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Abstract

Pre-existing dislocations (PED) are ubiquitous inside crystalline lattices which in turn affect the
yield stress and the process of plastic deformation. Hence, understanding the onset of dislocations
motion and interaction is critical in modifying or designing new materials with advanced properties
so that their mechanical behavior approach realistic conditions. One such family of new materials
is the ceramic/metallic nanolaminates. In this work, we have investigated the effect of pre-existing
dislocations on the mechanical behavior of NbC/Nb nanolaminates using molecular dynamics
simulations. Upon unloading at different strains from stress-strain curve of 3nm NbC/7nm Nb
sample, we were able to generate structures with various pre-existing dislocation densities inside
the layers. Uniaxial loadings parallel to the interface at two different temperatures (10K and 300K)
were performed on each structure. Also, the yield locus was determined at 300K by applying
biaxial in-plane loading and fitted with a general flow potential to be used in macroscale analysis.
Finally, the tension-compression asymmetry (TCA) was investigated for the structures with pre-
existing dislocations along two different in-plane loading directions.
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1. Introduction

Ceramic/metallic nanolaminate (CMN) composites exhibit high flow strength which is a
fraction of theoretical limit, and considerable amount of ductility when the ceramic layer thickness
is just a few nano-meters. Combining metals with good ductility and ceramics with high strength
and refractory capabilities, leads to novel promising properties and improved performances
especially at harsh environments under high pressure and high temperature working conditions.
Besides, high corrosion and radiation damage tolerance of CMNs make them unique candidates
for coating applications on oil pipelines and nuclear reactors [1-3]. For the above mentioned
reasons, the study of the mechanical behavior of CMNs has attracted increasing attention during
the recent years [4—6].
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Interfaces in nanolaminate composites play an important role in controlling the governing
deformation mechanisms and mechanical properties since they act as barriers and sinks to
dislocations glide. This role becomes dominant when each individual layer thickness is less than
10 nm due to the very high volume fraction of interfaces [7,8]. In case of coherent interfaces
(commensurate) [9] atomic arrangement and slip systems are nearly continuous across the
interface [10—12] such that the interface is very strong and allows for dislocation transmission if
the coherency stresses (usually of order of GPa), resulting from lattice mismatch, are overcome by
the applied stress [ 13—16]. On the other hand, in semi-coherent interfaces (incommensurate), misfit
dislocations are formed on the interface that result in reduced interfacial strengths but stronger
barriers for incoming dislocations [11,13,17].

Several studies in the literature are focused on the effect of the individual layer thickness and
thickness ratio on the mechanical behavior of CMNs. The results revealed a plastic co-deformation
behavior of CMNs when the ceramic layer thickness is less than 5 nm. In fact, although ceramics
are brittle, at layer thicknesses below 5 nm, dislocations nucleation has been suggested in the
ceramic layer without evidence of cracking [7,18-20]. The transition from brittle to ductile has
been attributed to the high resolved shear stress caused by the interaction of the dislocations in the
interfaces of the adjoining layers that facilitates dislocation transmission across the interface [21].
Moreover, by decreasing the ceramic layer thickness, the stress field of nucleated dislocations in
the softer layer becomes higher than the interfacial shear strength. That in turn results in the
shearing of the interface such that dislocation transmission becomes energetically favorable
[22,23].

Various experimental and atomistic efforts have studied the deformation mechanisms and
mechanical behavior of CMNs under compression and nanoindentation [3,24-26]. The results
showed that the strength and hardness increased as the layer thickness decreased. The mechanical
behavior of Ti/TiN under compression were shown to have the same trend at different temperatures
implying that deformation mechanisms were not temperature dependent. However, the yield stress
was shown to be temperature dependent as the shear stress needed for dislocation nucleation was
reduced at elevated temperature [27]. Molecular dynamics (MD) simulation of Cu/SiC
nanocomposites showed that the deformation mechanisms depend on the interfacial strength and
the volume fraction of each phase plays a key role to the mechanical properties [28]. However, the
majority of the previous studies examined the structures under uniaxial loading only. The
mechanical behavior of CMNs under biaxial in-plane loading has not received much attention so
far, even though in the majority of potential applications the structures will operate under biaxial
loading. Furthermore, the presence of pre-existing dislocations on the yield surface of CMNs has
not been considered so far.

