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Abstract: For multilayer film structures, mechanical failure is usually taken place at the interface. To deeply understand the 

typical issue, it is first essential to know the stress status at the interlayer surface. For this aim, in this work, the author presented 

displacement-energy models (DEM) for accurately calculating the interfacial stress in multilayer film structures and the impact 

of the morphology and size of the interacting grains at the interface. The stress-inducing mechanisms are related to the 

displacement-energy phenomenon of the interacting grains in the structure caused by the deposition technique. In contrast, the 

interfacial residual stress-evolution in the deposited films is determined from the change in the lattice constant between 

interacting grains as a function of temperature and time during the deposition and cool-down process. The interacting grains 

understudied have different morphology with flat and curved surfaces and sizes. Concerning the yttrium barium copper oxide 

(YBCO) films deposited on the lanthanum aluminum oxide (LaAlO3) substrate, the computed results showed that the 

morphology and size of the interacting grains affect the net interfacial residual stresses in the YBCO films significantly. Also, the 

results of the DEM models agree well with the measured value by the X-ray diffraction method (XRD). Specifically, the 

computed stress in the YBCO films for the interacting grains with spherical surfaces is 0.18 GPa. Similarly, that measured by the 

XRD method is 0.178± 0.053 GPa. In the future, the findings of this study could be essential in the defect inspection of several 

Multilayer Engineering Materials, including composites for various applications, which often consist of grains with different 

morphology and size. 

Keywords: Displacement-energy Model (DEM) Approach, Interfacial Stress, Grains Interactions,  

Yttrium Barium Copper Oxide (YBCO) Crystal 

 

1. Introduction 

Recently, a specific review of thin-film coating and projection 

of its prospects, reported that thin-film structures are very crucial 

in fast transportation, green energy generation, and rapid 

communications [1]. For instance, several studies indicated that 

the magnetic levitation trains (MagLev) consist of high-field 

magnet coils made of thin-film structures such as rare-earth 

barium copper oxide (REBCO) coated conductor (CC) wires 

[2-5]. Also, several studies indicated that the harnessing of solar 

energy for electricity hugely relies on thin-film solar cells, which 

are typically thin-film structures [6-8]. 

Unfortunately, thin-film structures usually suffer high 

mechanical stresses (residual stresses) [9, 10]. These 

mechanical stresses are consistent with all thin-film structures 

for all deposition techniques. The significant presence of 

residual stresses, especially in multilayered film structures, 

can cause the interfaces of its layers to degrade. Several 

valuable experiments had been carried out by Korzeniewska, 

E, and Szczęsny, A and Xia, W., et al., [11, 12] and several 

models developed by Li, Z-X., et al., Mbam, S. O. and Gou, 

X-F, Sugino, C., et al., Cheikh, I. B., et al., Mikula, J., et al., 

and Mbam, S. O., et al., [13-18] to advance the mastery of the 

interfacial failure mechanics in the thin-film structures. 

However, some materials parameters such as the interfacial 

stress based on the interaction of the grains at the interface are 
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not clear [19, 20]. 

The critical review by the author of this work and others 

indicated that the societal demand and associated challenges 

of thin-film structures would remain vibrant and active 

research areas for periods far into the future [1]. Also, the 

displacement-energy model (DEM) approach showed high 

fidelity in the determination of the interfacial residual stress 

distribution and damage-evolution in thin-film structures at 

the submicron-scale [14]. Unlike the kinetic models 

developed by Chason, E., et al., [20], which could not predict 

the interfacial stress based on the interactions of the grains, the 

DEM approach can predict the interfacial stress based on the 

interactions of the grains with identified morphology and sizes. 

However, the earlier implementations of the DEM approach 

considered only the interactions of grains or deposited films 

that have flat surfaces [14, 18, 21, 22]. In this work, the author 

extended the DEM approach to predict the interfacial stress in 

a multilayer film structure based on the interactions of the 

grains at the interface, consisting of interacting grains with flat 

and curved surfaces. Also, the author investigated the 

dependence of the interfacial stress on the grain size of the 

thin-film structure. 

