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ABSTRACT

Molecular dynamics simulations are utilized to study the shear deformation

behavior of aluminum interfaces formed through jump-to-contact (JC) mecha-

nism. In the presence of misorientation between substrates, when shear is

applied, (111)-oriented systems exhibit resistance-free sliding, whereas in the

(001)- and (110)-oriented systems, dislocation multiplication (DM), which orig-

inates from the network of interfacial dislocations, is found to be the controlling

mechanism. It is observed that by a decrease in the misorientation angle or an

increase in the strain normal to the interface (a consequence of JC), more DM

occurs. (110)-oriented systems are found to be the most prone system to DM due

to the existence of dislocations with Burgers vector of a\ 100[ in their inter-

face. Ultimately, using the profile of average atomic volume along the direction

perpendicular to the interface, two characterizing parameters are defined:

interface volume expansion (IVE) and interface thickness (IT). IVE describes the

excess free atomic volume at the interface relative to that in the bulk, and IT is an

estimate of the portion of the system that is considered as the interface region

(where defects are concentrated). IVE and IT are shown to have a reverse and

direct relationship with the shear strength of the system, respectively, and

therefore are introduced as new tools for prediction of shear deformation

behavior. Calculation of the IVE and IT parameters enables linking the micro-

scopic characteristics of the interface to shear deformation behavior, which is a

controlling phenomenon in various applications. Particularly, the IT parameter

is found to be very promising as the direct relationship between IT and shear

strength is shown to be independent of the orientation of the interface plane.
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Introduction

In many joining techniques, especially in ultrasonic

bonding [1, 2] and friction welding [3, 4], contact area

between two metallic parts is under shear loading

and the resultant friction. Bond between the sub-

strates forms locally, and the localized bonded areas

grow during the joining process [1, 2, 5, 6]. Jump-to-

contact (JC) is proposed as an atomic-scale mecha-

nism for formation of such localized contacts [7].

During the JC phenomenon, atomic layers on the

surface of two metallic substrates that are positioned

close enough from one another jump toward each

other and form a contact. Occurrence of JC is the

result of a competition between attractive forces

among surface atoms on the opposing substrates and

the adhesive forces between atoms on the neighbor-

ing layers in the bulk material [7]. The localized

contacts that form through JC are particularly

important when the bonded areas are under shear

loading and experience friction. It is known that, at

nanoscale, a transition from a linear to nonlinear

dependency of friction force on load takes place if

such adhesive contacts exist [8, 9].

Occurrence of JC has been detected through both

experimental [10–14] and computational [7, 14–16]

studies. In practice, when JC happens, substrates

reach each other at an angle and an interface is

formed. Interfaces, in general, play an important role

in defining material properties and dictating the

deformation behavior through various mechanisms.

For instance, the intersections of dislocations in a

semi-coherent interface or in a small-angle twist grain

boundary (GB) can act as sinks for point defects

[17, 18]; the dislocation network at an interface can

also act as sites for nucleation of partial dislocations

[16, 19, 20]. In addition, GBs contribute to inelastic

deformation through GB sliding and GB migration

[21]. The structure of the GB and whether it is flat or

faceted can affect the shear strength of the material

[22]. It has also been shown that deformation mech-

anisms are strongly linked to the existence of free

volume in the GB and its distribution [23–25].

The interface that forms thorough JC is similar to a

GB. However, due to the gap that exists prior to

occurrence of the jump, the JC interface is strained

and as a result, the extent and nature of its effect on

the material’s behavior is different. Unlike GBs that

have been extensively studied, the information on the

interfaces that form after JC is relatively sparse. It is

known that crystallographic orientation plays an

important role in how easily and promptly JC occurs

[26]. In our earlier works [15, 16], JC between (111)-

oriented substrates at multiple angles is studied. It is

shown that when the misorientation angle between

the substrates (h) is small, the interface is composed

of a dislocation network. While the general pattern

and distribution of the interfacial dislocations is a

function of h, their density is found to be a function of

both h and the elastic strain in the system (2JC) that is

caused by the initial gap prior to the jump. Moreover,

it is seen that primarily due to the existence of 2JC,

and depending on how low h is and how high the

temperature is, the interfacial dislocations, immedi-

ately after contact formation, can multiply and move

from the interface region into the bulk. The disloca-

tion multiplication (DM) can happen by nucleation of

new dislocations from the interface in low-stacking-

fault-energy materials or by cross-slip of the interfa-

cial dislocations in high-stacking-fault-energy

materials.

Based on the studies on bicrystals under shear

loading [22, 24, 25, 27–29], it is known that GBs have a

significant role in controlling plastic deformation in

metallic materials through various mechanisms,

including dislocation emission from GB [19, 21], GB

sliding [21, 30, 31], and GB migration [21, 32]. How-

ever, to the best of our knowledge, no attention has

been given to understanding the atomic-scale mech-

anisms of plastic deformation when the JC interface is

under shear loading. Specifically, it is important to

understand how the dislocations that can multiply

right after JC (due to the existence of 2JC) evolve

upon application of shear.

