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3.  
 (Ti-Hf-Zr-V-Nb)N ,  

. ,  
 

. 
4.  

 (Ti-Hf-Zr-V-Nb)N  
. ,  

 (> 200 )  
, . 

.  
, ,  

 



3 
 

 

,  
 (Ti-Hf-Zr-V-Nb)N ,  

. , , 
 

.  
-
 

.  
.  

, ,  
.  

.- . . .  
,  

.  
 ( , ,  

.),  
,  

, .  
. ., , 

. ., . 
., . . . ..  

. 
.,  

. .  Abadias G.  
 

.  [3, 4, 5]  
[6-11].  [1, 2] .  

. 
.  

: I I  
 «Nanomaterials. Application and properties» ( , 2012, 2013 .); 

22–24-  « » 
, 2012, 2013, 2014 .); VI  

 « : ,  
» ( , 2014 .). 

.  11 ,  
 5 , 3  3 

, 7 ,  
 Scopus. 

. , 5 
, .  

 140 ,  36  12 .  
 179 ,  

. 



4 
 

 

 
 

 ,  
, , ,  

,  
, ,  

. 
  «  

» ,  
 

.  
 

.  
 ( , .)  

. 
 

,  
:  

, .  
, 

,  
. 

 
, -

 
. 

  «  
»  (Ti-Hf-Zr-V-Nb)N 
. 

,  Ti-
Hf-Zr-V-Nb  

. ,  
,  2.1. 

 (Ti-Hf-Zr-V-Nb)N -
 « -6».  

 12 18  ( , , -
) , 

 45  d = 50  h = 5  (  
). :  

 –  85 A;  – 6,6·10-3 a;  
 – (-40 – -230 );  – 95 – 105 A/ 2; 

 – 1,5 ;  – 0,03 – 0,7 a. 
 2.2  

.  
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 JEOL-7000F  
JEOL-6010LA InTouchScope. ,  

,  
. 

 
 ( )  

.  
,  

,  
 SAJW-05-

 (  Physical Electronics 06-350E)  
 (  QMA-410 Balzers)  

 SMWJ-01-  
 SRS-300).  

 
 PIXE (particle induced X-ray emission)  

. 
 (Ti-Hf-Zr-V-Nb)N  

 (  JEOL2100F)  
 ( -3  Rigaku RINT-2500-MDG)  

u-K .  
 (sin2 )  

,  
. 

 
 "CSM Systems AG"  DM8-B 

).  10 .  
 5 .  

 
 High-Temperature Tribometer  «CSM Instruments»  

 –  T = 293 .  
 30  

Vacutherm-Ceram VT 1200  873  
100 . 

  «  
»  

 ( )  
,  

. .  
 

(Ti-Hf-Zr-V-Nb)N  ( . 1) . ,  
 (  

) ,  
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. 1.  (Ti-Hf-Zr-V-Nb)N ,       
U  = 200 , PN = 0,2  ( )  U  = 100 , PN = 0,03  ( ) 

 
 1  

 (Ti-Hf-Zr-V-Nb)N .  
.  

,  (  
)  V, N  Hf  

 Zr  Nb . ,  
.  

 ( )  
,  

. 
,  

 (51,13 %)  507,  PN = 0,5    
U  = 50 ,  515  
(PN = 0,03  U  = 200 ). 

 (Ti-Hf-Zr-V-Nb)N 
 (  509), : , , ,  

, 
 (ZrO,  NbO,  HfO   ZrO2)  

 (H, C  O), , ,  
.  

,  
,  Hf-, V-, Nb-  Zr- ,  
, . 

 
 Ti  N  

, . 
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 1 

 (Ti-Hf-Zr-V-Nb) N ,  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

*– ,  
 

 (2,8 ) -
 (5,7 )  (Ti-Hf-Zr-V-Nb)N  

3  4 . 
 

 (Ti-Hf-Zr-V-Nb)N .  ( . 2) 
,  

 (111), (200), (220)  (311)  
 NaCl ( . 2). . 

