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Abstract. This work, deals with the effect of various Cu/LiF, Cu/MgO, and Cu/Si 
coated systems on the change in the plasticity index H/E and the resistance index H3/E2 
under indentation in a wide range of loads Pmax = 5–900 mN. The main parameters of 
elasticity, strength and plasticity were determined, as well as the values of H/E and 
H3/E2. The general and specific features of the coated systems deformation under the 
action of a concentrated load were revealed. The deformation structure of the coated 
systems was examined at the dislocation level, which made it possible to establish the 
response mechanism of the CSs to the action of an external load and to explain the 
specific nature of the plastic and strength properties of the composite systems of “soft 
film/soft substrate” and “soft film/hard substrate” types. 

Key words: Coated systems, Cu/soft substrate, Cu/hard substrate, nanoindentation, 
mechanism, plasticity index, resistance index. 

1. INTRODUCTION 

The coated film/substrate type systems (CSs) are used extensively in modern 
nanotechnology. The areas of application of such structures are extremely diverse. 
Composite systems of a thin metal layer/substrate are used in micro/nanoelectronics 
for the production of integrated circuits, magnetic and optical devices, in the jewelry 
and tool industries, in medicine and aviation industry, etc. As a result, the CSs creation 
of different types becomes necessary. 

Thus, in the semiconductor technology, when creating systems of micro/ 
nanoelectromechanical (MEMS) and (NEMS) devices, films from soft materials 
are grown on hard substrates that ensure the obtainment of the “soft film/hard 
substrate” type of structures. In other areas, the “soft film/soft substrate”, “hard 
film/hard substrate”, and “hard film/soft substrate” CSs types are used. In this case, 
the microstructure of thin films and their mechanical properties become critical 
parameters that determine the quality and service life of the manufactured products. 

The mechanical properties improvement of MEMS/NEMS structures is often 
just as important as that of the opto-electric properties. The mechanical degradation 
of structures over time is a factor which affects the device mass production. The 
intensive development of nanotechnologies reduces film thickness to micro- and 
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nanometer sizes. During operation, these structures undergo natural wear, and the 
higher the degree of wear, the sooner the device breaks. Therefore, along with the 
new types of CSs creation, intensive work is underway to increase the durability of 
coatings. In the scientific literature [1–5], in order to assess the resistance of 
materials to plastic deformation and to evaluate the degree of wear, in addition to 
traditional parameters, hardness H and elastic modulus E, other characteristics are 
also used, namely, the “plasticity index” and “resistance index”. These parameters 
characterize the material's resistance to deformation and fracture after the 
application of a concentrated external load and are defined as the ratio between the 
hardness and Young's modulus of the material, H/E and Н3/Е2, respectively.  

Based on the observation of Tabor [6, 7] that the hardness of metals is 
usually 3 times as much as the yield strength, Johnson [8] estimated contact load Py 
required to initiate the plastic deformation:  

 Py = 0.78 r2 (H3 / 
E

2), (1) 

here r is the radius of the sphere pressed against the elastic/plastic half-space; H and 
E, respectively, are the hardness and elastic modulus of the half-space. This equation 
shows that the resistance to the onset of the plastic deformation is higher in materials 
with larger Н3/Е2 values, i.e. in materials with high hardness and low modulus.  

In [4], an assessment of the mechanical behavior of hard and superhard 
nanocomposite coatings measured by a computer-controlled microhardness tester 
was made. The authors showed that no clear relationship was between the 
mechanical response of the coating and separately between the values of H and E, 
but this response naturally depended on the parameters H/E and Н3/Е2: the plastic 
deformation was as higher, as higher H/E and lower Н3/Е2. In another work [3], the 
behavior of these parameters in phosphate glasses doped with rare earth elements 
was studied with an increase in the load on the indenter, and it was shown that both 
H/E and Н3/Е2 decrease with an increase in the load. This means that with the load 
increase, the plastic properties of phosphate glasses reduce, whereas the strength 
properties increase. 