The objective of the present work is to study the

deformation behavior and evolution of dislocations

during an application of shear parallel to the interface

of two pre-joined aluminum substrates bonded

through the JC mechanism. The small-scale (nanos-

cale) and short duration (* fs) of JC [7] makes

molecular dynamics (MD) simulations a proper

choice for this study. The main parameters in this

work are: 1) the crystallographic orientation of sub-

strates ((111), (001), or (110) fcc planes along the

thickness), 2) h, and 3) 2JC. Additionally, the charac-

teristics of the profile of average atomic volume along

the thickness of the system are linked to the distri-

bution of dislocations and then used to explain the

shear deformation behavior.
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Computational methods

The simulation procedure is schematically shown in

Fig. 1, and Table 1 shows the key simulation

parameters and the values used for them in the

simulations. To prepare the initial atomic configura-

tions for MD simulations, one aluminum superlattice

with face-centered cubic crystal structure is created

which contains 48 atomic layers along the z direction

of the simulation box. The crystallographic orienta-

tion of these atomic planes along the z direction of

simulation box is one of the three main parameters in

this study. The orientation is either (111), (001), or

(110). In all three cases, the crystallographic orienta-

tion along the x direction is 110
� �

. Next, this super-

lattice is divided into two smaller superlattices of the

same size (i.e., each with 24 layers along the z

direction). To incorporate the second parameter of

the study into simulations, i.e., misorientation angle,

the two superlattices are rotated about the z axis of

simulation box by h degrees relative to each other.

Four misorientation angles of 0�, � 2.45�, � 4.40�,
and � 6.00� are chosen for simulations. Only small

misorientation angles are used in this work as vari-

ation among small angles more significantly influ-

ences the network of interfacial dislocations and the

distribution and density of interfacial defects fol-

lowing JC [15]. Then, a portion of the system is cut

along the x and y directions, so that the system is

periodic along those two directions of the simulation

box. The resulted structure in all cases is then

replicated along the x and y directions so that at least

300,000 atoms exist in the simulations.

Afterward, the two substrates are placed far away

from one another to ensure that they do not apply

force on each other. System’s energy is minimized

using the conjugate gradient method and the system

is thermalized at 300 k in an NPT (i.e., fixed number

of atoms, pressure, and temperature) ensemble. Next,

the substrates are brought closer to each other and

positioned at various interfacial distances from one

another, and simulation is run modeling an NPT

ensemble. If the initial distance between substrates’

free surfaces is less than or equal to the critical dis-

tance for JC, JC occurs. The critical distance for JC for

different cases is calculated using a similar approach

to our earlier studies [15, 16]. The values of critical

distance for JC for (111), (001), and (110) cases are

found to be 2.4, 3.0, and 4.0 times the distance

between adjacent (111), (002), and (220) planes in a

perfect unstrained aluminum crystal. After occur-

rence of JC, a tensile elastic strain perpendicular to

the interface exists in the system which its value is a

function of the initial interfacial distance. The strain

value, i.e., 2JC, which is the third parameter in this

study, can be calculated from the following equation:

2JC¼
1

2
� hfinal � hinitial

23� z hkl½ �
ð1Þ

In this equation, z hkl½ � is the distance between

adjacent planes along the hkl½ � fcc direction in a per-

fect unstrained crystal (z 111½ � ¼ 2:34Å, z 001½ � ¼ 2:03Å,

Figure 1 Schematic of the simulation procedure.
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and z 110½ � ¼ 1:43Å), hfinal is the interfacial distance

after occurrence of JC and can be approximated to be

equal to z hkl½ �, and hinitial is the initial interfacial dis-

tance which can be set to be a multiple of z hkl½ �.

Although JC occurs rapidly (on the order of fs) [7],

this step of simulation is run for 200 ps to ensure that

the system is relaxed before application of shear.

To observe the shear deformation behavior of dif-

ferent systems, after JC is occurred and the system is

relaxed, shear is applied parallel to the interface of

the joined substrates in the 110
� �

direction of the

lower substrates. This direction is �h=2 off from the

positive x axis of simulation box. 110
� �

direction is

chosen because it is the direction of the Burgers

vector of perfect dislocations in the crystal and it is

contained in the plane of interface for all three ori-

entations studied. For applying shear, simulation box

is slanted in a sinusoidal fashion, i.e., shear strain is

not a linear function of simulation time. A quarter of

a single vibration cycle is used instead of a constant

shear strain rate so the outcome of this work can be

extended for studying the application of multiple

cycles of vibration to the interface. The maximum

shear strain (in the final state of simulations) is set to

be 0.25. This level of strain is found to be enough for

initiating plastic deformation in all cases. The maxi-

mum shear strain divided by simulation time is set to

be 0.001 ps-1, which is comparable with the values

used in similar MD studies [24, 33].

MD simulations are performed using the Large-

scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS) simulation package [34] and embedded

atom method interatomic potential for aluminum

[35]. Timestep of 0.002 ps is used for time integration

of equations of motion. Nosé-Hoover thermostat and

barostat [36–38] are used for keeping the temperature

and pressure (along the periodic directions) constant.

