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и Ra2=(0.2500.085) мкм, Sm2=27 мкм. В образцах с Ti-Ta поверхностным 

сплавом формируется однородная поверхность по морфологическому 

признаку относительно исходного состояния, параметры шероховатости 

составляют: Ra1=(0.2320.074) мкм, Sm1=48 мкм и Ra2=(0.3510.176) мкм, 

Sm2=50 мкм.  

Таким образом, в работе (1) был определен режим предварительной 

НСЭП обработки сплавов на основе TiNi, который приводит к 

топографической однородности поверхности; (2) показана возможность 

формирования Ti-Ta поверхностного сплава с заданным химическим 

составом и морфологией поверхности аддитивным методом с 

использованием электронного пучка. 

Исследования физико-химических свойств сплава TiNi после 

предварительной НСЭП обработки проводились в рамках Программы 

фундаментальных научных исследований государственных академий наук 

на 2013-2020 годы (проект 23.2.1); с Ti-Ta поверхностным сплавом на 

подложке TiNi – при финансовой поддержке грантом РНФ №15-13-00023 

(от 18.05.2015). 
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A theoretical study of the DOS, resistivity and thermal conductivity of a 

metallized epitaxial graphene with impurities and structural inhomogeneous of 

the short-range order type is performed. The authors of [1] estimated such 

characteristics as the electron-phonon relaxation length, the corresponding 

relaxation time, and the diffusion coefficient. Table 1 summarizes their 



4. Научные основы разработки материалов с многоуровневой иерархической 
структурой, в том числе для экстремальных условий эксплуатации 

 

395 

 

estimations, the data from [2] and the results of our calculations of relaxation 

time, mean free path, and diffusion coefficient. One may see that all values are of 

the same order of magnitude, which indicates the importance of electron 

scattering on the short-range ordered domains. At low temperatures, this 

scattering may be more important than electron scattering on phonons. 

We have shown that only in the presence of the structures forming large-area 

‘cells’ in the graphene layer there is a temperature dependence of relaxation time, 

DOS and resistivity, which is sensitive to the concentration of defects and the 

types of short-range order (structural inhomogeneities).  

Adsorption of gases and deep graphene penetration into the substrate lead to 

the appearance of atoms of a different kind in the first coordination sphere. As it 

follows from our results, this case corresponds to the negative short-range order 

parameter value. The structures with this atomic arrangement are known as 

ordered ones. If the impurity or doped atoms are in the second coordination 

sphere, then the short-range order parameter is positive and graphene is stratified. 

We have also shown that in the cases of graphene ordering or stratification 

the electron relaxation time behaves itself in a different way. It decreases in the 

former case, when the temperature rises, and decreases in the latter. The mean 

free paths and diffusion coefficients calculated here are of the same order of 

magnitude as estimated in [1] for electron-phonon scattering. That is why at low 

temperatures the electron scattering on the short-range order structures may be 

even more important than that on phonons. The same result has been confirmed 

with our calculation of thermal conductivity and [3].  

In the case of stratification, the calculated contribution to the DOS is 

positive. This suggests that the presence of impurities or the doped atoms may be 

responsible for the metallization of graphene in the case where the gap at the 

Fermi level is closed. When the short-range order parameter is positive, the 

temperature behavior of resistivity is typical for metals [4]. In the ordered 

graphene, the contribution to the DOS from electron scattering on the short-range 

order type structures, changes its sign to the opposite one, which results in the 

opening of a gap in the DOS; the respective contribution to electrical resistivity 

decreases when the temperature rises. The depth of the minimum in the DOS 

depends on temperature, thus it increases with T in a metallized graphene and 

decreases in a gas-saturated graphene, which is also validated by the experimental 

data [5]. 

Thus, the conditions for the appearance and disappearance of a gap in DOS 

are obtained for the case where the location of defects changes. A temperature 

dependence of relaxation time, DOS, resistivity and thermal conductivity is 

described only in the presence of the structures forming large-area ‘cells’ in the 

graphene layer. 
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Quantity Estimations for 

electron-phonon 

relaxation [1] 

Data from [2] Calculations at 

T<100 K [this 

work] 

Relaxation time 𝜏 0.36–1.08 10−14 

s 

10−14–10−12 s ~10−14 s 

Mean free path 

length L=vF𝜏 

40–100 nm 10–100 nm ~10nm 

Diffusion 

coefficient 

D= v2
F𝜏∕2 

18–50 cm2/s 50–5000cm2/s ~50cm2/s 

Table 1. The data from [1] and [2] and our calculations of relaxation time, 

mean free path length and diffusion coefficient. 
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Из общих положений физики и трибологии очевидно, что основные 

триботехнические характеристики покрытий (коэффициент трения и 

износостойкость) будут зависеть от методов и режимов их осаждения, от 

материалов подложки, на которую они осаждаются, от метода и 

используемого контртела при фрикционных испытаниях, от нагрузочно-

скоростных режимов трения [1,2,3]. Анализ литературных данных 
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