The published data clearly demonstrate that the H/E and Н3/Е2 parameters can 
be successfully used to evaluate the plastic, strength, brittle and tribological properties 
of various materials, both of bulk and coated systems, along with traditional 
parameters, hardness and Young's modulus. The evaluation of these parameters 
may be of a particular interest for Cu/substrate structures, which underlie a large 
number of (MEMS) and (NEMS) devices [9–12].  

In our earlier works, the mechanical properties of the Cu/substrate type structures 
(Cu/LiF, Cu/MgO, Cu/Si) were studied thoroughly depending on the film thickness 
and the magnitude of the applied load under indentation [13–16]. Therefore, it seems 
extremely valuable for practice to compare the plastic, strength, and wear-resistant 
properties of these structures based on the same film material (Cu) but different 
types of chemical bonds in the substrates. In this regard, the effect of various 
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Cu/substrate systems (Cu/LiF, Cu/MgO, Cu/Si) on the change in the parameters 
H/E and Н3/Е2 under indentation with different loads will be studied in this work. 

2. MATERIALS AND METHODS 

A group of coated systems was chosen for the research, namely, Cu thin films 
deposited on various substrates. Single crystals with a gradual change in the type of 
atomic bonding were chosen as substrates: ionic crystal – LiF, ionic-covalent crystal 
MgO and covalent crystal Si. Crystals have different types of crystalline structure 
(LiF, MgO – NaCl type; Si – diamond type). Cu and LiF belong to soft materials with 
H = 0.6 and 1.2 GPa, while MgO and Si are hard crystals with H = 7.5 and 8.2 GPa, 
respectively. As a result, three groups of CSs were obtained depending on the type 
of substrate: 1 – ʻsoft film/soft substrate, ionicʼ, SSi (Cu/LiF), 2 – ʻsoft film/hard 
substrate’, ionic-covalent, SHic (Cu/MgO) and 3 – ʻsoft film/hard substrateʼ, covalent, 
SHc (Cu/Si). For each type of substrates, similar composite structures were fabricated 
with the thickness of Cu films: t1 = 85; t2 = 470 and t3 = 1000 nm. All structures were 
obtained under the same conditions. Cu films were deposited on a freshly prepared 
surface of single crystal substrates by magnetron sputtering, at a Magnetron Sputtering 
RF device, in the P = 200 W, T = 50°C mode. 

The mechanical properties were studied using the depth-sensitive indentation 
method at a Nanotester-PMT3-NI-02 instrument equipped with a Berkovich indenter. 
The tests were carried out in the following mode: loading process – 20 s, exposure 
at a maximum load (Рmax) – 30 s, and unloading – 20 s. Twelve maximum loads were 
used within Pmax = (5–900) mN. For each load, 10 imprints were applied. The results 
were calculated as the average of 10 trials. The main parameters of elasticity, plasticity 
and strength were estimated based on the indentation curves’ analyses. The calculations 
were performed automatically, using the instrument software according to the 
Oliver-Pharr method used extensively in science [17]. The surface microstructure 
was studied by optical microscopy (OM) using XJL-101, Amplival instruments, 
microinterferometer MII-4 and a Nanostation II atomic force microscope (AFM). To 
detect the contribution of the substrate to the deformation process, the Cu film was 
removed using a solution of 70% HNO3 + 30% CH3COOH, then an aqueous solution 
of FeCl3 for LiF and the composition 5 pNH4Cl + 1 pH2O + 1 pH2SO4 for MgO 
were used to reveal dislocation structures. 

3. RESULTS 

To learn about the deformation specifics of the crystals chosen as substrates, 
Fig. 1 can be used, which shows the shape of the imprints and the surface topography 
in three sections for the (001) plane of LiF, MgO, and Si (100) single crystals. It can 
be seen from the presented images that in the given range of nano- and submicroloads, 
P = (20–200) mN, the imprints on all crystals are plastic, without any cracks and 
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fractures. Near the center of each of the three sides of the imprints, pile-ups are 
formed, indicating plastic displacement of the material onto the crystal surface. The 
high plasticity of these crystals in the range of loads up to 200 mN is also confirmed 
by the P(h) curves both at the loading and unloading stages. As an example, Fig. 2 
shows a series of curves obtained on LiF, MgO, Si substrate-crystals at different 
indenter loads, Рmax, and, for comparison, P(h) curves for polycrystalline copper, 
an initial component for the CSs films.  