Periodic boundary conditions are used along the x

and y directions. The uppermost layer of top sub-

strate and the lowermost layer of bottom substrate

are kept fixed during simulations. During thermal-

ization, JC occurrence and the relaxation after that,

the other 23 layers per substrate are treated as NPT

layers. However, when shear is applied, the 2 layers

adjacent to the fixed layer are NVT layers, while the

other 21 layers are NVE layers. The reason for doing

this is that during application of shear, thermostating

in the system is done somewhere far away from the

interface, so that phenomena happening in the

interface region are not directly affected. The identi-

fication of the exact character of interfacial disloca-

tions in this work is done using the dislocation

analysis modifier [39] of OVITO [40]. An alternative

and possibly more informative way for dislocation

characterization is the disregistry analysis (similar to

what is done in [41]), but that is beyond the scope of

this work.

To connect the general characteristics of the net-

work of interfacial dislocations, formed after JC, to

the shear deformation behavior, two important

characteristics of the interface, interface volume

expansion and interface thickness, are defined and

used in this work. The former is an indication of the

difference in the average atomic volume at the

interface and inside the bulk, and the latter expresses

the thickness of the space near interface with higher

average atomic volume than the bulk. To quantify

these two characteristics, initially, Voronoi analysis is

used to calculate the volume that is occupied by each

atom in the system. Then, the profile of average

atomic volume as a function of normalized z position,

shown in Fig. 2 for one simulation as an example, is

generated. Normalized z position for each atom is

calculated by subtracting the minimum z position of

all atoms from the z position of the atom and divid-

ing the result by the thickness of the system, i.e., lz.

The bulge seen on the atomic volume profile in Fig. 2

is due to the presence of crystallographic defects,

which are generated as a result of misorientation

between substrates, at the interface. Therefore, it is

reasonable to use the characteristics of this bulge, i.e.,

its height and width, to define the interface proper-

ties. By fitting a Gaussian distribution formula to the

data and obtaining the constants for it, the interface

Table 1 Simulation

parameters and their values Parameter Values

Crystallographic orientation of the interface plane (111), (001), (110)

Misorientation of substrates relative to each other, h 0�, * 2.45�, * 4.40�, * 6.00�
Strain normal to the interface due to jump-to-contact, 2JC 1.5%, 2.0%, 2.5%
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volume expansion (IVE) and interface thickness (IT)

are defined and calculated as follows:

IVE %ð Þ ¼ Vinterface � Vbulk

Vbulk

� 100 ð2Þ

IT %ð Þ ¼ full width at tenth of maximum peak value
� �

� 100¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln10

p
� standard deviation� 100

ð3Þ

where Vinterface and Vbulk are the average atomic vol-

ume at the interface (peak value) and inside the bulk

(base value), respectively.

Results and discussion

Shear deformation behavior

To understand the shear behavior of the system, the

profile of shear strain during deformation is ana-

lyzed. For this purpose, shear is applied parallel to

the interface and the localized level of shear strain

throughout the thickness of the structure is analyzed

through generating ‘‘normalized z position vs. shear

strain’’ scatter plots. Shear strain is calculated for any

atom by dividing its displacement in the direction of

applying shear by the thickness of the system using

the equation c ¼ Dx� cos �h=2ð Þ þ Dy� sinð
�h=2ð ÞÞ=lz, where Dx and Dy are the displacement of

the atom along the x and y directions, respectively.

The next three subsections make use of the ‘‘nor-

malized z position vs. c’’ scatter plots and discuss the

effect of orientation, misorientation, and 2JC on the

shear deformation behavior of system, respectively.

Shear behavior in the absence of misorientation

The shear deformation behavior of the system, in the

absence of misorientation, is analyzed in this sec-

tion. Fig. 3 shows the ‘‘normalized z position vs. c’’
plots for three simulations with no h, same level of

2JC, but different crystallographic orientations.

Atoms are colored differently based on whether they

are located in the lower or upper substrate and

whether they are fixed (dark blue or maroon), NVT

(orange or gray), NVE/bulk (green or yellow), or

NVE/surface (purple or light blue) atoms. On the

‘‘normalized z position vs. c’’ plots, the slope of an

imaginary line that connects atomic layers together is

an indication of the total level of strain in the system

along the direction of shear. Initially, at low level of

strains, all systems behave similarly, where c is a

linear function of normalized z position showing that

deformation is distributed throughout the thickness

uniformly (Fig. 3(a), (e), and (i)). However, at higher

level of deformations, the linear relationship between

c and normalized z position no longer exists, and the

plots look different for the three cases. The deviation

from linear behavior is an indication of occurrence of

localized deformation that can be linked to plastic

deformation through dislocation activities. It should

be noted that based on Fig. 3(b), (f), and (j), plastic

deformation is started at different values of c in the

three systems, which is also in agreement with our

observation from the ‘‘shear stress vs. shear strain’’

plots (not presented here). Systems with different

orientations are dissimilar in terms of their plastic

deformation behavior. As seen in Fig. 3(b)–(d), for

(111), scattering is mostly along the shear strain axis;

for (110), scattering is mostly along the normalized z

position axis (Fig. 3(j)-(l)); and for (001), the behavior

is something between the behavior of the other two

orientations (Fig. 3(f)-(h)). Scattering along the shear

strain axis suggests an occurrence of slip parallel to

the interface, whereas scattering along the normal-

ized z position axis or any scattering that is not

purely along the shear strain axis is an indication of

slip on a plane that is not exactly parallel to the plane

of the interface.

