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Abstract:
Molecular dynamics simulations were conducted to investigate the deformation characteristics of 

Ta40Cu60​ amorphous coatings under nanoindentation. This study provides insights into the influence of 
indenter size on the deformation mechanisms at the Ta40Cu60 amorphous coating/Cu substrate interface. 
The results reveal that both the maximum indentation force and the extent of the plastic deformation region 
increase with increasing indenter diameter.
Keywords: Coatings, Derformation, Molecular dynamics. 

1. Introduction
Metallic glasses have attracted considerable 

attention owing to their unique combination of high 
strength, excellent corrosion resistance, and superior 
hardness, which enable applications in magnetic 
devices, precision molds, and electronic components 
[1,2]. Previous studies have demonstrated that 
atomic bonding structures strongly influence the 
elastic modulus and strength of amorphous alloys 
[3,4]. In particular, Ta–Cu alloys exhibit promising 
mechanical properties, including high impact 
resistance, strength, and electrical conductivity 
[5,6]. Among amorphous thin films, TaCu coatings 
have emerged as highly promising candidates due 
to their outstanding mechanical stability and wear 
resistance [7,8]. Numerous experimental studies 
have investigated their microstructure, hardness, 
and interfacial behavior under various compositions 
and processing conditions [9]. However, direct 
experimental observation of nanoscale deformation 
mechanisms remains challenging.

Molecular dynamics (MD) simulations provide 
an effective approach for investigating atomic-scale 
mechanisms governing deformation and failure in 
metallic glasses and coatings [10,11]. This method 
has been widely employed to explore thin-film 
growth, mechanical response, and defect evolution in 
amorphous materials [12,13]. In this study, Ta40Cu60 

amorphous coating/Cu systems were constructed 
to examine deformation and failure behaviors 
under nanoindentation using MD simulations. The 
effects of indenter size on plastic deformation and 
damage formation were systematically analyzed. 
These results provide fundamental insights into 
the deformation mechanisms of Ta–Cu amorphous 
coatings, contributing to the design of durable, high-
performance coating materials.
2. Computational methods

Figure 1(a) illustrates the simulation model 
of a Ta40Cu60 film deposited on a Cu(001) substrate 
with dimensions of 18 × 10.8 × 8 nm³ along the X, 
Y, and Z axes, respectively [12]. The deposition 
was performed at an incident energy of 1 eV and an 
incident angle of 0° [14]. The substrate was divided 
into free, thermostat, and fixed regions. Free atoms 
followed Newton’s law of motion, thermostat layers 
maintained the target temperature, and fixed layers 
ensured structural stability. Prior to deposition, 
energy minimization was conducted to remove 
high-energy configurations. Simulations were 
performed mainly under the NVE ensemble with 
a time step of 0.001 ps, while the NVT ensemble 
was used when temperature control was required. 
Periodic boundary conditions were applied along 
the X and Y directions, and non-periodic conditions 
along Z. Figure 1(b) shows the nanoindentation 
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model consisting of a indenter and a Ta40Cu60 
coating/Cu substrate system (18 × 10.8 × 11.3 nm³). 
The diamond tool has diameters of 3, 4, 5, and 6 
nm. The embedded atom method (EAM) potential 
was used for Ta–Ta, Ta–Cu, and Cu–Cu interactions 
[4], while indenter–substrate interactions were 
described using the Lennard–Jones (LJ) potential, 
with parameters σ = 2.86575 Å, ε = 0.13 eV (C–Ta) 
and σ = 2.168 Å, ε = 0.05477 eV (C–Cu).

All molecular dynamics simulations were 
performed using the LAMMPS package [15], and 
visualization was conducted using OVITO software [16].

Accordingly, the indentation hardness (Hiden) 
is defined as [11]:

Max
iden

c

FH A=                        (1)                                            

where Fmax​ is the maximum force during 
nanoindentation, and ​ is the contact area between 

the Ta40Cu60 ​ amorphous coating/Cu substrate and 
the diamond indenter.
3. Results and discussion

Figure 2(a) presents the indentation force-
time curves of Ta40Cu60 amorphous coatings on Cu 
substrates during indentation at a depth of 1.5 nm 
and a temperature of 300 K under different indenter 
diameters (3, 4, 5, and 6 nm). The indentation 
process is divided into three stages: (I) loading, (II) 
holding, and (III) unloading. In the loading stage 
(I), the indentation force increases continuously 
with penetration depth, indicating the accumulation 
of elastic and plastic deformation in the coating and 
substrate. During the holding stage (II), a slight 
decrease in force is observed, which is attributed to 
the atomic rearrangement and structural relaxation 
within the amorphous region as the system reaches 
a quasi-equilibrium state. In the unloading stage 

Figure 1. The simulation model is used in the deposition process (a) and nanoindentation process (b).