 
 

Fig. 1 – AFM – Surface nanostructure images, 3D looks of imprints (a,c,e,g) and profiles (b, d, f, h): 
(a, b) – LiF, P = 120 mN; (c, d) – MgO, P = 20 mN; (e, f) – Si, P = 30 mN; (g, h) – Si, P = 200 mN. 

The insertions in Figs. b, d, f, h show 2D image of imprints with indication  
of sections for the profiles. 
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It is seen that at loads P = 10–100 mN, the curves for Cu and LiF are smooth 
(Figs. 2a, 2b). The curves for MgO and Si also have a smooth course at the loading 
stage, while at the unloading stage, Si shows pop-out effects, which, as is known 
from the literature [18], are mainly due to the phase transitions (Fig. 2d). 

 

 
Fig. 2 – Deformation curves “load-indentation depth”, P(h), for Cu polycrystal, P = 40 – 100 mN,  

and monocrystals: LiF, P = 10 – 50 mN; MgO, P = 40 – 100 mN; Si, P = 30 – 80 mN. 

Small pop-outs also occasionally appear in MgO crystals at the unloading stage, 
however, their appearance is usually associated with the rotational dislocation 
processes (Fig. 2c). There is another important difference observed in the indentation 
curves of the soft and hard crystals. In general, for Cu and LiF, a uniform character 
of the plastic deformation is observed with a slight elastic-plastic recovery at the 
stage of unloading. As for MgO and Si, a significant elastic-plastic recovery is 
observed here, and it is higher for Si than for MgO. In addition, as is described in 
[13–16], an increase in the load leads to a change in the process of deformation of 
the substrate crystals.  

Several examples of the shape of indentations deposited on polycrystalline 
Cu and substrate-crystals under heavy loads are shown in Fig. 3. As follows from 
Fig. 3, the imprints on Cu and LiF are plastic, however, cracks and chips appeared 
near the imprints on MgO and Si. The difference in the behavior of substrate 
crystals under the action of an external load can also affect the tribological 
properties of all CSs, thereby changing their wear resistance. Estimation of the H/E 
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and H3/E2 parameters for the studied Cu/LiF, Cu/MgO and Cu/Si coated systems 
confirmed the above assumption (Figs. 4, 5). 

 

 
Fig. 3 – OM – Images of imprints obtained in reflection mode on the Cu polycrystal (a), and single 

crystals: LiF (b), MgO (c) and Si (d). P [mN]: a – 200; b – 300; c – 500; d – 700.  

 
Fig. 4 – Typical curves reflecting the variations of the plasticity index H/E depending on the value  
of the Pmax load at depth-sensing indentation in the range (5 – 900) mN for all CSs: a) – Cu/LiF,  

b) – Cu/MgO, c) – Cu/Si and the bulk crystals. The respective curves characterize:  
1 – Cu polycrystal, 2 – LiF, MgO or Si monocrystals, 3 – Cu/substrate, t1 = 85 nm,  

4 – Cu/substrate, t2 = 470 nm, 5 – Cu/substrate, t3 = 1000 nm. 

