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Abstract—The influence of doping with vanadium on the mechanical properties of nanocomposite films
deposited on silicon substrates has been investigated. It is found that the material tested is more likely brittle
rather than plastic and that the hardness and elastic modulus of an undoped film are somewhat higher than
those of vanadium-doped ones. With an increase in the Poisson ratio from 0.2 to 0.3, the hardness H;t of
undoped sample increases by 14%, and the elastic modulus £yt decreases by 3.5%. Doping films with vana-
dium leads to a monotonic decrease in the elastic modulus Ejp. The concentration dependence of microhard-
ness Hyp is complex: its minimum is observed at 8.8 at % V. It is established that the parameter of relative elas-
tic strain energy of samples under indentation under investigation (1;1) depends only slightly on film’s Pois-

son ratio.
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INTRODUCTION

Nanocomposites based on diamond-like silicon—
carbon films are promising materials for various-pur-
pose functional coatings because their electrical and
mechanical properties can be varied in a wide range by
introducing various metals into films with concentra-
tions ranging from zero to several tens of percent [ 1, 2].

It was found that an increase in the tungsten con-
centration to 35 at % in a nanocomposite film causes
a monotonic increase in its nanohardness from 18 to
26 GPa and in the elastic modulus from 135 to
350 GPa [3, 4]. An increase in the molybdenum con-
tent in a film changes the mechanical properties non-
monotonically: a minimum at 8 at % Mo is observed
in the concentration dependences of nanohardness
and elastic modulus [4]. This character of the concen-
tration dependences of Mo- and W-containing films
can be explained by the significant difference in the
sizes of nanoparticles of metal carbides (2.5 and 1 nm
at a metal content of 20 at %, respectively) and the dif-
ference in the distances between them. The deteriora-
tion of mechanical properties of films with an increase
in molybdenum content is explained by the fact that
the influence of larger molybdenum carbide nanopar-
ticles at large distances between them on the mechan-
ical properties of nanocomposite is weaker than that

for tungsten-doped films. A subsequent increase in the
metal concentration in film enhances the influence of
nanocrystalline phase on the mechanical properties.

Prospects for various technological applications of
nanocomposite silicon—carbon films require addi-
tional study of their structures and properties. In con-
trast to molybdenum- and tungsten-doped films, the
mechanical properties of vanadium-containing nano-
composites have been studied insufficiently. The pur-
pose of this work was to determine the nanohardness
and elastic modulus of vanadium-containing nano-
composite films.

EXPERIMENTAL

Mechanical tests were carried out on nanocompos-
ite films based on pure polyphenylmethylsiloxane
(PPMS) and diamond-like vanadium-doped silicon—
carbon films. Films of metal-containing nanocom-
posites were grown by simultaneous deposition of car-
bon-containing matrices from plasma and magnetron
sputtering of metals [5]. Silicon—carbon films were
grown in plasma of PPMS polymers near the substrate
surface. The starting material for forming a matrix was
PPMS: a liquid organic silicon compound
(CH;»);SiO(CH;C4H;sSi0);Si(CH;); with a boiling
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Fig. 1. Log of measuring the elemental composition of ref-
erence steel sample by X-ray fluorescence spectroscopy.

temperature in the range of 130—140°C. During film
deposition, PPMS molecules in plasma form silicon—
carbon polymers and then structure them on the sub-
strate surface [6]. PPMS vapor feeding and vanadium
sputtering were carried out simultaneously and inde-
pendently. The metal-nanophase content was varied
by locating substrates at different distances from the
plasmatron and magnetron. The smaller the distance
between the substrate and magnetron and the larger
the distance between the substrate and plasmatron,
the higher the metal concentration in the film was
(and vice versa).

The metal content in the nanocomposites was
determined by X-ray fluorescence spectroscopy. The
measurements were carried out on a Lab Center XRF-
1800 system [7]. Metal films were used as references in
quantitative analysis. The elemental concentrations
were calculated automatically using the system soft-
ware. The film thickness was measured by a profilo-
meter accurate to 0.01 um.