2. The Displacement-energy Model (DEM) 

Approach 

The displacement-energy model (DEM) approach is 

developed majorly for simulating the static and dynamic 

mechanical behaviors of interface defects or failure in 

multilayer thin-film structures at submicron-scale [14, 18]. In a 

detailed description of the interfacial stress evolution during the 

deposition of films onto a substrate in the study of Mbam et al., 

[1], the grains of the deposited films consist of cubic, pyramid, 

pyramid frustum, and spherical shapes. Based on the above 

system, the interacting surfaces would include flat-flat surface 

interaction, flat-curved surface interaction, and curved-curved 

surface interaction. The evolution of the interfacial stress is 

determined by the displacement function of principal 

components of the thin-film structure (i.e., films and substrate) 

induced by the kinetic and thermal energy of the deposited films. 

First, the kinetic energy of the deposited films and deposition 

flux gas cause the whole structure to vibrate. Second, the 

thermal energy of the deposited films and deposition flux gas 

heats the whole system. In the momentary seizure of deposition 

particles, the deposited films and substrate would have different 

eigenfunctions due to their different physical and mechanical 

properties. Also, on the cool-down of the structure, the 

deposited films and substrate would shrink at a different rate 

because of their different coefficient of thermal expansion. 

These interlayer interactions induce compressive or tensile 

stress in the deposited films. The induced stresses could 

emanate from trapping residual gas molecules, lattice mismatch, 

and microvoids. For this phenomenon, the interfacial stress can 

graduate from compressive to tensile or vis-a-vis (C-T-C) as a 

function of time during deposition depending on the interacting 

energies, surfaces, and grain sizes. 

According to the DEM approach described in the earlier 

study by Mbam, S. O. and Gou, X-F [14], the net interfacial 

stress in an interface for interacting grains with flat surfaces 

can be described by  
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where the subscripts j  denote an interface, t  refers to time, 

F F−  refers to flat-flat surface interaction between two 

grains, 11A  and 12A  are the Hamaker coefficients described 

by Mbam, S. O. and Gou, X-F, [23] 

2 2
11 LA Cπ ρ= and 12 11 22A A A≈ ,          (2) 

where ρ  is the atomic density (number of atoms per unit 

volume) of the body and LC (London constant) is the 

coefficient in the atom-atom pair potential (top row). d  is the 

lattice constant, i  is a specific grain, d∆  is the change in the 

lattice constant due to the thermal stress mismatch in the 

grains. Appendix A contains the detailed derivation of d∆  

using the force and moments balance method. Still, in 

equation (1), w  is the deflection function of a grain, w∆  is 

the change in the lattice constant due to the structural 

dynamics (vibration) of the grains during deposition processes. 

One can read the detailed derivation of the w∆  in Mbam, S. 

O. and Gou, X-F and Mbam, S. O., et al., [14, 18]. Also, 

equation (1), th  and sd  denotes the thermal and vibration 

stress, respectively. 

For the extension of the DEM phenomenon to predict the 

interfacial stress in a multilayer film structure consisting of 

interacting grains with flat and curved surfaces as shown in 

Figure 1, the net interfacial stress function for flat-curved 

surface interaction as a function of temperature and time can 

be described by 
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where F C−  refers to flat-curved surface interaction 

between two grains, and r  denotes a parameter for the grain 

size, respectively. 

Similar to Figure 1, Figure 2 shows the schematic of typical 

curved-curved surface interaction. Concerning Figure 2, the 

net interfacial stress function for curved-curved surface 

interaction as a function of temperature and time can be 

described by 

1 2 11 12
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where C C−  refers to curved-curved surface interaction 

between two grains. 

In every case, r  >> jd  or id . For optimum results, jd  

or id  << 100r . Here, r  is taken to be a function of the side 
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length of the interacting grains in the film structure. r  is 

estimated from the value of jd  or id  of the material 

understudied. 

 

Figure 1. Schematic showing flat-curved surface interaction. r  denotes a 

parameter for the grain size. 

 

Figure 2. Schematic showing curved-curved surface interaction. r  denotes 

a parameter for the grain size. 

3. Results and Discussion 

Specific results for the interfacial stress based on the 

interactions of grains at the interface were calculated by the 

DEM approach described by equations (1), (3), and (4) and 

compared with that computed by the closed-form solution 

model described by Cheon, J. H., et al., as follows [24] 

. 1( )j eq i iE Tσ α α += − ∆ ,            (5) 

.eqE  is the equivalent Young’s modulus of the film, it is 

replaced by 1-i iE v  for planar geometry, v  is the Poisson 

ratio, α  is the coefficient of thermal expansion, and T  is 

the temperature. 