Figure 2 The profile of average atomic volume along the

thickness of the system and the fitted Gaussian distribution for a

simulation with (111)-oriented substrates, 2.45� h, and 1.5% 2JC,

right before application of shear. Interface is where the normalized

z position is equal to 0.5.
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The difference in the behavior of the three systems

can be explained by considering the orientation of the

four (111) primary slip planes with respect to the

plane of interface. For (111) orientation, one slip

plane coincides with the plane of interface and the

other three planes are located at 70.53� angle from the

interface plane. Since shear is applied parallel to the

interface, slip starts on a (111) plane parallel to the

interface (in this case, somewhere inside the bulk of

the lower substrate as can be seen on Fig. 3(b)). This

is also confirmed by visualization of the simulation

and observing the partial dislocations being gener-

ated and gliding on that plane. As shown in Fig. 3(b)

and (c), the slip parallel to the interface causes the

layers above the slip plane to go to right and the

layers below that plane to go to the left. Later, in

Fig. 3(d), dislocations also glide on the other three

slip planes that are not exactly parallel to the inter-

face, and this causes scattering along the y-axis,

which in turn makes the atomic layers becoming less

discernible from one another. When orientation is

(001), three slip planes are at a 54.74� angle from the

plane of interface, and the other one has a 125.26�
angle with it. A vector at a 54.74� angle from the

interface has components both contained at the

interface and perpendicular to it. Therefore, for this

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 3 ‘‘normalized z position vs. shear strain’’ scatter plots,

showing the change in the profile of shear strain (c) during the

simulation as a function of shear strain (c), for 0� misorientation,

1.5% 2JC, and three interface planes: a–d: (111), e–h: (001), and

i–l: (110). Atoms are colored differently based on whether they are

originally in the lower or upper substrate and whether they are

fixed (dark blue or maroon), NVT (orange or gray), NVE/bulk

(green or yellow), or NVE/surface (purple or light blue) atoms.
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system, scattering along both x and y axes is

observed. Lastly, for the (110) case, two of the pri-

mary slip planes are perpendicular to the plane of

interface and the other two are at an angle of 35.26�
from it. As observed in the visualization of simula-

tion, for this system, slip is initiated mostly on the

planes perpendicular to the interface. This is inter-

esting because although shear is applied parallel to

the interface (which makes slip on the 35.26� planes

more favorable), slip is initiated on the planes per-

pendicular to the interface, which shows the signifi-

cant effect of 2JC on this system. Consequently, after

initiation of plastic deformation (see Fig. 3(j)), atoms

are only scattered along the y-axis. As a result of this

spread, atomic layers become less detectable from

each other. Later in Fig. 3(k) and (l), slip also happens

on other slip planes and this results in the displace-

ment of atoms having a component along the direc-

tion parallel to the interface as well.

Shear behavior in the presence of misorientation

As discussed in the previous subsection and shown

in Fig. 3, when h is 0�, plastic deformation does not

necessarily start at the interface. This is because the

interface does not possess a higher density of defects,

compared to the bulk. Therefore, the interface is not

significantly weaker than the other regions of the

system. But the situation is quite different when h is

not equal to 0�. To study the effect of h on the shear

deformation behavior, nine cases with different ori-

entations and different nonzero h s, but with the same

level of 2JC, are simulated. Fig. 4 shows the ‘‘nor-

malized z position vs. c’’ plots corresponding to the

final state (i.e., at the end of shear application) of

those simulations. According to Fig. 4(a)-(c), for the

(111) orientation, irrespective of h, the part of the

system above the interface moves on top of the lower

part almost rigidly, i.e., atomic planes in a particular

substrate do not move relative to each other. Also, no

scattering of the atomic layers is observed perpen-

dicular to the interface, and they all are

detectable from each other at the end of the simula-

tion. These observations show that for this case, shear

is compensated through sliding of the two substrates.

Also, comparing Fig. 3(d) and Fig. 4(a), it is seen that

the presence of misorientation significantly affects the

shear deformation behavior of the (111) system.

When misorientation exists between the substrates,

the interface is the weak point of the system and

deformation is mainly concentrated at the interface.

