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s2p6  sp3)  
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,  – -

, ,  

,  – -

 [14].  
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, ,  

.  ,  
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 4  10 %. , 

 

 (TiN)  Zr, Hf 

 Al, ,  

.  V 

,  Nb  Cr  

. ,  

,  
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,  

 [20 – 26]. 

  

,  ( ) [27, 28].  

 5  

,  5  

35 %.  –  

 ( - ), 

 [29]. 

 

1.1.  

 

  

:  

(high entropy mixing),  (effect of lattice 

distortion),  (effect of sluggish diffusion),  

 (cocktail effect). 

 ,  

.  

,  

: 

 

1P C F , 

 

   – ; 
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 F – . 

 , ,  6 ,  
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, .  

  

 

. ,  

 

 

. ,  

 

. , 
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1 1 1 1 1 1 1ln ln ln ... ln ln lnS k R R R n
n n n n n n n

, 

 

  R – ,  8,314 -1 -1. 

 

 [30]. . 1.1,  

 

. 

 , ,  

, ,  

 – . 

  

,  

 

, .  

 ( , ),  



13 

 

, ,  

. 

 , ,  

,  

.  

.  

,  

, , 

 [31]. ,  

,  

, , . 

 

 
. 1.1.  

 [30] 

 

 , 

 

: 
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 , ,  

: 

 [32],  

[33, 34],  [29, 35 – 37]. 

  

.  

 

 ( ).  

 

 

 [38].  

,  

.  

, 

, .  

  [39]  

: 1)  

 5  

; 2)  

 12 %; 3)  – 40  

10 -1. 

 ,  

,  

 [40 – 42], :    –  

.  , 

: 

 

m mix

mix

T S
H

, 
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1

n

m i m i
i

T c T , 

 

  Tm –  n ; 

 Smix – ; 

 Hmix – ; 

 (Tm)i –  i . 

 ,   

.  

 

.  

,  

. ,  

 

.  

  

. , ,  

. ,  

 

) . 

 

, .  

 

, . 

  

 : 

 

2

1

1
n

i
i

i

rc
r

, 
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  ci –  i ; 

 ri – ; 

 
1

n

i i
i

r c r  – . 

  

.  

, ,  

,  

. 

  

,  

  > 1,1    6,6 %. 

 

1.2.            

 

 

  [43 – 48]  

 

.  

 

, ,  

.  

:  [36, 43, 45, 49 – 55],  [48, 

56 – 66],  [67 – 69] . [70 – 72].  

  

 

:  [36, 37, 45],  [73],  

[55]. ,  

 

, , ,  
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.  [51, 74 – 76]  

, , 

. , 

 Al0,5CoCrCuFeNi [51], Alx(TiVCrMnFeCoNiCu)100-x [74], 

Al0,5CoCrCuFeNiTix [75], FeCoCuNiSnx [76]  

Cu- . 

  

. , , 

, .  

 

. 

 

,  

 [48, 56 – 64, 66].  [58, 59], 

,  Cu-, 

Ni-, Al-, Co-, Cr-, Fe-, Ti-, Mo- , , 

. 

 ,  

,  

:  (Al2CrFeNiCoCuTix [67], Al2CrFeCoCuTiNix [68], 

AlCoCrCuFeNi [69]),  (ZrTiVCrFeNi [71]), 

 [72].  

  

 

, .  

,  

,  

. , 

, 

, ,  
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.  

 

,  

. 

  

.  

 [77 – 84].  

, ,  

, . ,  

 

 [86 – 94]. 

  

 [83, 84].  

 

, , 

.  

. 

,  

, , 

. ,  

, , ,  

 (  600 – 

800 )  (0,5 – 10 ).  

 ,  

 (  

, ,  

 

.).  

 

, , , 
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.  

,  

. ,  

.  

  

,  

.  

,  

.  

 

 Ar  +  N2.  

 ( ,  

, ,  

.) . 

 ,  

,  ( ) [89, 95 – 98].  

 

 (  NaCl).  

 ( . 

. 1.2). 

 

 
. 1.2.  