Mechanical tests were performed on samples of
nanocomposite films deposited on silicon substrates.
Metal substrates were used as references to align the
equipment. The elemental composition of the sub-
strates was determined by X-ray fluorescence spec-
troscopy on a Lab Center XRF-1800 system (the mea-
surement log for a steel sample (reference) is shown in
Fig. 1).

The following samples of diamond-like films
(DLFs) formed on 0.40-mm-thick silicon substrates

were tested in order to determine the microhardness
H;t and elastic modulus E;r (4 is the film thickness):

(i) DLF50/1, DLF without metal doping, 2 =
2 um;
(ii) DLF62/1, V-doped (9.8 at %) DLF, # =4 um;
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Fig. 2. Schematic diagram of the longitudinal cross section
of the indentation zone: (/) indenter tip, (2) surface of the
recovered impression in the sample after complete unload-
ing, and (3) contact surface at /s, and Fy,.

(iii) DLF64/1, V-doped (8.8 at %) DLF, h =
4.4 um.

The tests were performed by instrumental indenta-
tion according to GOST (State Standard) R 8.748-
2011 [8], taking into account ISO 14577-1:2002 [9]. A
Shimadzu DUH-211S ultra micro hardness tester was
used [10].

The tests were carried out under the following con-
ditions:

(i) the indenter is a tetrahedral diamond Vickers
pyramid;

(ii) the maximum penetration depth 4., is no
more than 0.14;

(iii) the maximum load F,,, ranges from 5 to
20 mN (determined beforehand by the specified
depth);

(iv) the test-cycle duration is from 25 to 45 s;

(v) the holding time under load is 10 s;

(vi) the number of tests for each sample ranges
from 4 to 6;

(vii) the ambient temperature is 22—25°C;

(viii) the Oliver—Pharr calculation technique [11]
is implemented in the DUH-S device software.

The DUH-211S resolution is:

(i) 0.2 uN (~0.02 mgf) for the force on the indenter,
in the range of 0—1961 mN (0—200 gf);

(ii) 1 nm for the indenter run, in the range of 0—
10 um.

Figure 2 shows a schematic of the cross section of
the sample and indenter in the zone of indentation by
pyramidal Vickers tip [8, 9]. Here, Ap is the recovered-
impression depth, 4,,,, is the unrecovered-impression
depth, and 4, is the height of the contact zone with the
recovered-impression diagonal.

Continuous indentation testing makes it possible to
estimate microhardness based on not only residual
plastic strain (as in the classical method, where recov-
ered-impression diagonals are measured) but also tak-
ing into account the elastic properties of material.

The integral estimation of the ratio of elastic and
plastic strains is carried out using work W5 on total
displacements with an increase in the indentation load
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and the reverse-run branch (describing the elastic
force recovering the impression by work W%). In this
case, there are no external forces. It is known that the
corresponding works can be determined by integrating
the force functions over displacement:

Pinax h
Wr = I F(hdh,  Wg = - I Ey(hydh. (1
0 hmax

Examples of dependences F;(h) and F,(h) are
shown in Fig. 3a. Numerical integration methods
implemented in the Shimadzu DUH-211S software
were used in calculations. The ratio N = Wg/Wr
characterizes the fraction of the work done on elastic
displacements. In the indentation diagram, the work
WE is equal to the area under the curve F,(h) of the
indenter reverse run, and the total work W of elastic
and plastic strains is determined by the area under the
curve F;(h). The work done on plastic strains Wp =
W, — Wk is the area between the curves F;(h) and
Fy(h).

The microhardness, determined from the unrecov-
ered impression of a Vickers pyramid (HV*) under
load, is related to the indentation hardness (H;y) (in
MPa) as HV* = 0.0945 H,; (kgf/mm?).

RESULTS AND DISCUSSION

The results of the tests on determining the micro-
hardness and elastic parameters of DLF films are pre-
sented in Table 1. One can see that the hardness and
elastic modulus of the undoped film (DLF50/1) are
much higher than those of vanadium-doped films.

The dependence of penetration depth /2 on indenter
load F for one out of six tests of sample DLF50/1 is
shown in Fig. 3a. The corresponding dependences for
other samples have a similar shape.