In other words, plastic deformation happens by

sliding at the interface, as opposed to the occurrence

of slip inside the bulk for the case with 0� misorien-

tation angle. For (001) orientation, the plastic defor-

mation is also concentrated near the interface

(Fig. 4(d)-(f)). However, for this system, a small level

of scattering of atoms is observed along both x and y

axes in a thin region near the interface. The fact that

plastic deformation is happening along directions not

exactly parallel to the interface, in addition to our

prior knowledge on existence of a network of dislo-

cations at the interface of two misoriented substrates

[15, 16], suggests that plastic deformation for this case

occurs through dislocation activity which is initiated

through dislocation multiplication (DM) originated

from the network of interfacial dislocations. Disloca-

tions nucleate at the interface and glide toward the

bulk on planes intersecting with the plane of inter-

face. The (110) case is similar to the (001) case in

terms of the mechanism for plastic deformation, but

as the region near the interface that is affected by DM

is thicker compared to (001), it can be concluded that

(110) is more prone to DM. Additionally, in Fig. 4(d)-

(i), it is seen that the thickness of the region wherein

the atomic arrangement is highly affected by defor-

mation decreases as h increases. So, for the (001) and

(110) orientations, deformation gets more concen-

trated at the interface by increase in h, i.e., the degree

of DM decreases by increase in h.
To accurately identify the occurrence of DM during

shear, the evolution of total dislocation density

throughout the simulation is analyzed. DM happens

if an increase in the value of the total dislocation

density is detected. Fig. 5 shows the evolution of total

dislocation density as a function of c for some of the

cases studied in Fig. 4. It is seen that when shear is

applied, DM does not occur for (111), slightly occurs

for (001), and significantly occurs for (110). This

observation confirms the findings from the ‘‘normal-

ized z position vs. c’’ plots. Moreover, for the (001)

and (110) cases that DM occurs, it is seen that as h
increases, the rate of increase in the total dislocation

density during shear decreases, i.e., the amount of

DM is found to have a reverse relationship with h.
However, the initial value of the total dislocation

density right after JC (i.e., at c ¼ 0), has a direct

relationship with h, as also reported in our previous

works [15, 16].
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Effect of initial gap size on shear behavior

The gap size can be translated to an equivalent level

of tensile elastic strain applied perpendicular to the

interface, i.e., 2JC. In Fig. 6, the final states (i.e., at the

end of shear application) of nine simulations with

different orientations and levels of 2JC, but similar h,
are shown. For all cases, for a given crystallographic

orientation, similar behavior is observed irrespective

of the level of strain. Therefore, it can be implied that

the mechanism of deformation is not a function of

2JC, at least for the range of the strain studied.

Additionally, for (110) orientation, in which the

interface significantly resists shear, the higher the 2JC

is, the more DM happens. Although the same trend is

not very clear for the (001) orientation, the same

behavior is expected, and the lack of clarity is mostly

due to the fact that the amount DM for this orienta-

tion is very limited. To better describe the situation,

the evolution of the total dislocation density as a

function of c is studied and the results are shown in

Fig. 7. It is seen that DM indeed happens in (001), but

as expected, to a lower extent compared to (110). It is

observed that for the cases that DM happens, and

particularly for the (110) orientation, the amount of

increase in the total dislocation density throughout

the simulation rises by the increase in 2JC. Therefore,

higher 2JC results in higher amount of DM

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4 ‘‘normalized z position vs. shear strain’’ scatter plots,

showing the effect of orientation and misorientation (hÞ on the

profile of shear strain. The interface planes are: a–c: (111), d–f:

(001), and g–i: (110). The level of strain due to JC is equal to 1.5%

in all cases. Atoms are colored differently based on whether they

are originally in the lower or upper substrate and whether they are

fixed (dark blue or maroon), NVT (orange or gray), NVE/bulk

(green or yellow), or NVE/surface (purple or light blue) atoms.
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occurrence. It is also seen that the initial density of

dislocations right after JC (i.e., c ¼ 0) is a function of

2JC, as also reported previously [15, 16]. Combining

the analysis here and the one made in the previous

subsection, it may be concluded that the increase in

2JC and decrease in h have the same effect on the

amount of DM, but the effect of h is more significant.

Shear strength

As discussed earlier, for the (111) case, deformation

happens very easily. The almost freely slide of the

two substrates on top of each other may be an indi-

cation of a very low shear strength for this case. On

the other hand, the (001) and especially (110) cases

seem to be more resistive to shear deformation. To

track resistance to shear for the cases that are studied,

the ‘‘shear stress vs. shear strain’’ graphs are made.

Shear stress is calculated using the equation

s ¼ Fx � cos �h=2ð Þ þ Fy � sin �h=2ð Þ
� �

=A, where Fx
and Fy are the force sensed by the atoms on the fixed

layer of the lower substrate along x and y directions

of simulation box, respectively. And, A is the area of

xy plane in the simulation cell. The value of stress

right before the first drop in stress values on the

above-mentioned graphs, i.e., shear strength, can be

considered as a measure for the resistance to shear of

the system. Shear strength values of 2.03 GPa, 2.19

GPa, and 3.20 GPa are calculated for the (111)-, (001)-,

and (110)-oriented cases with no misorientation and

1.5% 2JC, respectively. All calculated shear strengths

are sufficiently lower than the ideal shear strength of

aluminum (i.e., theoretical shear strength of alu-

minum without imperfections � 3.67–3.83 GPa [42]).

Interestingly, when compared to a single crystal

(under the same loading condition), (111) case with 0�
misorientation angle and 1.5% 2JC has a lower shear

strength (2.03 GPa compared to � 3.15 GPa [33]).

This comparison implies that even in the absence of

misorientation (and a detectable interface), solely due

to the 2JC shear strength is reduced.