 AlCrMoTaTiZr,  RN = 50% [97] 



20 

 ,  

 15 – 25 . ,  

,  10  20 . , 

. 1.2, , 

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

  

 [81, 84].  

 

[81]. ,  

.  

,  

.  

 ( )  

 [84].  

 

,  

.  

  

,  

.  

,  

 

. 

  

, 

,  

 ( ,  

, .).  

 [99]: 
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1.  

: 

1.1. .  

1.2.  (  

 ( ),  

). 

1.3.  (  

). 

1.4. . 

1.5.  (  

,  

). 

1.6.  (  –  

,  

). 

2. . 

3.  (Filtered vacuum arc deposition). 

 , -

,  

 [100]. , , 

,  

. , 

 

. 

 ( )  

.  

  [101]  Ti-Al-Cr-Zr-Nb-N 

 

 (arc PVD).  

 –  
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 ZrN  TiN, ,  (Al, Cr  Nb)  

. ,  

 120  

 TiN. 

 

1.3.            

 

 

  

 

 ( ,  (Fe),  (Ni, Co),  

 (Mn, Zr)).  

, ,  

 

 – Al [102]  Ti [103] .  

 5 ,  

 

. , , 

,  

 [104].  

, , , 

,  

 

. ,  

,  

 Al, Cr  Si.  

 Al  Co, Cr, Fe, Cu  Ni,  

 ( . 1.3). . 1.3,  Al 

 

. 



23 

 
. 1.3.  AlxCoCrFeNi  

 Al [105] 

 

  

.  

 

.  = 1,0,  

 

. ,  

 (540 Hv).  

 [106]  

 FeCoNiCrCuTiMoAlSiB0,5.  

 11,3  187,1  

. 

 ,  [107] ,  

  

  

, , . .),  

 

 

 [108]. 
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  (  

, , .)  

, , ,  

 

,  

. 

 ,  

, ,  

, ,  

.  

 [91, 109]  

 FeCoNiCrCuAlMn, FeCoNiCrCuAl2, SiNiCrTiAl  

, , ,  

 ( . . 1.1). 

  

 ( )  

. , ,  

,  

, .  

 

 N  [110], 

 

. 

 ,  

 

. , 

,  

, , 

,  

.  
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 1.1  

 

  
,   

(FeCoNiCrCuAlMn)N 12 [109] 
(FeCoNiCrCuAl0,5)N 10 [109] 

(SiNiCrTiAl)N 15 [91] 
(AlCrNbSiTiV)N 41 [90] 
(AlCrTaTiZr)N 35 [111] 
(TiVCrZrHf)N 48 [93] 
(AlCrMoSiTi)N 33 [87] 

(AlMoNbSiTaTiVZr)N 37 [112] 
(TiAlCrSiV)N 31 [96] 
(TiVCrZrY)N 18 [113] 

(TiAlCrZrNb)N 36 [101] 
 

 ,  [93]  

 

(TiVCrZrHf)N ,  

 450 ° ,  40 at %, 

, .  

,  250 °  

, , . 

 N  

, , , .  

 

.  

 

. ,  

,  

.  

 ,  

 48  

,  
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.  

[87, 111]  (AlCrMoSiTi)N  (AlCrTaTiZr)N 

. 

 ,  (  

) , , 

 [114].  

,  

,  (  

), . 

  

 E0,  

,  

: 

 

ni oE E eZU  

 

  Ei – ; 

 E0 – ; 

 Z – ; 

 U  – . 

 ,  

.  

,  

, , 

 ( ).  

,  

, ,  

.  

 – ,  

. 
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  [87]  

 

 (AlCrMoSiTi)N  ( . 1.4). -

-

 NaCl.  

 

. 

 

 
. 1.4.  (AlCrMoSiTi)N  

 [87] 

 

  

, ,  

.  

, ,  

, .  

 100 . ,  

 

 

, . , , 

,  

.  
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 ( )  

 [115]. 

  

,  

 (arc-PVD),  [101].  