Figure 2. The indentation force (a) and hardness (b) of Ta40Cu60 amorphous coatings/ Cu substrate during 
the indentation process at a depth of 1.5 nm, 300 K under various indenter sizes of 3, 4, 5, and 6 nm.
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(III), the force rapidly decreases as the indenter 
goes up, corresponding to elastic recovery. 
Interestingly, a small negative force appears at the 
end of unloading, which originates from adhesive 
interactions between the indenter and the coating 
surface. Once the indenter fully detaches, the force 
returns to zero, confirming the end of contact. The 
maximum indentation force increases notably with 
indenter diameter, suggesting that a larger indenter 
generates a wider contact area and, consequently, 
a greater load-bearing capacity [15, 17]. However, 
the hardness, as shown in Figure 2(b), exhibits a 
decreasing trend with increasing indenter radius. 
This inverse relationship arises because the hardness 
calculation involves the applied load divided by the 
projected contact area larger indenters distribute 
the load over a broader surface, leading to lower 
apparent hardness values.
   Overall, these findings indicate that indenter size 
significantly affects both the indentation response 
and the measured mechanical properties. Larger 
indenters produce higher peak forces but lower 
hardness values due to the geometric effect of the 
contact area and the redistribution of stress beneath 
the indenter [4]. 

Figure 3. The shear strain of Ta40Cu60 amorphous 
coatings/ Cu substrate during the indentation 

process under various indenter sizes.

Figure 3(a-d) shows the shear strain 
distributions in Ta40Cu60 amorphous coatings on Cu 
substrates during nanoindentation using indenters 
of different diameters (3, 4, 5, and 6 nm). The figure 

reveals that the indenter size has a pronounced 
effect on the extent and morphology of the plastic 
deformation region. At an indenter diameter of 
3 nm, the high-shear-strain zone is localized 
immediately beneath the contact area, indicating a 
highly concentrated plastic deformation confined 
near the surface. As the indenter diameter increases 
to 4 and 5 nm, the shear strain region becomes more 
pronounced, expanding both laterally and vertically 
into the coating and partially into the substrate. This 
trend suggests that a larger indenter generates a 
broader stress field, leading to the activation of more 
shear transformation zones (STZs) and enhanced 
atomic rearrangements within the amorphous 
structure [4].

For the largest indenter of 6 nm, the shear strain 
distribution appears more diffuse and uniform, with 
a smoother gradient from the high-strain region to 
the surrounding matrix. This indicates a transition 
from highly localized deformation toward a more 
homogeneous plastic flow. The reduction in strain 
localization with increasing indenter size implies that 
larger indenters promote distributed deformation, 
thereby suppressing the formation of dominant shear 
bands [10]. Overall, these results demonstrate that 
increasing the indenter diameter not only enlarges 
the affected deformation volume but also alters 
the nature of plastic flow in Ta40Cu60 amorphous 
coatings, transitioning from localized shear events 
to a more uniform deformation behavior.

Figure 4(a-d). The local stress of Ta40Cu60 
amorphous coatings/ Cu substrate during the 
indentation process under various indenter sizes.
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Figure 4(a–d) shows the local stress 
distribution in the Ta40Cu60  amorphous film during 
nanoindentation with indenter diameters of 3, 4, 
5, and 6 nm. The stress magnitude is represented 
by an atomic color scale ranging from 0 to 3 GPa. 
It is evident that the Ta40Cu60 film exhibits higher 
stress levels than the Cu substrate, which can 
be mainly attributed to residual stresses induced 
during the deposition process. Pronounced high-
stress regions are observed at the contact interface 
between the indenter and the film, consistent with 
the deformation behavior shown in Figure 3. With 
increasing indenter diameter, these high-stress 
zones expand laterally and extend deeper into 
both the film and the substrate, indicating a more 
severe deformation response [10,11]. This trend 
further confirms that larger indenters promote 
more extensive stress propagation and plastic 
deformation, in good agreement with the findings 
reported by Qiu et al. [18] regarding the indenter 
size effect in metallic thin films.