For cases where incipient of plasticity is dominated by the nucleation of dislocations, such as
in well-annealed nanocrystalline materials [29-33] where density of pre-existing dislocations are
extremely low or in nano multilayers where the activation stress of threader dislocations is high
[3,34,35], in previous work [20] we studied the mechanical behavior of NbC/Nb nanocomposites
without pre-existing dislocations within the layers using MD simulations. The results from these
MD simulations show high yield stresses which correspond to dislocation nucleation. It was



shown that the high stresses are not only due to the typical high strain rates in the MD simulations,
which was in turn justified using nucleation theory, but also due to the lack of pre-existing
dislocations in the layers which can affect the yield stress and plastic deformation behavior
considerably. In this paper, the deformation behavior of single crystal NbC/Nb nanolaminate
composites with pre-existing dislocations in the constituent layers is studied under uniaxial
tension, uniaxial compression parallel to the interface, and in-plane biaxial loading using
molecular dynamics simulations. Two different temperatures are considered with various initial
dislocation densities to identify the effect of the dislocation density to the overall deformation
behavior. Furthermore, the yield locus of CMNs with pre-existing dislocations at room
temperature is obtained and fitted on a general flow potential which allow us to develop a
viscoplastic continuum model later on. Finally, the tension-compression yield asymmetry of the
CMN:ss is studied along two different in-plane directions for different initial dislocation densities.

2. Methodology

Molecular dynamics (MD) is a powerful tool to study the physical movement of atoms and
their interactions based on Newton’s equation of motion [36,37]. The ability to make accurate
prediction of material properties by these models is called transferability which is validated with
experiment or density functional theory (DFT) calculations [38]. We performed MD simulations
on a bilayer NbC/Nb with pre-existing dislocations using LAMMPS [39]. Periodic boundary
conditions were applied in X, y, and z directions to mimic the bulk behavior [40]. A second nearest
neighbor modified embedded atom method (2NN MEAM) [41,42] interatomic potential was used
for both Nb and NbC layer. This potential can accurately reproduce lattice parameters, elastic
properties, enthalpy of formation, and surface energies of Nb and NbC [42]. The interface has been
oriented according to Baker-Nutting orientation relationship (OR), i.e. (001)ypc || (001)yp and
[100]npc || [110]yp - OVITO package [43] was used for post processing and visualization of
atomistic simulation data and centro symmetry parameter (CSP) [44] was used for the visualization
of defects.

3. Simulations and Results

Uniaxial tension in the x direction with a constant engineering strain rate of 3 X 108/s was
applied to the 3nm NbC/7nm Nb nanolaminate with 20.6 nm dimension along both in-plane x and
z directions at 10K (Fig. 1. red curve). The stress along the other two directions (y and z) was kept
zero. Before applying the load, the structure was energetically minimized at 0K using the conjugate
gradient (CG) method until the configuration potential energy reached less than 1 x 1071% eV and
then the structure was relaxed at 10K for 40 ps employing the isothermal-isobaric (NPT) ensemble
[45]. Fig. 1 shows the resulted stress-strain curve. The yield stress is about 14 GPa at a strain of
0.09 in which dislocations started to nucleate and propagate in the Nb layer. By increasing the
strain, dislocations began to nucleate in the NbC layer as well at which plastic co-deformation
occurred [20]. In order to create structures with pre-existing dislocations, the bilayer nanolaminate
was unloaded and relaxed from four different stress states beyond the yield stress as shown in Fig.
1. The loading and unloading process, lead to structures with residual dislocations inside the layers
due to the partial elastic recovery. The structures created by unloading from points 1, 2, and 3



contain pre-existing dislocations only inside the Nb layer, while the structure created upon
unloading from point 4 consists of pre-existing dislocations in both Nb and NbC layers (Fig. 2).