The values of the plasticity index H/E as a function of the load applied to the 
indenter under nano-microindentation, H/E(P), in the range of P = (5–900) mN are 
shown in Fig. 4. There is a following regularity that is traced. In general, all curves 
in Fig. 4a have a downward course with the load increasing, and the Cu-curve is 
the lowest of all. Curves of Cu/LiF CSs, 3–5, are at the top of the graph, above the 
LiF curve. This indicates that the plasticity of this composition has increased 
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compared to that of the original components, Cu and LiF. At the same time, the 
plasticity index of all samples decreases with the load increase. The curves of the 
next two graphs change regularly. Curve 3 – Cu/MgO CS (t = 85 nm) overlaps MgO 
curve (2), and as the film thickness increases, curves 4, 5 approach the Cu-curve. 
Also, the course of all CSs shows a tendency for saturation with the load increase 
(Fig. 4b). The effect of moving the Cu/Si curves away from the Si-curve and bringing 
them closer to Cu was even more evident in Fig. 4c. In addition, it can be seen that the 
curves tend to an increase. Changing the type of substrate leads to a change in the 
H/E value. So, when the load changes in the interval of Р = (5–900) mN, the H/E 
value fluctuates within (0.009 – 0.015), (0.01–0.05), (0.02–0.075) for Cu/LiF CS, 
Cu/MgO CS and Cu/Si CS, respectively. Consequently, the H/E value for the same 
Cu film increases in the series of substrates: SSi < SHic < SHc.  

 
Fig. 5 – Typical curves reflecting the variations of the plasticity index H3/E2 depending on the value 

of the Pmax load at depth-sensing indentation in the range (5 – 900) mN for all CSs: a) – Cu/LiF,  
b) – Cu/MgO, c) – Cu/Si and the bulk crystals. The respective curves characterize:  
1 – Cu polycrystal, 2 – LiF, MgO or Si monocrystals, 3 – Cu/substrate, t1 = 85 nm,  

4 – Cu/substrate, t2 = 470 nm, 5 – Cu/substrate, t3 = 1000 nm. 

Thus, the change in the substrate type leads to a regular change in the plastic 
properties of the coated system as a whole. Most likely, this is due to a similar 
change in the plasticity index H/E in a series of substrate crystals: H/ELiF < H/EMgO 
< H/ESi (see Fig. 4). A similar behavior was noted for the H3/E2 dependences of all 
studied CSs (Fig. 5). The SSi curves are located higher than for Cu and LiF, while 
for SHic and SHc the curves consecutively shift towards the Cu curve, more clearly 
for SHc. However, although the CSs curves for the resistance index H

3/E2 are 
located identically to the curves for the plasticity index H/E, the physical meaning 
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is the opposite. So, for example, an increase in the H/E parameter in Fig. 4a means 
an increase in plasticity, while an increase in the H3/E2 parameter (Fig. 5a) implies 
an increase in the resistance to plastic deformation for the CSs curves compared to 
the curves for Cu and LiF, i.e. decrease in plasticity. The reason for this effect will 
be discussed in the next section.  

The transition to SHic and SHc substrates is accompanied by a decrease in the 
H

3/E2 parameter for all coated systems (CSs) compared to H3/E2
MgO and H3/E2

Si. In 
this case, the curve for CS1000nm is the closest to the H3/E2

Cu curve, then the CS470nm 
and CS85nm curves consecutively approach the H

3/E2
MgO and H

3/E2
Si curves. 

Moreover, curves 3–5 in Fig. 5b are distributed evenly between curves 1 and 2, 
while curves 3–5 in Fig. 4c are close to curve 1, creating a large gap with curve 2 at 
loads P > 100 mN. As in the case of the H/E parameter, the change in the substrate 
type leads to a change in the value of H3/E2 for all the studied CSs and substrate 
crystals. When the load changes between Р = (5 – 900) mN, the H

3/E2 value 
fluctuates within (0.00007 – 0.00025), (0.0045 – 0.012), (0.01 – 0.06) for Cu/LiF 
CS, Cu/MgO CS and Cu/Si CS, respectively. The values of H3/E2 for the substrate 
crystals are distributed in the same order: LiF – (0.00008 – 0.00015), MgO – 
(0.0045 – 0.016), Si – (0.02 – 0.14). Thus, the value of H3/E2 for the same Cu film 
increases in the series of substrates: SSSi < SHic < SHc. The same is observed for 
the substrate crystals: H

3/E2
LiF < H

3/E2
MgO < H

3/E2
Si (Fig. 5). Thus, the obtained 

estimates demonstrated that in the case of the resistance index, as well as of the 
plasticity index, the change in the type of substrate leads to a regular change in the 
strength and tribological properties of the coated systems as a whole. 