Also, specific computed results by the DEM approach was 

compared with that measured by X-ray Diffraction ( 2sin ϕ
method) for films processed by pulsed laser deposition (PLD) 

technique described by Cheon, J. H., et al. and Xiong, J., et al., 

[25, 26] 

2
.
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where .resε  is the residual strain in the films, dϕ  and d⊥  

are measured lattice constant of films at angles ϕ and 0° to 

the third principal stress 3( )σ in crystal X-ray diffraction 

(XRD) files and 
xφσ  is the residual stress acting on the 

surface of the film in the direction of a particular angle xφ  

from the first principal stress 1( )σ . 

3.1. The Interfacial Stress in Yttrium Barium Copper Oxide 

(YBCO) Films Deposited on LaAlO3 Substrate 

With the experiment conducted by Cheon et al., [25], in this 

study, the author investigated the residual interfacial stress in 

yttrium barium copper oxide (YBCO) film deposited on 

Lanthanum aluminum oxide (LaAlO3) substrate by the PLD 

technique. The specimen measured 1.5  cm ×  1.2  (length 
×  width). Also, the deposition temperature of the YBCO was 

780°C. Other physical/mechanical properties of the specimen 

are given in Table 1 [25, 27]. Next, the computed Hamaker 

coefficient (based on equation (2)) for the YBCO crystal and 

its interfacial is 2012 10−×  J (i.e., 11 12A A= ). These values 

were strictly implemented on the corresponding equations to 

obtain the specific results of residual interfacial stress in the 

YBCO film for two interacting grains with similar and 

different surface morphologies described by equations (1), (3), 

and (4), accordingly. 

Table 1. Physical constants for the materials of yttrium barium copper oxide 

(YBCO), and Lanthanum aluminum oxide (LaAlO3). h  is thickness, E  is 

Young’s modulus, v is the Poisson ratio, ρ is the mass density, CTE is the 

coefficient of thermal expansion and id  denotes a standard lattice constant 

between two same material bonded surfaces. 

Parameters 
h 

(µm) 

E 

(GPa) 
v 

ρ 

(g/cm3) 

CTE 

(10-6K-1) 

di 

(nm) 

YBCO 0.5 157.0 0.30 6.30 13.4 0.3850 

LaAlO3 200.0 500.0 0.30 6.52 10.0 0.3792 

3.1.1. Intrinsic Interfacial Stress Function in the YBCO 

Films for Unit Grain Size ( 1r =  Unit) 

 

Figure 3. Intrinsic interfacial stress function, 
int.
j,t

σ  in the YBCO films 

deposited on LaAlO3 substrate in time. F-F denotes two interacting grains 
with flat-flat surfaces, F-C denotes two interacting grains with flat-curved 

surfaces, and C-C denotes two interacting grains with curved-curved 

surfaces. 

As noted earlier, the dependence of the residual interfacial 

stress on the power of the lattice constant ( jd ) of the two 

interacting grains suggests that it would change with the 

change in the surface morphology of the interacting grains. 

Also, the DEM equations describing the net interfacial 
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residual stress of the given surface morphology of the 

interacting grains contain a different combination of the 

essential parameters, as indicated by equations (1), (3), and (4). 

These further suggest a change in the residual interfacial stress 

with the change in the surface morphology of the interacting 

grains. 

Figure 3 shows the interfacial residual stress function, 
int .
j,tσ  

in the YBCO films deposited on LaAlO3 substrate due to the 

dynamics of the thin-film structure as a function of time. As 

noted earlier, the DEM approach results give the C-T-C 

residual stress-evolution in the thin-film structure as a 

function of time, as indicated in Figure 3. Here and after that, 

the positive values in the Figures (i.e., the points above the 

horizontal dashed lines) denote the interfacial tensile residual 

stress. In contrast, the negative values in Figures (i.e., the 

points below the horizontal dashed lines) denote the interfacial 

compressive residual stress. As shown in Figure 3, the F-F 

surface interaction indicates the lowest net interfacial residual 

stress of 0.29−  GPa. 

In contrast, the F-C surface interaction indicates the highest 

net interfacial stress of 0.92−  GPa. Still, in Figure 3, the C-C 

surface interaction suffers an intermediate net interfacial 

residual stress of 0.46−  GPa. The author believed the active 

interfacial residual stress in the YBCO films is influenced by 

the active contact surface area of the two interacting grains. 

