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Abstract
It is known that themechanical responses ofmetallic samples are insensitive to confining pressure at
macroscale. As a result, vonMises elastoplasticity has been commonly used tomodelmetals in
engineering practice.With the use of discrete dislocation dynamics in this study, we explore the
dislocation behavior offinite-sized copper single crystals of different sizes under uniaxial compression
and hydrostatic pressure, respectively. It is found that the dislocation density approaches a stable value
with the increase of hydrostatic pressure while it still keeps increasing under uniaxial compression as
the size-dependent yield stress is reached. This difference is also dependent on the loading rate. The
yield stress under uniaxial compression exhibits the conventional loading rate effect, while the stable
value of dislocation density under hydrostatic compression increases with the increase of loading rate.
Moreover, a transition frombeing pressure-insensitive to pressure-sensitive on the evolution of
dislocation density is observed under hydrostatic compression as the sample size becomes small.
Thesefindings provide useful insights into the elastoplastic responses ofmetallic samples at
microscale.

1. Introduction

Themechanical behavior of crystals depends on the dislocationmotion in response to the applied loading. Since
themechanical responses at submicron scale differ from those at themacro scale, a fundamental understanding
of the size dependency has attracted a lot of attention and investigation [1, 2]. In particular, Cui et al [3]
investigated the dislocation evolution in single crystalline copper pillars of different sizes under uniaxial
compression, and revealed that it was the single-arm sourcemechanism controlling the plastic flowbehavior for
submicron face-centered cubic (fcc) single crystals.Most of the investigations in the open literature have
concentrated on themechanical behavior and corresponding dislocation evolution under uniaxial compression
[4–6]. However, themechanical behaviors along other loading pathsmight exhibit some different features. For
instance, the size effect on the response to hydrostatic pressure, which is rarely studied,might have valuable
potential applications under extreme environments such as deep-sea operation and 3Dprinting ofmetallic
parts. The investigation on themechanical behavior under hydrostatic pressure is also valuable to better
understand the plate impact loading process inwhich a hydrostatic state of stress becomes dominant [7–9]. In
addition, Yuan et al [10] investigated the interplay between pressure and grain size with a series of large-scale
molecular dynamics simulations, which showed different dislocation behaviors below and above a critical
hydrostatic pressure. The recent work byChen et al [11] explored the effect of hydrodynamic compression rate
on the crystal formation froma noblefluid that contains aCu inclusion.Hence, an important issue arises about
whether theCu inclusion of different sizes would exhibit differentmechanical behaviors under hydrostatic
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compression. Since themechanical responses ofmetallic samples are insensitive to confining pressure at
macroscale, vonMises elastoplasticity has been commonly used formodelingmetals in engineering practice. To
clarify the applicability of vonMises elastoplasticity atmicroscale, we use discrete dislocation dynamics (DDD)
in this work to explore themechanical response and corresponding dislocation evolution under hydrostatic
pressure. The focus of this work is on the effects of hydrostatic pressure, loading rate and sample size on the
evolution of dislocationmicrostructure.

2. Simulation details

TheDDDmodel employed here has been described in our previous studies [5, 12, 13]. The calculation
procedure always follows the same general form. The forces acting on all the dislocation segments are evaluated
at each time step, dislocation velocities are then calculated by solving the dislocationmotion equation, unlike the
widely used overdamped linear force–velocity equation for dislocationmotion, a fully dynamic equation
including inertial effect [14, 15] is adopted in theDDD simulation, which has been verified to bemore consistent
with the experimental results. Finally, the dislocation positions and topology are updated every time step to deal
with dislocation surface annihilation and the short range interactions between perfect non-dissociated
dislocations. The geometrical boundary change of the computational specimen is not considered here for
simplicity.

In this study, a series ofDDD simulations of hydrostatic compression test are performed on the finite-sized
Cu single crystalline samples. Each sample is set to a cubewith the same edge length ranging from200 to
1200 nm in its three-dimensions. These cubes are set with x-, y-, and z-axes along [100], [010], and [001],
respectively. As a reference, the uniaxial compression test is also carried out on all the Cu samples to investigate
the effect of loadingmode. It is worthmentioning that other loading paths such as biaxial compression and
triaxial compression (applying hydrostatic compression first, and then keeping compressive loading only along
one directionwith the loading level in other directions being fixed) are also important. Since this investigation is
focused on hydrostatic loading, a detailed study on the other two loading paths is not conducted in this work. All
the simulations are performed under stress-controlled compression loading. Thematerial properties are as
follows: shearmodulusμ is 48 GPa, Poisson’s ratio ν is 0.34, themass density ρc is 8.96×103 kg m−3, the
magnitude of the Burgers vector b is 0.256 nm, and the viscous drag coefficientB is 2×10−5 Pa s.