Additionally, the shear strength values for the

cases with misorientation are presented in Fig. 8. The

calculated values are within the same order of mag-

nitude as the shear strength values for the twist GBs

with the same orientations [22]. The results confirm

that the (110)-oriented cases have the highest shear

strength, and (111) ones have a shear strength very

close to zero, which is an indication of no resistance

to shear at the interface. The shear strength values

generally follow the (111)\ (001)\ (110) order. This

observation can be explained in a few different ways.

First and foremost, the interplanar spacing of adja-

cent planes along the [111], [001], and [110] direction

in a perfect aluminum crystal at 300 K, is equal to

2.34 Å, 2.03 Å, and 1.43 Å, respectively. Larger

spacing between adjacent planes makes it is easier for

them to slide on one another. Secondly, the energy of

aluminum twist GBs follows the same order of

(111)\ (001)\ (110) [43, 44]. Since generally a linear

relationship exists between GB energy and GB free

volume [22, 45, 46], similar to the previous reasoning,

an interface with higher energy is expected to have

lower shear strength. Lastly, the trend is in agree-

ment with what reported for aluminum twist GBs.

Bomarito et al. [22] calculated the shear strength of

343 aluminum twist GBs with many different orien-

tations and showed that (111) and (001) GBs gener-

ally have the lowest shear strengths. They found out

that (111) and (001) GBs, unlike most GBs, have a

very flat structure. A flat interface is potentially less

resistant to shear because the two sides of the inter-

face can slide more easily relative to each other.

It is seen in Fig. 8 that as h increases, shear strength

reduces. On the other hand, the initial gap size seems

to not have a significant effect on shear strength, at

least for the range of values used in this work.

Combination of the above findings shows that as

Figure 5 Evolution of total dislocation density as a function of

shear strain, showing the effect of misorientation. For all

simulations, the level of strain due to JC (2JC) is 1.5%.
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proposed, the resistance to shear is a strong function

of orientation and to a lesser extent misorientation.

Mechanism of DM

In the presence of a small h, the interface of two

substrates after occurrence of JC contains a network

of dislocations. To understand the mechanism of DM

and to further analyze the shear deformation behav-

ior, the evolution of the network of interfacial dislo-

cations throughout the simulation is analyzed. The

network of interfacial dislocations after JC and right

before application of shear, is shown in Fig. 9, for

three simulations with different orientations, but

similar h (about 2.45�) and same 2JC (1.5%). The

images in the first, second, and third rows show the

top, side, and perspective views of the same dislo-

cation network. Dislocations are colored based on

their type, where Shockley partial dislocations with

Burgers vector of a/6\ 211[ are shown in green,

perfect dislocations with Burgers vector of a/

2\ 110[ are shown in blue, and dislocations with

Burgers vector of a\ 100[ are shown in red color.

The dislocation networks observed are consistent

with the literature on twist GBs [32, 47–49]. As seen in

Fig. 9(a) and (g), for (111) orientation, the interface

consists of a triangular network of Shockley partial

dislocations. Fig. 10(a) shows the same dislocations

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6 ‘‘normalized z position vs. shear strain’’ scatter plots,

showing the effect of orientation and 2JC on the profile of shear

strain. The interface planes are: a–c: (111), d–f: (001), and g–i:

(110). Misorientation is * 2.45� in all cases. Atoms are colored

differently based on whether they are originally in the lower or

upper substrate and whether they are fixed (dark blue or maroon),

NVT (orange or gray), NVE/bulk (green or yellow), or

NVE/surface (purple or light blue) atoms.
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where they are colored based on Burgers vector this

time. It is seen that the Shockley partial dislocations

are three crossing sets of dislocations with Burgers

vectors of a
6 211
� �

, a
6 112
� �

, and a
6 121
� �

. Also, in some

locations near the dislocation junctions, Shockley

dislocations are recombined, and perfect dislocations

are formed. As an example, the Burgers vector of a

perfect dislocation is annotated in the figure as a
2 101
� �

(a6 211
� �

þ a
6 112
� �

! a
2 101
� �

). In addition, to identify

the exact character of interfacial dislocations and

whether they are edge or screw dislocations, Burgers

vectors of dislocations are shown by yellow arrows in

Fig. 10(b); Fig. 10(c) is a zoomed-in version of

Fig. 10(b). It is seen that all interfacial dislocations are

screw dislocations as their Burgers vector is parallel

to the dislocation line direction. In the case of (001)

and (110) orientations, a square network of perfect

dislocations, and a rectangular network of perfect

dislocations and dislocations of the type a\ 100[
are observed, respectively (see Fig. 9(b), (c), (h) and

(i)). A similar analysis to what is done for (111)

interface is performed for (001) and (110) interfaces,

and it is found out that the interfacial dislocations in

those cases are also all screw dislocations.