Figure 5(a–d) illustrates the temperature 
distribution in the Ta40Cu60 amorphous film during 
nanoindentation with indenter diameters of 3, 4, 5, 
and 6 nm. The atomic temperature is represented by 
a color scale ranging from 300 K to 400 K, enabling 
visualization of localized heat generation during the 
deformation process.

During indentation, a localized temperature 
rise occurs directly beneath the indenter tip, resulting 
from rapid atomic rearrangements associated with 
plastic deformation. Owing to the absence of long-
range order in the Ta40Cu60 amorphous structure, 
shear transformation zones (STZs) are activated 
under external loading. These STZs act as localized 
heat sources, leading to the red–yellow regions 
observed beneath the contact interface between 
the indenter and the amorphous Ta–Cu film. As 
the indenter diameter increases from 3 nm to 6 nm, 
the high-temperature zones expand both laterally 
and vertically. This behavior indicates that larger 
indenters induce plastic deformation over a greater 
material volume. The enlarged deformation region 
enhances atomic friction and energy dissipation, 
thereby increasing the local temperature.

Notably, the temperature field within the Cu 
substrate remains relatively low, suggesting that 

most of the generated heat is confined within the 
amorphous coating rather than being transferred into 
the crystalline substrate [18]. The spatial correlation 
between high-temperature regions and high-stress 
zones (Figure 4) implies a strong coupling between 
the mechanical and thermal responses. Such 
coupling is characteristic of metallic glasses, in 
which localized shear events not only accommodate 
plastic strain but also serve as primary mechanisms 
of heat generation.

Overall, these results demonstrate that the 
thermal response of the Ta40Cu60 amorphous film is 
highly sensitive to indenter size. Larger indenters 
promote more extensive structural rearrangements, 
leading to stronger energy dissipation and more 
pronounced local temperature rises, in agreement 
with previous studies on metallic glass coatings.

Figure 5(a-d). The Dispersion of temperatures of 
Ta40Cu60 amorphous coatings/ Cu substrate during 
the indentation process under various indenter sizes.
4. Conclusion

Molecular dynamics simulations were 
performed to investigate the nanoindentation 
behavior of Ta40Cu60 amorphous coatings on Cu 
substrates using indenters of various sizes. The 
results reveal that indenter size has a pronounced 
influence on the mechanical and thermal responses 
of the coating. Larger indenters generate higher 
peak indentation forces but lower hardness values 
due to the increased contact area. Shear strain 
analysis indicates that the deformation region 
expands and becomes more homogeneous with 
increasing indenter diameter, evolving from 
localized shear events to more distributed plastic 
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flow. Correspondingly, high-stress and high-
temperature regions develop beneath the indenter 
and extend deeper into the coating, reflecting 
enhanced thermomechanical coupling. These 
findings provide fundamental insights into the 
size-dependent deformation mechanisms of Ta–
Cu amorphous coatings and offer guidance for the 
design of high-performance metallic glass coatings 
with improved mechanical stability.
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ẢNH HƯỞNG CỦA KÍCH THƯỚC DỤNG CỤ ĐẾN HÀNH VI BIẾN DẠNG 
CỦA MÀNG MỎNG VÔ ĐỊNH HÌNH Ta-Cu

Tóm tắt:
Mô phỏng động lực học phân tử đã được tiến hành để nghiên cứu hành vi biến dạng của lớp phủ vô 

định hình Ta40Cu60 trong quá trình tạo vết lõm. Nghiên cứu này cung cấp thông tin chi tiết về ảnh hưởng 
của kích thước dụng cụ đến cơ chế biến dạng của lớp phủ vô định hình Ta40Cu60/nền Cu. Kết quả cho thấy 
cả lực ấn cực đại và khu vực biến dạng dẻo của vật liệu đều tăng theo đường kính đầu đo.
Từ khóa: Lớp phủ, Biến dạng, Động lực học phân tử.