,  
,  

. ,  
, , ,  

 (  505  507, U  =  50   U  = 100 ).  
 (111). 

 30 
 90 . 

,  
 (PN = 0,08  U  = 40 ),  

 (110), ,  
 a = 0,3371  75 – 80 . 

, % 
 U ,  PN,  

N Ti V Zr Nb Hf 
509 100 0,03 44,70 25,31 4,57 7,60 7,99 9,83 
515 200 0,03 36,05 20,13 2,28 17,12 17,50 6,93 
510 50 0,2 49,11 19,67 5,65 7,68 8,24 9,64 
506 100 0,2 49,05 22,92 5,04 6,84 7,47 8,68 
514 200 0,2 47,69 16,41 1,93 13,34 13,90 6,72 
523 230 0,2 43,44 17,80 1,45 16,39 16,99 3,92 
507 50 0,5 51,13 25,31 4,72 5,70 6,31 6,84 
505 110 0,5 49,15 16,63 5,91 8,17 8,88 11,26 
513 40 0,08 – 34,66 8,88 19,53 23,16 13,76 
512 200 0,08 46,65 17,03 2,79 12,01 12,54 8,99 

508* 100 0,1 – 57 5 18 5 13 
504* 200 0,7 – 44 5 30 5 14 
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. 2. ,  
PN = 0,2  ( )  PN =0,5  ( )  (U  = 50 – 230 ) 

 
 2 

 (Ti-Hf-Zr-V-Nb)N  
 

 ( ) I, . 2 ,  d,  hkl ,  
171 35,20 0,254 (111) 
14 41,10 0,219 (200) 
12 59,10 0,156 (220) 
12 70,85 0,133 (311) 

510  
(PN = 0,2 , 
U  = 50 ) 

19 74,30 0,127 (222) 

0,4395 

1115 35,15 0,255 (111) 
– – – – 
– – – – 
– – – – 

506  
(PN = 0,2 , 
U  = 100 ) 

92 74,30 0,127 (222) 

0,4380 

307 34,85 0,257 (111) 
15 40,60 0,222 (200) 
77 58,20 0,158 (220) 
12 70,00 0,134 (311) 

514  
(PN = 0,2 , 
U  = 200 ) 

25 73,40 0,128 (222) 

0,4435 

555 34,80 0,257 (111) 
12 40,60 0,222 (200) 
23 58,30 0,158 (220) 
– – – – 

523  
(PN = 0,2 , 
U  = 230 ) 

56 76,17 0,128 (222) 

0,4408 

483 35,35 0,253 (111) 
16 41,35 0,218 (200) 
– – – – 
- - - - 

507  
(PN = 0,5 , 
U  = 50 ) 

43 74,50 0,127 (222) 

0,4362 

2072 34,85 0,257 (111) 
– – – – 
– – – – 
– – – – 

505  
(PN = 0,5 , 
U  = 110 ) 

160 73,50 0,128 (222) 

0,4405 



9 
 

 

 (Ti-Hf-Zr-V-Nb)N 
 3.3.  

 

 
 

. 3.  sin2  (Ti-Hf-Zr-V-Nb)N , 
 (  513, U  = 40 , PN  = 0,08  ( )  

 PN  = 0,2 , U  = 50, 100, 200  (  510, 506, 514)( ) 
 

 [111] 
 (  510, 506, 514)  Ti-Hf-Zr-V-Nb 

 -5        
-8  ( . 3). , ,  

, :  
, ,  

 «atomic peening» ,  
.  

, ,  
-2,2 . 

 873  
 (  504  508)  3.4.  

, ,  
: 

 504 (U  = 200 , PN = 0,7 )  508 (U  = 100 , PN = 0,1 ).  
 

. 4. 
 [111]  

.  (Ti-Hf-Zr-V-Nb)N   
504-  

 ( ),  
 508-  

 NaCl  
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,  TiO2 (JCPDS 01-
0562)  MeTiO4,  Me  Zr  Hf . ,  

,  514-  55 – 58 ,  508-  – 
48 – 55 .  
 