 (TiAlCrZrNb)N  (H)  

 26,1  36,6  

 -80  -120 .  -160  

, 

,  

.  

  (  5,45). , 

 (H/E)  

 (H3/E2). ,  

. 

  

, 

. ,  [116] 

 (TiVCrZrHf)N , 

,  

 973  1173 . ,  

 

 1173  

. , ,  

, .  

 

1073 .  1173  

CrSi3 .  

 –  6,4  9,3 , , ,  
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,  

 [117].  

  [117]  

 

.  

, ,  

, .  

,  

.  

  (TiVCrZrHf)N 

 300  700 ° , 

 500 ° .  

 600 ° ,  

 (011)  (111),  ZrTiO4.  

 700 °  ZrTiO4  

 (ZrO2)  (TiO2).  

,  

. 

  [118]  

 900 ° .  

 (Al23,1Cr30,8Nb7,7Si7,7Ti30,7)50N50  (Al29,1Cr30,8Nb11,2Si7.7Ti21,2)50N50, 

,  

. ,  

 100 ± 12  80 ± 7 ,  

. , 

, , 

, . 
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  1 

 

 1.  

,  5  

,  5  

35 %.  

- ,  

 

.  

  . 

 2. , , 

,  

,  

. , ,  

 

, . , 

 

. 

 3. , ,  

 

.  

 

, ,  

,  

. 



31 

 2 

 

 

 

2.1.  

 

  

 

, :  (Fe),  (Mn, Zr),  

 (Ni, Co),  (Ti).  

,  

.  3-  

4- ,  

.  

 ( ) 

,  

. 

 ,  

 ( , ,  

.)  sp-  d  

) [85, 119].  (TiN),  

, 

 d- .  

d-  IV  VI .  

,  

. 

  

 IV  VI .  

 sp-  d  
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 (Ti – 43 %, Zr – 52 %, Hf – 55 %, V – 63 %, Nb – 76 %, Ta – 81 %, Cr – 

73 %, Mo – 84 %, W – 96 %) [14].  

 ,  

, . 

,  TiN ( :  

) , , , 

 d , ,  

. , 

 TiN  Hf-, V-, Nb-, W-, Cr-, Ta-  

 (  

, , .).  

 

 Hf, Zr, Nb  V ( . 2.1), ,  

, .  

  ( H, ),  

 HfN  

369,3 , ZrN  355,6 , TiN  336,6 , AlN  

320,3 , Ta2N  270,9 , TaN  247,0 , Nb2N  

255,8 , NbN  237,8 , VN  217,2  [85].  

,  NbN  VN , 

 (  

). 

 ,  Nb  V  

,  Hf, Zr  Ti –  

. ,  

,  

 Nb  V  

. 

  

 r  =  rx/rM  (rx)  
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 (rM) . ,  r > 0,59  

,  r < 0,59  

 B1 

 NaCl). , ,  

 0,59,  

. 

 ,  

,  

,  

.  

Hf, Nb  V ,  

, ,  

.  

 2.1 

,  

 

 
 

, 
 

 
, 

 

, 
3 

 
,  

 
, 

 
Ti 47,867 147 4,54 1933 336,3 
Hf 178,49 167 13,31 2506 369,3 
V 50,941 134 6,11 2160 217,2 
Nb 92,906 146 8,57 2741 237,8 
Zr 91,224 160 6,506 2125 355,6 
N 14 92 0,00125 63,29 - 

 

 ,  VI 

 (CrN, MoN, WN)  IV (HfN, ZrN, NbN)  

. 

 , ,  

Ti, Hf, Zr, Nb, V  N : , 



34 

,  

. 

  Ti-Hf-Zr-V-Nb 

 

.  

 ( ).  

6 – 7  50  

. 

  

 “ -6”, , , 

 

[120]. . 2.2. 

 

 2.2 

 Ti-Hf-Zr-V-Nb 

   

,   85 

,  0,0066  

,  (-40- 230) 

, A/ 2 95÷105 

, °C 400 

  (  12 18 ) 

,  1,5  

, a (0,03÷0,7)  

 

  

 500  500 .  