4. DISCUSSION 

It is known at present [10, 19–21] that the CS hardness is a mechanical parameter 
that includes the hardness of the film and the hardness of the substrate. The ratio of 
these values gradually changes depending on the magnitude of the applied load. 
Along with this, when the indenter is deepened into the composite material, the 
structure and chemical composition of the deformable sample are changed. Thus, 
during the deformation of the soft-film/hard-substrate CS, the indenter penetrates 
into the film material easier, and after reaching the interface zone, it is more 
difficult to penetrate into the substrate material. Two factors, the film thickness, t, 
and the magnitude of the applied load, Pmax, have a crucial effect on the course of 
this process. At the same time, their action has the opposite effect: the thicker the 
film, the longer the film material takes part in the deformation process, and later 
the substrate is included in the deformation process. And vice versa, the higher 
Рmax, the deeper the indenter penetrates into the volume of the CS. As a result, the 
substrate material begins to make a greater contribution to the total deformation. 
The zone that separates the film material from the substrate material is referred to 
as the interface zone. When the indenter reaches the interface zone, the indentation 
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depth, hmax, becomes equal to the film thickness, t, and is denoted as β = hmax / t = 1, 
therefore, the greater the film thickness, the deeper the interface zone.  

To elucidate the factors responsible for the characteristic course of the above 
H/E and H3/E2 curves, it seems important to estimate the maximum loads at which the 
indenter reaches the level of the interface zone on all studied CSs, polycrystalline 
copper, and LiF, MgO, and Si substrate crystals. The evaluation results are presented 
in Table 1.  

Table 1  

Maximum loads Pmax, at which the indenter reaches the level of the interface zone β = hmax / t ≈ 1  
on all studied CSs, bulk Cu and substrate-crystals 

Nr. Sample 

Cu, 
Pmax [mN] 

for 
hmax ≈ t 

Crystal-
substrate,  

Pmax [mN] for 
hmax ≈ t 

Pmax [mN]  
for CSs,  

β = hmax / t ≈ 1 

Pmax CS / 
Pmax subst. 

1 2 3 4 5 6 
1. Cu/LiF, t = 85 nm 0.6 0.2 1.1 5.5 
2. Cu/LiF, t = 470 nm 10.5 12.0 7.5 0.71 
3. Cu/LiF, t = 1000 nm 30.0 40.0 35.0 0.88 
      

4. Cu/MgO, t = 85 nm 0.5 4.5 3.0 0.67 
5. Cu/MgO, t = 470 nm 10.0 45.0 25.0 0.56 
6. Cu/MgO, t = 1000 nm 30.0 180.0 100.0 0.56 
      

7. Cu/Si, t = 85 nm 0.5 5.0 5.0 1.0 
8. Cu/Si, t = 470 nm 10.0 43 27.0 0.63 
9. Cu/Si, t = 1000 nm 30.0 145.0 90.0 0.62 

 
The load values at which the indenter reaches hmax≈t in polycrystalline copper 

and LiF crystal are close in magnitude (Table. 1). Due to this, in CSs of the SSi 
type, the indenter reaches the level of the interface zone at loads close to Pmax for 
Cu and for LiF. This means that the indenter passes easily from the film zone to the 
substrate zone without an additional deceleration. However, the situation changes 
for the SHic and SHc structures. The loads at which the depth hmax≈t is reached are 
significantly higher for MgO and Si crystals than for Cu. In this regard, when the 
indenter reaches the interface zone, it undergoes deceleration on the part of MgO 
and Si crystals, to overcome which additional efforts are required. But ultimately 
the loads required to deepen the indenter to β = hmax/t ≈1 in CSs turn out to be 
lesser than those for the substrate crystals due to the contribution of the soft film, 
which the indenter passes through with a lesser force (Table 1). 