 
. 4. ,  U  = 200 , PN =0,7  

 504 ( )  U  = 100 , PN = 0,1  508 ( )  (1)  (2)  
 

 
 

 504-  –  0,442  
0,432 ,  508-  –  0,438  0,437 .  

, , ,  
.  

 ( . 5),  
 50 – 60 . , , 

 
. 

 504-  
:  -2,76 %  -2,59 %  

.  (  508),  
,  

 
 -1,9 %  -0,7 %. 

 
 504-  

 508- .  
 (-2,76%)  

,  
 

. 
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. 5. ,  U  = 200 ,      
PN =0,7  504 ( )  U  = 100 ,  PN = 0,1  508 ( ).  

,  
 

  
 Ti, Hf, Zr, V, Nb  N»  

,  
. . 

 
 ( . 3). , 

 506,  U  = 100  PN = 0,2 ,  (H) 
28,7  (E) 361  500 .  

 (-200 )  
 H = 29,5  E = 373  (  514),  

 (  65  78 ).  507,  
 (50 ),  (H = 21  E = 

337 ).  0,0656  0,091,  
. 

 
. 4. ,  

 36  43 .  
,  230  

 (  36 ),  
. ,  

 (43 )  (  505),  
 (111). ,  (111)  

. 
 (Ti-Hf-

Zr-V-Nb)N ,  U  = 230 , PN = 0,2  (  523) ( . 5) – 
.  

 (  4,0 )  
 



12 
 

 

 0,088  0,36 ,  
. 

 
 3 

,  
 

 
 

 
, 

 
, 

 
H, 

 
E, 

 
H/E 

500 993 28,7 361 0,0859 
750 1289 26,3 327 0,0867 506 
1000 1552 24,9 313 0,0858 
500 1119 21 337 0,0673 
750 1430 20,4 336 0,0656 507 
1000 1654 21 310 0,0731 
500 987 29,5 373 0,0855 
750 1271 27,2 338 0,0869 514 
1000 1519 26,6 316 0,0910 

 
 4 

 
 

 H, HV 
U  = 110 , PN = 0,5  (  505) 4316 HV 0,1 

U  = 100 , PN = 0,03  (  509) 4158 HV 0,1 
U  = 200 , PN = 0,08  (  512) 4118 HV 0,1 
U  = 230 , PN = 0,2  (  523) 3598 HV 0,1 

 
 5 

 (Ti-Hf-Zr-V-Nb)N ,   
U  = 230 , PN = 0,2  

 

 , 
3×H-1 -1  

 
  

 
 

(×10-5) 
 

(×10-5) 

(Ti-Hf-Zr-V-Nb)N 0,469 1,19 2,401 0,039 

 45 0,204 0,67 0,269 35,36 
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, ,  (Ti-Hf-Zr-
V-Nb)N  (  523)  

 0,67  1,19. ,  (Ti-
Hf-Zr-V-Nb)N  0,039 × 
10-5  35,36 × 10-5 3 × H-1 × -1.  

 
, . 

 

 
 

. 6.   (Ti-Hf-Zr-V-Nb)N 
 (  523)  

 
 ( . 6)  

, , , ,  
 – Ti, Hf, Nb  Zr,  V, , , 

. 
  

»  (Ti-Hf-
Zr-V-Nb)N ,  

. 
,  

PN = 0,2  50, 100, 200, 230 . -
,  

.  U  =  100  –  
200 , , ,  

 
. 

 
 Fq(s).  

 Fq(s)  
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 q.  
 ( . 8). 

 

 
 

. 7.  (Ti-Hf-Zr-V-Nb)N 
, : PN = 0,2 , U  = 50  ( ); U = 

100  ( ); U  = 200  ( ); U  = 230  ( ) 
 

,  q  
,  

.  
, , , . 

 
. 8.  Fq  

 s  q  
,  PN = 0,2 , 

U  = 50  (  510) 
 

 9  
 

 q  
 f( ). 