20

Tensile loading at 10 K, strain rate =3e8 Is
————— Unloading from point 1
Unloading from point 2

18

E 16 :_ Unloading from point3
Q [ | =———— Unloading from point 4
c 141
2 r
g 2 1 Oz 105 GPa
= N N
g 10F o“‘\\ ;
g.‘ - o\/\ Vs N gz 77 GPa
g °F X 4 o= 6.4 GPa
© = & V' 3
- & s
w gl A Y 4
g B o=54 GPa
=] - 4 KE
n 4 ~ Y ’
B V4 //
F 7/ p
L / /
] R L 1 1 g ) 1
0.05 LA 0.15
Strain

Fig. 1. Stress-strain curve of 3nm NbC/7nm Nb nanolaimate under uniaxial tension parallel to the interface
unloaded from four different points with different dislocation densities
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Fig. 2. Structures with pre-existing dislocations created by loading-unloading process at different
strains: A, B, C, and D structures above unloaded from points 1, 2, 3, and 4 in Fig. 1 respectively. Total



dislocation length in structures A, B, C, and D is 44527.14, 515364, 63904.6A, and 82457.6A
respectively. Snapshots are colored based on CSP.

The dislocation density (p) is an internal state variable defined as the total dislocation length
divided by the unit volume of crystal [46] as:

p=1 (1)
The centrosymmetry parameter was used to identify the dislocations in the individual layers

and interface and the dislocation length was calculated based on the number of atoms and
consequently the dislocation density was determined for the 3nm NbC/7nm Nb (red curve) under
uniaxial tension as shown in Fig. 3. It can be seen that the dislocation density inside the Nb layer
starts increasing at ~56% of the total strain and keeps increasing up to point 3 at which the
dislocations interaction is maximum in the Nb layer. Beyond this point, the dislocation density
decreases and becomes constant up to point 4 corresponding to 0.16 strain. This is attributed to the
high amount of dislocation interactions in the Nb layer that results to a high annihilation rate.
Reaching ~78% of the total strain, dislocations start to nucleate in the NbC layer and the
dislocation density inside that layer increases up to strain of 0.16 (point 4). For Nb side interface,
dislocation density is not zero at zero strain due to the misfit dislocations and then increases upon
further deformation tending to approach a constant value as dislocations start crossing into the
NbC layer.
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Fig. 3. Dislocation density evolution for 3nm NbC/7nm Nb under uniaxial tension with strain rate

of 3 x 108/s and temperature 10K



The structures with pre-existing dislocations have been reloaded under uniaxial tension along
x direction by applying constant strain rate of 3 X 108/s at two temperatures 10K and 300K. The
resulted stress-strain curves are shown in Fig. 4.
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Fig. 4. Tensile stress-strain curves of NbC/Nb structures with pre-existing dislocations created by
unloading from point 1 (a), point 2 (b), point 3 (c), and point 4 (d) at 10K and 300K and constant strain
rate 3 X 108/s.

The results show that the structures with pre-existing dislocations have much lower yield
strength compared with the structure without pre-existing dislocations (red curve in Fig. 1).



Furthermore, the yield stress is temperature dependent since the structures loaded at temperature
300K, exhibit lower yield stress than those loaded at 10K. Finally, by increasing the initial
dislocation content, the yield stress was decreased revealing the importance of loading-unloading
history to the mechanical behavior of CMN structures. The total dislocation density in structure D
is maximum among all the samples. Fig. 5 shows the variation of yield stress for structures with
different initial dislocation density at 10K and 300K.
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Fig. 5. Yield stress as a function of total initial dislocation density in NbC/Nb bilayer

Yield locus evolution is one of the key features of plastic behavior and it is affected by many
factors such as straining direction, strain rate, and temperature [47—49]. In order to determine the
yield locus of nanolaminates with pre-existing dislocations, an in-plane non-proportional biaxial
loading path including three steps were followed using MD simulations: 1) applying a uniaxial
tension or compression with constants strain rate of 3 X 108 /s along x direction up to a point on
the stress-strain curve lower than the yield point; 2) holding the loading at a constant stress level
along x direction; 3) applying uniaxial tensile or compressive loading along the z direction using
the same constant strain rate until the structure yields. Using this method, and utilizing various
combinations of biaxial tension and compression loadings, pair points on the yield locus were
determined as shown in Fig. 6.
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Fig. 6. Evolution of the yield locus of NbC/Nb nanolaminates for structures with different pre-existing
dislocations in the layers at 300K

As itis observed in Fig. 5, the yield locus shrinks upon increasing the initial dislocation density
in the structure. Furthermore, this effect seems to be less intense during tension along z direction
which could be due to the different activated slip systems.