The initial equilibriumdislocation configurations are generated via a relaxation procedure, which
approximates a real thermal annealing process [2, 16]. This process starts with the generation of randomly
created straight dislocation lines and internal dislocation loops spreading on all the twelve slip systems of fcc.
The ends of straight dislocation lines terminate at the free surface. All the internal dislocations then evolve
dynamically without external loading until the structures become stable.More details can be found in [3].
According to the experimental observations [17, 18], themechanical response ofmicropillars with the same size
also varies. Thismotivates us to use different initial dislocation configurations for each sample sizeD. As a result,
the initial dislocation structure and density are different in theCu samples from each other. After the initial
relaxation procedure, the hydrodynamic compression loading rates ranging from0.1 to 1.0 MPa ps−1 are
applied on all the three-dimensions of cube, i.e. along [100], [010] and [001] crystal orientations.While for the
case of uniaxial compression, the same compression loading rates are applied on the top of the cube along [001]
crystal orientation, and the lateral surfaces are traction free. The time step used in the simulations isΔt=1 ps
which ensures that the numerical results are converged. To compare the responses between hydrostatic
compression and uniaxial compression in the simulation results, the stress in hydrostatic compression is defined
asσ=−(σxx+σyy+σzz)/3, and the one in the uniaxial loading isσ=−σzz, for which the corresponding
strains are both defined as ε=−(εxx+εyy+εzz).

3. Results and discussion

3.1. Effect of loadingmode
In this section, the copper cubes with the edge length 400 nmare loaded under two differentmodes, i.e., the
uniaxial and hydrostatic compression, respectively. The stress–strain curves and the evolution of dislocation
density under the two loadingmodes are plotted for theCu samples with the same size and three different initial
configurations, as shown infigure 1. Particularly, different curve types (i.e. solid, dotted and dashed lines) are
used to distinguish the different initial dislocation configurations and indicate the correspondence between the
evolution of dislocation density andmechanical response. It can be seen from figure 1(a) that the stress–strain
curves of Cu cubes are almost the same under hydrostatic compressionwhen the edge length is 400 nm, for
which the stress increases approximately linearly with the strain. Hence, the initial dislocation structures have a
limited effect on themechanical behavior, and the dislocation density gradually decreases with the increasing
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hydrostatic pressure. In the case of uniaxial compressive loading, as shown infigure 1(b), however, the stress–
strain curves exhibit the conventional pronounced step-like character [19], which suggests that the discrete
strain burst events occur in a uncontrollable and stochastic way. After that, it can be observed that the stress
reaches a critical stable valuewhere the yield strength is obtained. The dislocation density is quite fluctuant,
which is related to the operation and suppression of single-armdislocation sources [3].

Another feature of the dislocation evolution under uniaxial compression is that the dislocation density
decreasesmore rapidly to a stable state. It is because the dislocation located on the slip plane is activated via the
effective resolved shear stress on the plane. For fcc single crystal with orientation 〈001〉, the resolved shear stress
ismuch larger in the case of uniaxial compression. By contrast, the dislocations can be hardly activated and tend
to keep stable under the hydrostatic pressure, which leads to the insensitivity of themechanical response to the
confining pressure. The dislocationmicrostructures at the strain of 1.2% in theCu sample with the same initial
dislocation configuration are also illustrated infigure 1. It can be seen that all the dislocations are trapped on the
slip plane in the hydrostatic compression test even though the stress ismuch higher (∼1200MPa).While the
operation of the single-armdislocation source continues in the case of uniaxial loading, which leads tomassive
yielding. Next, the dislocation density andmicrostructure under hydrostatic pressure will be further analyzed.