The proportion (Pmax CS/Pmax substrate) decreases with the film thickness 
increase, since the higher t, the greater part of the path the indenter passes in the film 
zone up to β = hmax/t ≈1 (Table 1). A greater proportion of the film in the imprint 
formation process can affect the plastic and strength properties of the CS. This was 
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supported by the type of imprints. The imprints are deposited on Cu/LiF, Cu/MgO 
and Cu/Si CSs with different film thicknesses under the same load, P = 700 mN 
(Fig. 6). It can be seen that the largest and most plastic are the indentations on 
Cu/LiF CS. Only small brittle fractures appeared in the form of cracks and spalls near 
the indentations at CSs with t = 85 and 470 nm (Fig. 6 a-c). The degree of brittleness 
increases in the range of Cu/LiF-Cu/MgO-Cu/Si (Fig. 6a, 6d, 6g). With film thickness 
increase, t = 470 and 1000 nm, the brittle indentations became more ductile, and 
pile-ups appeared around them, most pronounced on Cu/LiF CS (Fig. 6b, 6c) and 
Cu/MgO CS (Fig. 6e, 6f). For greater clarity, the pile-up near an imprint (Fig. 6b) 
is shown in the interference mode in Fig. 6c.  

 
Fig. 6 – OM images of Berkovich imprints applied to the CSs: (a–c) – Cu/LiF; (d–f) – Cu/MgO;  

(g–i) – Cu/Si. (a, d, g) – t = 85 nm, (b, e, h) – t = 470 nm, (c, f, i) – t = 1000 nm. P = 700 mN.  
The imprint of Fig. 6b is demonstrated in the interference mode in Fig. 6c. 
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The difference in the shape and degree of the imprints’ brittleness, depending 
on the type of substrate and the thickness of the Cu film, is observed not only on 
the surface of the coated systems, but also in the bulk of the samples after the film 
removal. As noted above, after overcoming the interface zone and with a continuing 
increase in the load, the indenter enters the substrate zone, forming imprints in it 
with the corresponding deformed zones around them. Dislocation rosettes appear in 
LiF and MgO substrate crystals, which can be visualized using the selective chemical 
etching after the Cu film removal. Figure 7a shows the dislocation rosette around 
the imprint on the LiF substrate after removing the copper film from the Cu/LiF85nm 
CS and the type of dislocation rosettes after the LiF substrate surface slight 
polishing is presented in Figs. 7b, 7c.  

It can be seen that the zone with a high dislocation density that has been 
formed near and under the imprints, is being gradually decreased when removed 
from the indentation. The creation of this zone is accompanied by mutual intersection 
of dislocations, dislocation-disclination clusters, and lattice rotation [22–24]. 
Similar processes also take place in other Cu/LiF and Cu/MgO CSs over a wide 
load range. In Cu/MgO CSs, due to a lower dislocation rate in MgO crystals than in 
LiF, the deformation zone is more packed, the dislocations are denser, which 
stimulates the formation of cracks at imprints (Fig. 8) in contrast to Cu/LiF CSs, 
which are ductile, without any destructions (Fig. 7). 

 
Fig. 7 – a) – The shape of dislocation rosettes appeared around the imprints on the LiF substrate after 

removing the copper film from the Cu/LiF structure; b, c) – type of dislocation rosettes after slight 
polishing of the surface of the LiF substrate; (a, b) – Cu/LiF, t = 85 nm; (c) – Cu/LiF, t = 470 nm;  

P [mN]: (a, c) – 500; (b) – 700. Zoom scale – the horizontal side of each image is 180 µm. 

The contribution of the film thickness is manifested by the fact that the size 
of the dislocation rosettes, as well as the brittleness of the imprints, decrease with t 
increase (Fig. 8). The same effect was noted for Cu/Si CSs. In Figs. 9a, 9d, cracks 
and splits are visible, which have decreased in size in Figs. 9b, 9e and are absent in 
Figs. 9c, 9f, and a small pile-up formed near the imprint. As noted above, the 
dislocations on Si crystals are tightly pressed to the imprint due to a very low 
velocity and are detected only by TEM or by chemical etching after crystal 
annealing [25–27]. Since the dislocations are not able to transfer the material 



Article no. 602 D. Grabco et al. 12 

 

inward and outward during the indenter introduction due to the low speed, the 
formation of imprints occurs mainly due to the phase transitions [25]. 