Typically, the contact pressure between the two grains is force 

per unit area. Thus, for the first case (i.e., F-F surface 

interaction), the active contact surface of the two interacting 

grains is comparatively higher. A comparatively higher 

effective contact surface of the two interacting grains would 

give relatively lower net interfacial residual stress in the 

YBCO films, as indicated by the F-F surface interactions in 

Figure 3. For the second case (i.e., F-C surface interaction), 

the active contact surface of the two interacting grains is 

comparatively lower. This would give relatively higher net 

interfacial residual stress in the YBCO films, as indicated by 

the F-C surface interaction in Figure 3. The active contact 

surface of the C-C surface interaction is similar to that of the 

F-F surface interaction because the ratio of the interacting 

surface of the first to the second grain is 1:1. However, the 

active contact surface of the F-F surface interaction is higher 

compared with the C-C surface interaction. Hence, the C-C 

surface interaction suffers higher interfacial residual stress of 
0.46−  GPa compared with the F-F surface interaction, which 

is 0.29−  GPa. 

This finding agrees with the explanations of valuable 

experiments in the literature [28, 29]. A recent critical 

validation and comparison of the three conventional methods; 

the Wafer Curvature Method (WCM), X-Ray Diffraction 

Method (XRD), and Focused Ion Beam Method (FIBM) for 

measuring residual stress in thin-films showed an excellent 

agreement between the FIBM and cross-sectional 

nano-diffraction XRDM [10]. On the other hand, the WCM 

showed slightly lower stress values compared with the FIBM. 

The observed difference between the stress values measured 

by the WCM and FIBM was attributed to the comparatively 

different gauge volume of their information source. The FIBM 

experiments acquire information from a small gauge volume 

(a few µm
3
 of the specimen). 

On the other hand, the WCM acquires information from a 

large volume (usually the entire volume of the specimen). 

Also, the WCM includes stress relaxation phenomena 

concerning the presence of micro-cracks and micro-droplet 

over the entire surface. Therefore, with regards to these results, 

it would infer that the surface morphology of the interacting 

grains affects the net intrinsic residual stress in the YBCO 

films significantly. 

3.1.2. Interfacial Thermal Stress 
th.
j( )netσ  in the YBCO Films 

for Unit Grain Size ( 1r =  Unit) 

Figure 4 shows the net interfacial thermal stress in the 

YBCO films due to its thermal mismatch with the LaAlO3. As 

shown in Figure 4, YBCO films suffer interfacial residual 

tensile stress. The YBCO films suffer tensile stress due to 

thermal mismatch between the LaAlO3 because the coefficient 

of thermal expansion of the YBCO is higher compared with 

that of the LaAlO3, as given in Table 1. Still, in Figure 4, it 

could be observed that the interacting grains with F-S surfaces 

suffer the highest interfacial tensile thermal stress. In contrast, 

those with F-F surface interactions suffer the lowest interfacial 

tensile thermal stress. 

Concerning the thermal mismatch phenomenon, the 

author could not ascertain the exact cause of the different 

interfacial tensile thermal stress exhibited by the interacting 

grains with different morphology. However, the author are 

hypothesizing; this could be due to different heat flux 

through the active contact surface of the interacting grains. 

There is a primary understanding that a large surface allows 

more flow of heat, conducting electrons compared with a 

small surface. If that is the case, it implies that grains with a 

comparably sizeable active contact surface would have 

more stress relaxation, thereby lowering the net interfacial 

thermal stress in the F-F surface interactions, as indicated 

in Figure 4. 

 

Figure 4. Net interfacial thermal stress in the YBCO films deposited on 

LaAlO3 substrate. F-F denotes two interacting grains with flat-flat surfaces, 

F-C denotes two interacting grains with flat-curved surfaces, and C-C 

denotes two interacting grains with curved-curved surfaces. 
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3.1.3. Overall Net Residual Interfacial Stress (i.e., 
net th. .

j( ) j( )
sd

j net netσ σ σ= + ) in the YBCO Films 

As stated earlier, in the analysis of the DEM approach, the 

stress-inducing mechanisms in a thin-film structure are due to 

the strong effects of the thermal mismatch, and the structural 

dynamics of the interacting grains. Therefore, the overall net 

residual interfacial stress in the YBCO described by equations 

(1), (3), and (4) is shown in Figure 5. Also, shown in Figure 5 

is the residual interfacial stress in the YBCO films computed 

by the Closed-form solution (CFS) model for comparison. As 

indicated in Figure 5, the overall net interfacial stress in the 

YBCO films is compressive in all scenarios. Also, in Figure 5, 

on the DEM approach, the YBCO grains with F-C surface 

interaction suffer the highest interfacial stress of 0.56−  GPa. 