3.2. Size effect on the pressure sensitivity of dislocation density evolution
From the above analysis, it can be seen that themechanical responses appear to be insensitive to the confining
pressure at small scales, which is further confirmed by analyzing the stress–strain curves for Cu samples of
different size. However, the dislocation evolution shows some different characteristics. The further investigation
is then focused on the evolution of dislocation density andmicrostructures in this section.

3.2.1. Pressure sensitivity of dislocation density evolution
TheCu samples with edge lengths ranging from200 to 1200 nmare loaded under hydrostatic pressure with
loading rate 0.5 MPa ps−1. The evolution of dislocation density with the increasing pressure is shown in
figures 2(a)–(d), respectively. It can be seen that the evolution of dislocation density exhibits the size dependency
under hydrostatic compression. For theCu samples with the edge length 200 and 400 nm, the dislocation
density is relatively stable at the beginning and then decreases gradually with the increasing stress, exhibiting the
nature of pressure sensitivity. Itmay be because the operation of dislocation sources requires larger critical shear
stress in the sample of smaller size [2, 16] and dislocations tend tomove out due to the image force by free surface
when they are activated [3]. For larger samples (D=800 and 1200 nm), after the initial decrease of dislocation
density, which corresponds to themechanical annealing process [4], the dislocation density can increase with
the increasing hydrostatic pressure and achieve a relatively stable value finally. This process exhibits similar
characteristic and insensitivity to the pressure, featuring a relatively stable dislocation density despite that the
pressure keeps increasing.

As a reference, the dislocation evolution inCu samples with the edge length 400 and 800 nmunder uniaxial
loading are also presented infigure 3. It can be seen that the evolution of dislocation density is quite different
from that in hydrostatic pressure loading. In the early stage of plastic deformation, the stress when themassive
dislocationmultiplication occurs is relatively low, characterized by the appearance of stress steps in the stress–
strain curves. The vertical lines in the curves of dislocation density evolution correspond to the dramatic
dislocation activity. It indicates that dislocations aremore easily activated and generate plenty of plasticity in this

Figure 1. Stress (black line) and dislocation density (blue line) evolution forCuCubeswith different initial structures under (a)
hydrostatic compression test, and (b)uniaxial compression test.
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case. The dislocation density continues to increase after the stress reaches the yield strength, resulting in a sample
that is generally unable towithstand large loads under the uniaxial loading condition.

Two questions then arise, namely, why the sample size plays an important role on the evolution of
dislocation density under hydrostatic compression especially when sample size becomes smaller (D�40 nm),
andwhy the evolution of dislocation density shows a significant difference between hydrostatic and uniaxial
compression cases.

Figure 2.The evolution of dislocation density in Cu cubes with different edge lengths (a)D=200 nm, (b)D=400 nm, (c)
D=800 nm and (d)D=1200 nmunder hydrostatic loading.

Figure 3.The evolution of dislocation density for Cu cubes with the edge lengths (a)D=400 nm and (b)D=800 nmunder uniaxial
compression.
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3.2.2. Dislocationmicrostructure analysis
The dislocationmicrostructures are further analyzed to answer the above questions. As shown infigures 4(a) and
(b), in the case of hydrostatic compression, for Cu samples with the edge length 400 nm, the dislocations are
intermittently activated and the links between dislocations are destroyed as the pressure increases. At the same
time, new stable dislocation links are difficult to formbefore these dislocations are driven out of the samples. The
remaining dislocations aremore stable and require a higher activation stress. As a result, the dislocation density
gradually decreases with the increasing stress, leading to the pressure sensitivity in the evolution of dislocation
density. By contrast, for Cu sample as large as 800 nmas shown infigure 4(b), many of the generated dislocations
can formnew junctions and tangles as new sources rather than slip out immediately. Therefore, the dislocation
density can increase again after the initialmechanical annealing process occurs. The reconstruction of jammed
dislocation network is quite stable, which is the key to be responsible for the pressure insensitivity.