,  

, , .  

,  
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, .  

 

 8 .  

 [120].  

  ( )  

:  – ,  

 

,  – ,  

.  

 

.  

.  

  0,1  1,7 , 

 15 .  

 90  150  

 100 .  

  

 0,01  15  [120]. 

 

2.2.  

 

  

 

, -

.  

, ,  

 

, , ,  

. [121].  

, . 
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2.2.1.  

 

 

 

 JEOL-7000F  JEOL-6010LA 

InTouchScope.  

 

. ,  

.  

, 

.  

, , 

 (1,2  30  – JEOL-

7000F), ,  

 [122]. 

 20  

 (163,13 .),  

. 

 

2.2.2.  

 

 

. -

 

,  

. ,  

: K, L, M,  

 (K , 

K  L- ) [123].  
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 Si,  Li,  0,7  10  

. 

 

, . 

 [124]: 

 

i iB i
i

B i i

I I C G
C

I I G
      (2.1) 

 

  i  ) –  i  

; 

Ii –  

; 

IB – .  

 G ,  

 

 [124]. 

 

 ( ). 

 

.  

 1  3 .  

,  

 (ni), ,  

 –  ( i),  ni [123].  

,  

.  

 

 (  

).  
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,
1

i
i

i
i

N NC
N N

      (2.2) 

2 [ ]
.

[ ]
ii i

i

EN H Z
N H Z E

     (2.3) 

 

 Hi –  i ; 

H  –  (  

); 

Zi  Z  –  i ; 

[ ]iE  [ ]E  –  i  

 ( ,  – 

, ).  

  He+  1,7  (    

 = 170º) . 

 16 ,  

 5 i.  

 

 [125]. 

 

 

:  ( ) -

 ( ).  

 [126].  

 

. ,  

 

,  
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 ( ). , , 

,  

. , ,  

,  [126].  

,  

 (1 ),  

. ,  

, ,  1013      

1018 -3. 

, 

 

 ( ). 

  -  SAJW-05-

,  Physical Electronics 06-350E  QMA-410 

Balzers  16 .  

 Ar+ c  3 ,  

 1,5 ,  – 45º. 

  -  SMWJ-01- ,  SRS-

300  6 .  

 1,8 ,  (Ar) –    

0,2 . 

  

,  

,  PIXE (particle induced X-ray emission). 

 PIXE  

, .  

 

 (0,1 – 5 ).  

 



40 

 [127].  

 PIXE  

.  

 

.  

 PIXE  

 

.  

 [123].  

  ( -PIXE)  

 1,4  ( )  

 0,4  (  3×10-10 ,  50×50,  

 0,5).  Ti, 

Hf, V, Nb  Zr ,  

 873 . 

 

2.2.3.  

 

 

 (JEOL2100F)  200 

 250 . 

 

-3  Rigaku RINT-2500 – MDG Japan  

 Cu-K  

.  

 2  = 0,05 – 0,1º,  X-  

 Cr-  3º. 

,  

 ( ) , 



41 

 dHKL [128, 129]. 

: 

 

2 sinHKLd n ,       (2.4) 

 

  – ; 

 – ; 

n – .  

  

 (HKL) .  

 (hkl)  

 n.  

. , : 

 

2 2 2 .
2sin i i i

i
a H K L      (2.5) 

 

  

: 

 

1 1 1

22 2 2 2

2 2 2 2 2
1 1 1 1

sin ,
sin

i i iH K Li i i i
i

H K L

dH K LQ
H K L d

   (2.6) 

 

  2
1sin  –  . ,  

 iQ ,  

, . 
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.  JCPDS-

ASTM. 

  

.  

 

.  

,  

 ~10 .  

  (  

, ,  

),  

 sin2  [130, 131].  

, , 

 ( ),  

.  

  

 sin2  

 .  

 

,  

,  

,  

 (hkl)  

 ( ). 

  

 – ,  

, ,  

. ,  

,  

.  



43 

 

 

,  1  2,  

). ,  

, , 

.  