The “loading—holding—unloading” cyclogram
with a total duration of 28 s is shown in Fig. 3b (curve 7).
The phase of holding under constant load was about
10 s. The loading and unloading phases correspond to
the linear portions in curve /, which indicates that the
load was varied at a constant rate in the specified range
of 0—5.1 mN.

The dependence of indenter penetration depth
(run) on the test time with a stop for 10 s, at which
relaxation could occur, is shown in Fig. 3b (curve 2).
However, no significant changes are observed in either
load or depth.

Figure 4 shows the summary dependences of the
main mechanical characteristics of DLFs on the vana-
dium concentration in them within the range of 0—
9.8 at %. The dependences of elastic modulus £t and
hardness H;t are constructed for two Poisson ratios:
v = 0.2 and 0.3. It can be seen in Fig. 4 that the film
hardness begins to increase after 8.8 at % V, approach-
ing the corresponding value for the film undoped with
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Fig. 3. (a) Indentation diagram for sample DLF50/1 and
(b) dependences of the (/) load and (2) indenter-penetra-
tion depth on the indentation time.

metal. The minimum manifesting itself in the film-
hardness dependence on the V concentration (Fig. 4)
is due to the combination of two competing factors:
improvement of mechanical properties due to the
increase in the carbide-phase content and simultane-
ous deterioration of mechanical properties of the sili-
con—carbon matrix because of the decrease in the car-
bon concentration.

Figure 5 shows the corresponding plots for the
mechanical properties of reference steel sample in
dependence of the maximum indenter load. The refer-
ence microhardness is about Hiy = 10 GPa (HV* =

945 kgf/mm?); it barely depends on the penetration
force. With an increase in the load from 0.5to 2 N, the
relative fraction of elastic strain slightly increases from
35 to 39%, and the elastic modulus E;; decreases by
30%. The classical value of the tensile modulus of this
material (instrumental steel) is £ = 200 GPa. In addi-
tion, one can see by this example that the Ej value is
20% smaller than the nominal one. This problem is
well-known [11]. Therefore, the results obtained for
DLFs by this method can be used for comparative
analysis. To determine the magnitudes of parameters,
Vol. 65
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Table 1. Main results of testing DLFs on a DUH-211S device

1005

Sample
Characteristic DLF50/1 DLF64/1 DLF62/1
no doping with metal 8.8at %V 9.8at %V
Film thickness, /4, um 2.0 4.4 4.0
Load, F,,, mN 5.09 19.74 18.65
Indentation depth, 4,,,,, um 0.185 0.405 0.387
0.179 0.398 0.384
Indentation microhardness, Hyt, GPa (average values) 12.98 9.29 11.62
14.87 9.69 11.86
Standard deviation, rms(H;t), GPa 1.349 0.1953
0.592 1.411 0.3427
Variation coefficient, VC = rms(Hyr)/Hp % 100 (%) 10.32 1.68
3.983 14.56 2.89
Elasticity modulus under indentation, £, GPa 97.56 82.05 76.41
(average values) 94.26 78.42 73.72
Standard deviation, rms(£yt), GPa 3.687 1.014
2.372 5.422 1.036
Variation coefficient, VC = rms(E;r)/Eyt % 100 (%) 3.780 1.328
2.516 6.914 1.405
Reduced elasticity modulus, £*, GPa 93.35 79.54 74.43
95.00 80.15 75.66
Fraction of the work done on elastic strain, Ny, % 69.99 64.02 68.19
70.68 64.10 68.20
Diagonal of the pyramid cross section under load, 1.292 2.709
Ly = Thyy, um 1.253 2.835 2.687
Square-impression area, A, tm? 0.285 1.333
0.256 1.106 1.080

Here, 1/E*= (1 — v2)/ElT +(1— v,-z)/E,; E*=1/[(1 — vz)/ Eyr+(1 - v,-z)/E,-]. For the DLF films, the Poisson ratios are v = 0.2 (upper
value) and v = 0.3 (lower value). For the diamond indenter v; = 0.07 and E; = 1.14 x 10° MPa. The substrate is a Si wafer with a thick-
ness 4y = 0.40 mm. The number of tests for each sample ranges from 6 to 11.

one must carry out more careful experiments with cor-
rection factors.