 
Fig. 8 – The shape of dislocation rosettes appeared around the imprints on the MgO substrate after 

removing the copper film from the Cu/MgO structures. a) – Cu/MgO, t = 85 nm; b) – Cu/MgO,  
t = 470 nm; c) – Cu/MgO, t = 1000 nm, P = 700 mN. Zoom scale – the horizontal side  

of each image is 150 µm. 

 

Fig. 9 – The shape of deformed zones appeared around the imprints on the Si substrate after removing 
the copper film from the Cu/Si structures: (a, d) – Cu/Si, t = 85 nm; (b, e) – Cu/Si, t = 470 nm;  

(c, f) – Cu/Si, t = 1000 nm. P = 900 mN; (a–c) – the images in the reflection mode;  
(d–f) – the images in the interference mode. 

Thus, the studies performed have demonstrated that the mechanism of the 
imprint formation in LiF, MgO, and Si substrate crystals differs significantly, which 
leads to different mechanical responses of coated systems to an external load. 
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Different mechanical behavior of nanocomposite structures is a factor affecting 
parameters such as hardness, elasticity, plasticity index, resistance index, and 
tribological properties of the composite structure as a whole. The results obtained 
made it possible to explain the synchronous behavior of the H/E and H3/E2 curves. 
An increase in the plasticity index with the increase in film thickness and increase 
in load is quite natural, since at higher values of t, the contribution of the soft film 
to the deformation increases, and at higher values of Pmax, the size of the deformed 
zone increases, increasing the plasticity of the CS. However, as it was mentioned 
above, the increase in the deformed zone is accompanied by its complication, the 
creation of a dislocation-disclination substructure, rotational transformations, and 
the emergence of new phase structures. These structures provide higher resistance 
to further deformation of the CS, which is manifested in an increase in the 
resistance index. Consequently, the analysis of the structure of the deformed zones 
in the CSs with different types of chemical bonding in the substrates reveals a new 
vision of the substrate response mechanism to the action of the external load. 

5. CONCLUSION 

This work studies the effect of various Cu/substrate systems (Cu/LiF, Cu/MgO, 
Cu/Si) on the change in the plasticity index H/E and the resistance index H

3/E2 

under indentation in a wide range of loads Pmax = 5–900 mN. These structures have 
been formed based on the same soft material, a metal film (Cu, H = 0.6 GPa), but 
with different hardness and different types of chemical bonding in single crystal 
substrates: 1 – LiF, soft crystal, ionic bond type, SSi; 2 – MgO, hard crystal, ionic-
covalent bond type, SHic, and 3 – Si, hard crystal, covalent bond type, SHc, the 
hardness of which is H = 1.2, 7.5, and 8.2 GPa, respectively. The plastic, strength, 
and wear-resistant properties of these CSs were compared. The main parameters of 
elasticity, plasticity and strength were determined, and the values of H/E and H

3/E2 

were also estimated. The microstructure and surface topography around indentations 
deposited on crystal substrates and on CSs were studied, strain curves P(h) were 
analyzed, general and specific features of the nature of deformation and the response 
of coated systems to the action of a concentrated load were revealed. 

It was shown that the difference in the behavior of the substrate crystals 
under the action of an external load is reflected in the values and behavior of the 
parameters of H/E and H

3/E2. Thorough studies of the deformed structures of 
composite systems at the dislocation level made it possible to establish the mechanism 
of the CSs response to the action of an external load and to explain the specific 
feature of the plastic and strength properties of the coated systems such as “soft 
film/soft substrate” and “soft film/hard substrate”. By purposefully changing the 
CSs mechanical response, it is possible to obtain nanocomposite structures with 
required plastic and strength properties.  
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