why the measured volume expansion
is smaller than that in the calculation [13–15]. If we
deduced the influence of the tensile stress on the density,
we may estimate the volume expansion of the lattice due
to the transformation to be similar with that of previous
calculation for iron [13].

The habit plane of the Martensite formed is some-
what sensitive to the geometry of the simulation box,
i.e., the length ratio of different axes of the box, i.e., it
depends on the total stress. The local lattice shear direc-
tion in each transformation is similar, so that give the
same lattice structure of Martensite. In one case the ha-
bit plane of transformed lath is close to ð1�72Þ of the bcc
matrix. The shear direction is about [12.51.7]. The lat-
tice plane rotation due to the transformation is about
17�. This makes the initial 71� lattice into almost right
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angle. The Martensite formed has a structure close to
face centered orthorhombic lattice. In the center part
of the lath, each angle is close to 90�, with deviation
of a few degrees. The b/a ratio is 0.97 and c/a ratio is
about 1.03. This martensitic structure is different from
fcc, with a deviation of ±3% for axial ratio. The larger
c-axis of the orthorhombic lattice may be due to the lar-
ger tensile stress along the c direction, since the c is
along the Martensite lath; there is not much stress relax-
ation in this direction.

The density of the Martensite is lower than that of the
bcc phase. This is in contrast to the general belief that
fcc may have a higher density than bcc phase. The den-
sity of the equilibrium fcc Mo is higher than that of bcc
phase using the same potential, so that the martensitic
phase here may be another phase of the Mo under
hydrostatic tension. Further ab initio type calculation
may be needed to test the stability of the low density
orthorhombic or fcc phase of Mo. It should be noted
that the value given here is measured in the dynamic
simulation; more accurate ones can only be obtained
by performing careful relaxation of the transformed
lattice.

The choice of potential may have important influence
on the deformation behavior of the system. Recent cal-
culations for molybdenum with different interatomic
interactions show that for the central force many body
potential, the generalized stacking fault energy deviate
from that calculated using different bond-order poten-
tials and density functional based method when the
shear displacement exceeds 10% of the Burgers vector
in [11 1] direction, and the core structure of dislocations
are also different [9,2]. Some further calculation using
other potential, such as bond order potential or first
principles calculation might be interesting to clarify the
physical origin of this transformation on the electronic
structure level.
4. Conclusion

Molecular dynamics simulation using the Finnis-Sin-
clair potential has been carried out to study the effect of
confining pressure on the nucleation behavior of defects
in bcc molybdenum perfect crystal sheared on ð1�10Þ
½11�1� slip system. The following conclusions can be
drawn:
(1) Confining pressure has a crucial influence on the
nucleation of defects when the lattice is sheared
on the slip system. Dislocation is nucleated when
the lattice is sheared under compression or small
tension, Martensitic transformation occurs when
the lattice is sheared under sufficiently large hydro-
static tension.

(2) The shear strength of perfect bcc lattice when
sheared on the ð1�10Þ ½11�1� slip system increases
with the increase of the confining pressure, as a
result of increasing lattice restoring force when
the lattice is compressed, as can be delineated by
the change of the generalized stacking fault energy
profile when pressure is applied to the system.
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