As seen in Fig. 9(d), the dislocation network for the

(111)-oriented system is found to be concentrated at

the interface, leading to a thin and sharp interface. On

the other hand, it is interesting to note the dislocation

dissociation that happens for the (001) and (110) ori-

entations. In addition, for these two cases, as shown

in Fig. 9(e) and (f), dislocations are distributed

through a thicker width across the interface com-

pared to (111) orientation. These observations suggest

that under the same level of 2JC, the (001), and

especially (110) cases are more prone to DM, com-

pared to the (111) case. Therefore, when shear is

applied to these systems, there is a higher chance for

it to be compensated through dislocation activities.

DM starts by dislocations dissociating at the

interface. Then, the dissociated dislocations (or the

result of the interaction between them) glide on the

slip planes intersecting the interface. For the (110)

case (see Fig. 9(c)), as a result of 2JC, which is per-

pendicular to the interface, some perfect dislocations,

and dislocations of the type a\ 100[ are already

dissociated, even before application of shear. There-

fore, when shear is applied, plastic deformation

heavily occurs at the areas close to the interface

leading to the high level of displacement of atoms in

the regions near the interface, as seen in Fig. 4

and Fig. 5. The high propensity to DM in (110)-ori-

ented systems is due to the existence of dislocations

of the type a\ 100[ , shown by red in Fig. 9(c),

which can dissociate into two perfect dislocations,

e.g., a 010
� �

! a
2 110
� �

þ a
2 110
� �

. These perfect disloca-

tions can further dissociate into two Shockley dislo-

cations or react to other Shockley dislocations.

For the (001) orientation, the dislocation network

mainly consists of perfect dislocations. They can split

Figure 7 Evolution of total dislocation density as a function of

shear strain, showing the effect of 2JC. For all simulations,

misorientation is about 2.45�.

Figure 8 Values of shear strength as a function of misorientation

for the cases studied.
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into Shockley dislocations making the occurrence of

DM possible, but the extent of DM is not as much as

that in the (110)-oriented system. Lastly, in the case of

(111) orientation, Shockley dislocations already exist,

but they are pinned by the dislocation nodes. DM can

occur for this case only if new dislocations nucleate

Figure 9 Network of interfacial dislocations right after JC, but

before applying shear, for three simulations with different

orientations. The interface plane in the simulation of (a,d, g) is

(111), for (b,e, h) is (001), and for (c,f, i) is (110). h is about 2.45�
and 2JC is 1.5% for all three simulations. (a–c) show the top-view

images, (d–f) show the side-view images, and (g–i) show the

perspective-view images. Shockley, perfect, and stair-rod

dislocations are shown in green, blue, and pink; any other

dislocation is shown in red.

(a) (b) (c)

Figure 10 Network of interfacial dislocations right after JC, but

before applying shear, for the (111)-oriented system. a: the

dislocations are colored based on Burgers vectors; b: the Burgers

vectors for all dislocations are shown by yellow arrows. c: a

zoomed-in version of b showing the direction of dislocation lines

and Burgers vectors.
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from the interface, or if cross-slip of interfacial dis-

locations happens, both of which require higher

levels of 2JC [16] that is not present in the cases

studied.

Dislocation networks at the final state of deforma-

tion (c ¼ 0:25) are shown in Fig. 11. It is seen that

while dislocation network for (111) remains sharp

and clean (Fig. 11(a) and (g)), for the (110) case, the

regular rectangular shape of the dislocation network

is nearly destroyed (Fig. 11(c) and (i)) and disloca-

tions are gone out of the plane of interface (Fig. 11(f)).

As previously seen in other analyses, behavior of

(001) is between (111) and (110): the dislocation net-

work is not completely maintained (Fig. 11(b) and

(h)) and some level of dislocation movement out of

the interface is observed (Fig. 11(e)). These results

confirm the previous statements that upon applica-

tion of shear, DM is much more pronounced in the

(110) case, compared to the other cases. While DM is

also observed in (001) to some extent, for the (111)

case, no DM can be seen even after shear.

Characterizing the interface

It is seen that depending on the nature of the inter-

face, shear deformation may be compensated

through either resistance-free sliding of the two

substrates relative to each other, or DM accompanied

by dislocation glide. Considering this significant role

of the interface in dictating deformation mode, the

relationship between a more general set of interface

characteristics (as opposed to specific simulation

parameters) and the behavior of the system during

shear loading, especially in terms of shear strength is

investigated. For this purpose, the interface is char-

acterized using the two parameters of IVE and IT

(see computational methods section for mathemati-

cal definition). IVE represents the average volume

Figure 11 Network of interfacial dislocations at the end of

application of shear (c ¼ 0:25), for the same three simulations of

Fig. 9. The interface plane in the simulation of (a,d, g) is (111), for

(b,e, h) is (001), and for (c,f, i) is (110). h is about 2.45� and 2JC

is 1.5% for all three simulations. (a–c) show the top-view images,

(d–f) show the side-view images, and (g–i) show the perspective-

view images. Shockley, perfect, and stair-rod dislocations are

shown in green, blue, and pink; any other dislocation is shown in

red.
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occupied by atoms at the interface relative to the

bulk, while IT represents the thickness of the space

over which interfacial defects are concentrated.