,  ( . 8 )  
50 100 150 200 250

0,1

1

10

s

q=-8
q=-6
q=-4
q=-2
q=0

q=2
q=4
q=6

 

Fq

q=8
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.  
,  

. 
 

 
 

. 9.  h  
 q( )  f( ) ( ) , 

: 1 – 506; 2 – 510; 3 – 
514; 4 – 523 

 
 

 f( ),  . ,  
 ,  

 Fq(s),  f( )  
.  

,  
,  – .  

,  
. 

,  (  510 –  = 1,565; 506 –  = 1,7563; 514 – 
 = 1,161; 523 –  = 1,461)  

,  – .  
, ,  

 f( )  (  514  
523).  

. 
 

 

1. , -
 (Ti-Hf-Zr-V-Nb)N ,  

: 
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–  (Ti-Hf-Zr-V-Nb)N 
, : , ,  

,  
 (ZrO, NbO, HfO  ZrO2)  (H, C  O), 

 1 – 2 .%; 
– ,  

   NaCl  
 (111) ; 

–  
 -5  -8 . 
2.  873 , :  

–    
(U  = 200 , PN = 0,7 )  

 -2,76 %  -2,59 %; 
– ,  PN = 0,1 , U  = 100 ,  

 TiO2  MeTiO4,  Me  Zr-  Hf-  
 -1,9 %  -0,7 %. 

3.  (Ti-Hf-Zr-V-Nb)N 
,  

. ,  
 (43 ) ,  

 (111). 
4. ,  

(Ti-Hf-Zr-V-Nb)N  
 0,67  1,19  0,039 × 10-5  35,36 × 10-5 3 × 

H-1 × -1. 
5.  

,  
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ABSTRACT 
 

Bagdasaryan A. A. The structural-phase state and physico-mechanical 
properties of nitride coatings based on Ti, Hf, Zr, V and Nb. – Manuscript.  

Thesis for a candidate of physics and mathematics sciences degree, by specialty 
01.04.07 – solid state physics. – Sumy State University, Sumy, 2015. 

 
The thesis is devoted to the investigation of structural-phase state and physical and 

mechanical properties of nanostructured coatings (Ti-Hf-Zr-V-Nb)N, obtained by vacuum-
arc deposition. The complete investigation of the effect of deposition regimes (working 
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gas pressure and substrate bias potential) on the morphology, elemental composition, 
phase and stress-strain state, thermal stability, mechanical and tribological properties of 
coatings was studied. 

The homogeneous distribution of the constituent elements in the surface layer, the 
presence of a thin oxide layer (ZrO, NbO, HfO and ZrO2) on surface and uncontrolled 
impurities  (H,  C  and  O)  in  (Ti-Hf-Zr-V-Nb)N  coatings  were  found  by  methods  of  
microanalysis such as: EDX, RBS, SIMS and GDMS. 

The general features of structural and phase state of coatings, obtained at different 
technological parameters of deposition, were determined. It was found, that the coatings 
obtained by vacuum arc deposition, form the solid solution of fcc type crystal structure 
with grain of nanometer scale. It was established, that the increasing of energy of the ions 
causes the development of compressive stresses in the coating.  

The  results  of  the  study  of  thermal  annealing  on  structural  and  phase  state  nitride  
coatings are given. It was shown, that the application of high values of deposition 
parameters increases the thermal stability to the formation of oxides. 

The analysis of mechanical characteristics of coatings found that the increasing of 
substrate bias potential leads to higher hardness and Young's modulus. The investigation 
of tribological properties (Ti-Hf-Zr-V-Nb) N coatings, which deposited on metal disks, 
showed an increase in the coefficient of friction and wear factor. 

Through the experimental investigation and theoretical calculation of statistical 
parameters the features of the change of coatings microgeometry, obtained with different 
modes of deposition, were established. 

 
Key words: vacuum arc deposition method, transition metals, solid solution, 

thermal resistance, hardness. 
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