In contrast, those with F-F surface interaction suffer the 

lowest interfacial stress of 0.18−  GPa. Still, in Figure 5, on 

the CFS model, the strip interfacial stress in the YBCO films 

is lower compared with that of the biaxial film. On the 

comparison of the two models, on the one hand, the result 

obtained by the DEM approach for the YBCO grains with F-C 

surface interaction agrees well with the result obtained by the 

CFS model for the YBCO grains with biaxial (planar) 

geometry as shown in Figure 5. In this case, the absolute 

difference between the results obtained by the two models is 

only 0.02 GPa. 

On the other hand, taking the average of the net interfacial 

residual stress in the YBCO films by the CFS model gives the 

interfacial stress of 0.49−  GPa. Similarly, taking the mean of 

the net interfacial stress in the YBCO films by the DEM 

approach gives the interfacial stress of 0.34−  GPa. In this 

case, the absolute difference between the results obtained by 

the two models is 0.15  GPa. 

 

Figure 5. Overall net interfacial stress (i.e., 
net th. .

( ) ( )
sd

f f net f net
σ σ σ= + ) in the 

YBCO films deposited on LaAlO3 substrate for unit grain size ( 1r =  unit) 

computed by different models (the DEM approach and Closed-form solution 

method (CFS)). F-F denotes two interacting grains with flat-flat surfaces, F-C 

denotes two interacting grains with flat-curved surfaces, and C-C denotes two 
interacting grains with curved-curved surfaces. 

Figure 6 shows the net interfacial stress in the YBCO films 

measured by the XRD method and those computed by the 

DEM approach for comparison. As shown in Figure 6, the 

measured net interfacial stress in YBCO films is 

0.178 0.053±  GPa. Still, in Figure 6, the computed result of 

the net interfacial stress by the DEM approach for the YBCO 

interacting grains with C-C surfaces is 0.18  GPa. In contrast, 

those with F-C surfaces are 0.35  GPa. Also, the computed 

result of the net interfacial stress by the DEM approach for the 

YBCO interacting grains with F-F surfaces is 0.11  GPa, as 

indicated in Figure 6. 

Concerning the YBCO interacting grains with the given 

interacting surfaces, the grains with C-C surfaces agree 

excellently well with the measured XRD value. On the other 

hand, the interacting grains with the F-C and F-F surfaces are 

significantly higher and lower, respectively, compared with 

the XRD measured value. In this regard, it is known that the 

energy of ions due to the local heating from the X-ray beam 

might alter the original internal stresses of the sample, thereby 

influencing its measured net interfacial residual stress [25, 26]. 

In this study, as indicated in our earlier study, the author's 

assumption of the initial Eigenfunction ( 0W ) equal to 910−≥
m is equivalent to the PLD technique [14]. This initial 

Eigenfunction is a reasonable estimate of the PLD technique. 

Thus, one could rely on the value of the net interfacial stress 

obtained by the DEM approach for the YBCO interacting 

grains with C-S surfaces, which agrees well with the result of 

the measured value by the XRD method. Better still, one could 

rely on the mean value of the net interfacial stress obtained by 

the DEM approach, which is approximate 0.21  GPa. This is 

only 0.02  GPa lower compared with the upper value of the 

measured value by the XRD method, which is approximate 
0.23  GPa. Thus, the result of the DEM approach agrees 

reasonably well with the XRD method. 

 

Figure 6. Comparison of the net interfacial tensile stress of two interacting 

grains with similar and different surface interactions obtained by a 

different method (the DEM approach and X-ray diffraction method (XRD) 

methods). 

3.2. Impact of the Grain Size on the Interfacial Stress in the 

YBCO Films Deposited on LaAlO3 Substrate 

The presence of the grain size parameter ( r ) as indicated in 

equations (3) and (4) suggests that the grain size would affect 

the interfacial stress-evolution in the thin-film structure. 

Figure 7 shows the effect of the grain size parameter on the 

interfacial intrinsic stress function in the YBCO films 
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deposited on LaAlO3 for the interacting grains with F-C 

surfaces. As shown in Figure 7, it can be observed that the 

interfacial intrinsic stress in the YBCO films increases with 

the increase in the grain size parameter. 

On the one hand, the author believes the increase of the 

intrinsic interfacial with the increase in the grain size is based 

on the phenomenon of the active contact surface of the two 

interacting grains explained earlier in sections 3.1.1 and 3.1.2. 

Thus, the grain size affects the interfacial stress evolution in 

the YBCO films significantly. 