Values of the shear strength, right after JC and before

the application of shear, are calculated and plotted as

a function of these two parameters in Fig. 12. As an

overall trend, it is seen that shear strength has a

reverse relationship with IVE (Fig. 12(a)), and direct

relationship with IT (Fig. 12(b)). The reverse rela-

tionship between shear strength and IVE heavily

depends on the orientation of the interface plane. In

other words, if only one color is used for all data

points in Fig. 12(a), no clear trend could be seen on

the graph. But the direct relationship between shear

strength and IT is independent of the orientation of

the interface plane (see Fig. 12(b)). This is an impor-

tant observation as IT can potentially be used in a

general way to predict shear strength.

The shear strength vs. IVE relationship can be

explained by considering the fact that an increase in

IVE is equivalent to having extra free volume near the

interface, which in turn results in the contacting

layers being farther away from each other. The larger

the average distance between the contacting layers

are, the loser the bond is. Therefore, it is easier for the

contacting layers to move relative to each other

leading to a lower value of shear strength. IT repre-

sents the thickness of the space near interface that

dislocations exist in it. Therefore, the higher the IT is,

the more dislocations are out of the plane of interface.

During deformation, these dislocations need to move.

Therefore, the higher the IT, the more resistance to

deformation, and as a result, the higher the shear

strength.

The aforementioned findings suggest that the val-

ues of IVE and IT right before applying shear can be

used to explain or predict the deformation behavior

of the interfaces under shear loading. IVE, or in

general the existence of free volume at the interface

compared to bulk, has been mentioned in the litera-

ture [23, 28, 50] and shown to be useful in providing

insight into atomic-scale processes associated with

stress-induced deformation. But, to the best of our

knowledge, IT has never been quantified and used as

done in this work. Its value right before deformation

is informative on how concentrated the defects are in

the space near the interface plane.

Conclusions

With the use of MD simulations, two aluminum

substrates are placed at varied interfacial distances

from one another and allowed to bond together

through JC at room temperature. Then, the effect of 1)

orientation of the atomic planes parallel to the inter-

face, 2) misorientation of substrates with respect to

each other, and 3) the strain normal to the interface

due to JC (because of the initial gap between sub-

strates before JC) on shear deformation is studied. It

is seen that irrespective of misorientation or JC strain,

(111)-oriented interfaces exhibit resistance-free slid-

ing under shear loading, whereas in (001)- and (110)-

oriented systems, shear is accommodated by dislo-

cation multiplication (DM) initiated from the inter-

face. DM triggers movement of dislocations from the

interface toward the bulk and causes a substantial

increase in the dislocation density in the system,

which both immensely affect the material properties.

Figure 12 Shear strength of

all the cases studied as a

function of IVE (a) and IT

(b) parameters calculated right

before application of shear.

Shear strength has a reverse

relationship with IVE, for a

specific orientation of the

interface plane. Shear strength

has a direct relationship with

IT, independent of the

orientation of the interface

plane.
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The change in the distribution of dislocations because

of DM and their presence in the bulk can affect phase

transformations and diffusional behavior of the

material, i.e., altering the macroscopic material

properties. The amount of DM that occurs for (001)

and (110) systems increases by decrease in misori-

entation angle or increase in JC strain. Additionally, it

is shown that the general characteristics of the profile

of average atomic volume along the direction per-

pendicular to the interface can be used to explain the

shear deformation behavior. Two parameters of

interface volume expansion (IVE) (see Eq. 2) and

interface thickness (IT) (see Eq. 3) are defined based

on this profile. It is seen that IVE has a reverse and IT

has a direct relationship with shear strength of the

system. The reverse relationship between IVE and

shear strength is found to be a function of the crys-

tallographic orientation of the interface plane,

whereas the direct relationship between IT and shear

strength is shown to be independent of the interface

plane. The IVE and IT parameters may be useful in

connecting the results of atomistic simulations to

macroscopic behavior of materials in numerous

applications that involve shear deformation.
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Gerlich A, Khodabakhshi F, Mostafaei A, Field DP, Robson

JD, Deschamps A, Withers PJ (2021) Friction stir welding/

processing of metals and alloys: a comprehensive review on

microstructural evolution. Prog Mater Sci 117:100752. http

s://doi.org/10.1016/J.PMATSCI.2020.100752

[5] Bakavos D, Prangnell PB (2010) Mechanisms of joint and

microstructure formation in high power ultrasonic spot

welding 6111 aluminium automotive sheet. Mater Sci Eng A

527:6320–6334. https://doi.org/10.1016/J.MSEA.2010.06.

038

[6] Geissler U, Funck J, Schneider-Ramelow M, Engelmann HJ,

Rooch I, Müller WH, Reichl H (2010) Interface formation in

the US-Wedge/Wedge-bond process of AlSi1/CuNiAu con-

tacts. J Electron Mater 40(2):239–246

[7] Smith J, Bozzolo G, Banerjea A, Ferrante J (1989) Ava-

lanche in adhesion. Phys Rev Lett 63:1269–1272

[8] Mo Y, Turner KT, Szlufarska I (2009) Friction laws at the

nanoscale. Nature 457(7233):1116–1119

[9] Luan B, Robbins MO (2005) The breakdown of continuum

models for mechanical contacts. Nature 435(7044):929–932
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