Figure 6 shows graphical dependences of the
indenter load F on the penetration depth 4 for sample
DLF64/1 for five experiments with specified maxi-
mum force F,,, = 19.74 mN. It can be seen that the
average maximum depth slightly exceeds 0.4 um and
the residual strain is about 0.15 wm, which corre-
sponds to an impression diagonal of 1.05 um.

In all diagrams obtained, the area corresponding to
the elastic work is much larger than that for the plastic
Vol. 65
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work. Therefore, the material tested is more likely brit-
tle than plastic.

The indentation results for the material tested at
specified Poisson ratios v = 0.2 and 0.3 did not show
any significant difference. The values of hardness Hip
and elastic modulus F; differ by no more than 4%. At
the same time, one can observe a stable regularity: at
an increase in v from 0.2 to 0.3, the hardness H;r
increases (e.g., from 11.6 to 11.8 GPa (by 1.9%) for
sample DLF 62/1), while the elastic modulus E;y
decreases (from 76.4 to 73.7 GPa (by 3.64%)). The
largest difference in the microhardness values (14.6%)
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Fig. 4. Dependences of the following mechanical proper-
ties of the films doped with vanadium on its atomic con-
tent: elastic modulus Eyp (v = (/) 0.2 and (2) 0.3), micro-
hardness Hyt (v = (3) 0.2 and (4) 0.3), and (5) fraction of
the work done on elastic strain 1y (Wg/Wr).

is observed for sample DLF50/1 (undoped with
metal).

It should be noted that we compared the results of
the tests in which the deviations from average values
did not exceed 1.5 and 5% for E;rand Hyr, respectively.

CONCLUSIONS

The results of determining the microhardness and
elastic—plastic characteristics of the formed nano-
composite films showed that the material tested is
more likely brittle than plastic: the fractions of the
works of the elastic and plastic strains under indenta-
tion were 65—70 and ~30%, respectively. The indenta-
tion of material tested at a specified Poisson ratio v
showed that an increase in v from 0.2 to 0.3 somewhat
increases the hardness H;r and decreases the elastic
modulus Ejr. The changes in these characteristics do
not exceed 4%.

It was established that the hardness and elastic
modulus of sample DLF50/1 are much higher than
those of vanadium-doped films. This fact is most
likely due to the simultaneous occurrence of two com-
peting processes in vanadium-containing films:
increase in the values characterizing the mechanical
properties of metal-containing films due to the
increase in the carbide-phase content and deteriora-
tion of the mechanical properties of the second phase
(silicon—carbon matrix), because carbon atoms are
extracted from the matrix to form a metal carbide.
Note that the contribution of nanoparticles to the
mechanical properties of a nanocomposite is smaller
than that of the matrix. However, a further increase in
the metal content in the film enhances the influence
of the nanocrystalline phase. A previous TEM study of
vanadium-containing films revealed that the size of
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Fig. 5. Dependences of the following mechanical proper-
ties of the steel reference sample on the indentation force:
(I) elastic modulus Eyr, (2) microhardness Hyt, and
(3) fraction of the work done on elastic strain Myt
(Wg/Wr).

VC nanoclusters ranges from 1 to 2 nm at a vanadium
concentration of 12 at % [12]. Apparently, carbide-
phase clusters start to form at a V concentration of
~8.8 at %. It can be seen in Fig. 4 that the film hard-
ness begins to increase at 8.8 at % V, approaching the
corresponding value for the film undoped with metal.
Thus, at a metal concentration of 8.8 at %, the car-
bide-nanophase contribution to the film mechanical
properties becomes more significant than that of the
silicon—carbon matrix. Note that the elastic modulus
of the film monotonically decreased with an increase
in the vanadium concentration; however, the fraction
of the work done on elastic strains begins to increase at
8.8 at % V. One might suggest that the concentration
dependence of the mechanical properties of vana-
dium-containing nanocomposite films is similar to
that of molybdenum-containing films; therefore,
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Fig. 6. Indentation diagrams of sample DLF64/1,
obtained in five tests.
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studies involving a large number of samples with dif-
ferent dopant concentrations should be performed.
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