Moreover, the dislocationmicrostructures for Cu samples with the edge length 400 and 800 nmunder
uniaxial compression are also presented infigures 4(c) and (d), respectively. For Cu sample with the edge length

Figure 4.The evolution of dislocationmicrostructures for Cu cubes with different edge lengths (a)D=400 nm and (b)D=800 nm
under hydrostatic compression, (c)D=400 nmand (d)D=800 nmunder uniaxial compression.
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400 nm, seefigure 4(c), some stable single-armdislocation sources and Frank–Read (F–R) sources can form
eventually. These stable dislocation sources continuously sweep the slip plane and generate a large amount of
plastic deformation tomaintain a steady plastic flow. Similarly, in Cu sample with the edge length 800 nm, it can
be seen thatwith the increase of external load,more dislocation sources are activated, which leads to the
dislocationmultiplication.When the stress reaches the yield strength of 535MPa, the dislocationmultiplication
continues. For the hydrostatic loading considered here, the internal dislocations are hardly activated under the
confining pressure. Thus, a number of dislocation locks are formed and quite stable, which can serve as the
obstacle for dislocationmotion. Thismay be one possible reasonwhymaterials can always reachmuch higher
pressure level under shock loading, inwhich the region of thematerial that has been deformedwill normally
enter into a hydrostatic state [9], so that themovement of internal dislocation is suppressed and the stress
relaxation can be hardly achieved.

3.3. Effect of hydrodynamic loading rate
In order to study the rate effect, themechanical responses for theCu samples with the edge length 800 nmaswell
as the evolution of dislocation density under different pressure loading rates are presented infigure 5. The results
infigure 5(a) further confirm that themechanical responses are insensitive to the confining pressure, even under
different pressure loading rates, which is quite different from the rate-dependentmechanical behavior under
uniaxial compression [20]. However, the evolution of dislocation density shows a significant rate effect. After the
initialmechanical annealing process, the dislocation density starts to increase due to the activation of dislocation
sources and becomes approximately stablefinally. The stable dislocation density is increasing with the increase
of pressure loading rates.

Correspondingly, the dislocationmicrostructures in theCu samplewith the same initial dislocation
configuration, which is at the hydrostatic pressure of 1000MPa, are shown infigure 6. Firstly, the typical
structural characteristics of dislocations are quite different from those of uniaxial compression, inwhichmost of
the dislocation lines are curvedwhen the operation of single-armor F–Rdislocation sources occurs. Conversely,
the dislocation structures under hydrostatic pressure are always straight with sharp edges and corners, which is
consistent with the dislocationmorphology observed in the silicon sample under the pressure of 1500MPa [21].
Furthermore, by analyzing the evolution of dislocation structures under different loading rates, the rate effect on
the dislocation density can be attributed to the transformof dislocation structures from curved lines to straight
ones that are the final stablemorphological structures of dislocation under hydrostatic pressure. A faster
increasing rate in the pressuremakes itmore probable to form the straight dislocation lines before the activated
curved dislocations slip out from the samples. As a result, the stable dislocation structures tend to concentrate in
the central region. A high hydrostatic pressure can effectively eliminate the effect of image force and keep the
dislocations trapped inside theCu samples.With the increase of hydrostatic pressure, however, the forces acting
on the dislocations are still not sufficient to break the strong links between the internal dislocations so that the
dislocations cannot generate enough plasticity under hydrostatic loading. As a result, themechanical response
does not exhibit an obvious rate effect.

Figure 5. (a) Stress–strain curves for Cu samples under different pressure loading rates, and (b) the evolution of dislocation density.
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4. Concluding remarks

In summary, the dislocation density of Cu samples as well as the correspondingmicrostructures have been
examined under hydrostatic compression, and comparedwith the results under uniaxial compression. The
effects of loadingmode, sample size and loading rate have been explored on themechanical responses. It is
found that the dislocation structures are less activated under the hydrostatic compression as comparedwith the
uniaxial compression. There exists a size-dependent transition in the evolution of dislocation density, which
exhibits the pressure sensitivity as the sample size becomes smaller than a specific value (D�40 nm). Although
the rate-dependent stress–strain relationship is not observed under the hydrostatic compression, the evolution
of dislocation density exhibits a significant rate dependence. This is because a faster increase in stressmakes it
more rapid to suppress the effect of image forces, and easier to keep the dislocations trapped inside the samples.
Furthermore, the typical characteristics of dislocation structures under hydrostatic compression are analyzed. It
is found that the straight dislocationswith sharp edges and corners are quite stable under the confining pressure.
Thefindings reported here could provide a better understanding on the elastoplastic responses ofmetallic
samples atmicroscale.
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