 

Figure 7. Effect of the grain size on the interfacial intrinsic stress in the 

YBCO films for two interacting grains with the F-C surfaces in time. 

4. Summary 

In summary, the author extended the displacement-energy 

model (DEM) approach to determine the interfacial stress in a 

multilayered film structure based on the interactions of the 

grains at the interface. In this approach, the stress-inducing 

mechanisms in a thin-film structure are due to the strong 

effects of the thermal mismatch and structural dynamics of the 

interacting grains experienced during deposition processes. 

The stress-inducing mechanisms are related to the 

displacement-energy phenomenon in the structure caused by 

the kinetic and thermal energy of the deposited films and 

deposition flux gas. In contrast, the stress evolution in the 

deposited films is determined from the change of lattice 

constant of the interacting grains as a function of temperature 

and time caused by the different coefficients of thermal 

expansion and eigenstates of the materials. 

Here, the author considered grains that consist of cubic, 

pyramid, pyramid frustum, and spherical morphology. Hence, 

the interacting surfaces included flat-flat surface interaction, 

flat-curved surface interaction, and curved-curved surface 

interaction. Accordingly, the author developed specific 

models for interacting grains with the considered interacting 

surfaces (i.e., curved surfaces interaction). These models were 

implemented on YBCO films deposited on LaAlO3 substrate 

by the PLD technique. Also, the results obtained by the DEM 

approach were compared with those obtained by the 

closed-form solution (CFS) and x-ray diffraction (XRD) 

methods described elsewhere. 

The computed results show that the surface morphology, 

and size of the interacting grains affect the net interfacial 

stress in the YBCO films significantly. On the comparison of 

the two models (i.e., DEM and CFS), on the one hand, the 

result obtained by the DEM approach for the YBCO grains 

with F-C surface interaction agrees well with the result 

obtained by the CFS model for the YBCO grains with biaxial 

(planar) geometry. The result obtained by the DEM approach 

for the YBCO grains with F-C surface interaction is 0.56−  

GPa. Similarly, the result obtained by the CFS model for the 

YBCO grains with biaxial (planar) geometry is 0.58−  GPa. 

On the other hand, taking the average of the net interfacial 

stress in the YBCO films by the CFS model (i.e., for strip and 

biaxial geometry) gives the compressive stress of 0.49−  

GPa. 

However, taking the mean of the net interfacial residual 

stress in the YBCO films by the DEM approach gives the 

compressive stress of 0.34−  GPa. In this case, there is a 

significant difference between the two models. Also, on the 

comparison of the DEM approach with the XRD method, on 

the one hand, the DEM result obtained for the interacting 

grains with C-C surfaces agrees well with the measured value 

of the XRD method. The interfacial stress in the YBCO film 

obtained by the DEM for the interacting grains with C-C 

surfaces is 0.18  GPa. Similarly, that measured by the XRD 

method is 0.178 0.053±  GPa. 

On the other hand, the mean interfacial stress obtained by 

the DEM approach for all considered grains interacting 

surfaces also agrees well with the measured upper value of the 

XRD method. The mean interfacial stress obtained by the 

DEM approach for all considered grains interacting surfaces is 
0.21  GPa. Similarly, the measured upper value of the XRD 

method is 0.23  GPa. The author believes an excellent 

agreement between the DEM approach and the XRD method 

is because the author's assumption of the initial Eigenfunction 

( 0W ) equal to 91 10−× m is equivalent to the PLD technique 

used in the XRD method. 

Although in our earlier studies, as well as the current study, 

the DEM approach showed high fidelity in interpreting the 

damage and interfacial stress evolutions in multilayer 

thin-film structures, the author advocate for more valuable 

studies on these critical findings of the interfacial stress based 

on the interactions of the grains presented in this study. It 

would be necessary to evaluate grains with flat-cylindrical, 

spherical-cylindrical, and cylindrical-cylindrical interaction 

surfaces. 

Also, experiments to determine the actual combination of 

the morphologies of the interacting surfaces of specific 

crystals are essential. In particular, the author believes the 

DEM solution approach can help relieve researchers from 

some costly experiments involved in the mechanical 

characterization of multilayer film structures. Moreover, the 

author believes that this understanding of the dependence of 

interfacial stress on the morphology and size of interacting 

grains revealed in this study would be essential in the 

mechanical characterization of several Multilayer Engineering 

Materials, including composites for various applications, 
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which often consist of grains with different morphology and 

size. 
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