The above results were fitted to an anisotropic function to provide the yield function for the
CMN:s. The first phenomenological anisotropy yield function was introduced by Hill [50] but his
model was not capable of describing the plastic flow of materials with anomalous behavior. For
that reason we used the form suggested by Montheillet et al. [51] that has the capability to describe
the anisotropic behavior of materials with anomalous behavior in which the yield stress in equi-
biaxial loading was higher than the yield stress in uniaxial loading [52,53]. The flow potential is
as follows:

@ = Clay (011 — 07) + az(022 — o)™ + a3|(011 — 07) — (022 — 02)|™ — [00(po)]™ ()

where 0y, and o, are the stresses components in the material and the other eight parameters are
fitting parameters. After fitting the MD simulations results from Fig. 6 to Eq. (2), one can obtain
the plastic flow potential for all the structures. Table. 1 lists the fitting parameters which is
observed that scaling factor g, decreases with increasing dislocations density p, in the NbC/Nb
nanolaminate.

Table. 1. Parameters for plastic flow potential based on Eq. (2) fitted with MD results

3
NbC/Nb pof(nll{)% ) C a, o; (GPa) a, 05(GPa) as m 0,(GPa)

No PED 0.1 1.4 0.3 -1.8 0.3 -1.99 0.15 1.8 5.8




A 1.1 1.4 0.3 -1.85 0.3 -1.75 0.15 1.8 4.8
B 1.3 1.4 0.3 -1.9 0.3 -1.03 0.15 1.8 4.3
C 1.6 1.4 0.3 -2 0.3 -0.43 0.15 1.8 4.1
D 2.1 1.4 0.3 -2.3 0.3 0.19 0.15 1.8 3.7

Fig. 7 shows the fitting curves based on MD results and Table 1.
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Fig. 7. MD results fitted on the general flow potential for structure with no pre-existing dislocation,
structure A, structure B, structure C, and structure D

The observed asymmetry between compression and tension loading is due to the anisotropy of
the CMNs. This has also been shown in other atomistic simulation works. For example, in BCC
single crystals, atomistic simulations showed that Non-Schmid effects lead to a strong tension-
compression asymmetry (TCA) [54,55]. Also for FCC materials, stacking fault tetrahedron (SFT)
reduced the TCA and even reversed it for some crystallographic orientations [56]. Compression
strength values were found to be higher than the strength in tension for ceramic-metal composites
[57]. However, for Al-SiC, results showed that volume fraction of ceramic phase can reverse the
TCA of metal-ceramic composites [58]. In general, TCA is defined as the difference in yield stress
between tension and compression:

TCA = ot — of (3)

Fig. 8 illustrates the variation of TCA with initial dislocation density for in-plane loading
directions.
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Fig. 8. Variation of TCA with initial dislocation density for [110] and [1-10] directions at 300K

As it can be seen in Fig. 8, asymmetry depends on both the direction of applied load and the
initial dislocation density. The negative values show that the yield stress is higher in compression
than tension. An increase of the initial dislocation density resulted to a decrease in the TCA values
along the [110] and [1-10] directions. However, TCA is more sensitive along [1-10] direction. It
is noticed that the difference in yield strength between tension and compression along [1-10]
direction is almost negligible (TCA~0) for structure D with the highest initial dislocation density
among others.

Conclusion

In this work, different NbC/Nb nanolaminates with pre-existing dislocations were created by
applying a loading-unloading process. The new structures were reloaded to study their deformation
behavior under uniaxial loadings at low temperature and room temperature. Biaxial loading
parallel to the x-z plane (interface plane) was applied to the structures with different dislocations
densities to find the trend of the yield surfaces evolution at room temperature. Tension-
compression yield asymmetry for NbC/Nb bilayer with different initial dislocation densities was
also investigated.

The main conclusions from the simulation results are as follows:

1. The presence of pre-existing dislocations decreases the yield strength of NbC/Nb bilayer

since pre-existing dislocations facilitate the initiation of plastic flow.

2. Increasing the initial dislocation density shrinks the yield surface.

3. NbC/NDb nanolaminates with pre-existing dislocations are stronger in compression than in

tension as predicted by MD results.



4. Tension-compression asymmetry is highly dependent on the loading orientation and initial
dislocation density.
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