 [131]: 

 

2
, 3

1 sin ,
E

    (2.7) 

 

 ,  – ,   ,  

 ( . 2.1); 

 – ; 

 –  ; 

E – . 

 (2.7)  

 sin2 . 

 

 

 (hkl). 

 ,  3  [131]: 

 

3 0 0
3

0 0
,d d d d

d d
      (2.8) 

, 0
,

0

d d
d

,      (2.9) 
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 0d  –  (hkl)  

; 

3d (d ) –  

 ( =0); 

,d  –  (hkl)  

.  

 (2.8)  (2.9)  (2.7) : 

 

, 0 2 0

0 0

1 sin
d d d d

d E d
.   (2.10) 

 

 
 

. 2.1.  

: N – ;  

1, 2 – ; 1, 2, 3 – ; s0, s1 –  

 [132] 

 

  (2.10)  sin2 .  

  

.  (2.10) : 
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0 2 0

0 0

1 sin ,i
i

d d d d
d E d

   (2.11) 

 

  : 

2 2
1 2cos sin .     (2.12) 

 

  (2.12),  

 1  2,   =  0°   = 1,   =  90°   = 2.  

 0

0

i
d d

d
 2sin i  sin2 -

.  sin2 -

 [131]: 

 

.
1

E tg      (2.13) 

 

  

 [127].  

 

 (SPB) Halle, Germany,  S-

 (  30 ), . .  

.  

 

, . 

 

 S .  

 (As)  

 (A0) [127].  
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2.2.4.  

 

 

  

 Ti-Hf-Zr-V-Nb  

 “CSM Systems AG” ( ).  

 500  1,5 .  10 

.      

 –  [133]. 

  

 DM8-B  

. , ,  1 .  

 10 .  5 

.  [134]: 

 

21,854 PH
d

  (2.14) 

 

  P – ; 

 d –  

, . 

  

. 

  

 High-Temperature Tribometer  “CSM 

Instruments”, ,                 

T = 20 °C.  d = 6 , 

 Al2O3.  

,  45 (HRC = 55),  d = 50  



47 

 h = 5 .  3,0 ,  

 – 10 .  

 ,  

 

,  

.  

 

,  

.  

 

2.3.  

 

  

 [135, 136].  

.  

 “ ”. 

,  

 ( : , ,  

.).  

,  (  

).  

 

, , .  

,  

 [137].  

  Dq  

 

 f(a) ( ).  

 

, .  
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,  f(a)  D0.  f(a) 

. ,  

 (amin, amax) ,  

 (  a0 

= D0) [138]. 

  

 [136, 137].  

 

,  

 [139 – 145]. ,  

,  

, ,  

. , 

,  

,  –  ( , , 

.). ,  

. 

 , 

 

.  

: ,  

,  ( , ) . 

 

, , , 

. ,  

, , 

,  

 [146]. , ,  
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.  

  

,  

 

.  

 

. ,  

 

.  

,  

.  

 ,  

,  

,  

 [147],  

: ,  

, . 

  

(2D-MFDFA)  [143]. 

  , ,X i j  

 ,i j  1,2,...,i M  1,2,..., .j N  

 s sM N  

 s s ,  s
MM s  s

NN s  

,  ,i j  

.  ,X i j  

 1 2, , ,X i j X l i l j  1 ,i  j s  

: 1 1l s  2 1 .l s , 
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,  , ,  

 ,u i j : 

1 2

1 2
1 1

, , ,
ji

k k
u i j X k k      (2.15) 

 

  1 ,i  .j s  

,u i j .  

 ,  ,u i j  

 , ,u i j  

,u i j . ,  

: 

 

, ,u i j ai bj c       (2.16) 

 

  , ,a b c .  

 , ,u i j  

 

. : 

 

, , , ,i j u i j u i j       (2.17) 

 

 : 

 

2 2
2

1 1

1, , , .
s s

i j
F s i j

s
     (2.18) 

 

 : 
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1

1 1

1 , , ,
s s qM N

q
q

s s

F s F s
M N

   (2.19) 

 

 ,q  

.  (2.19)  q  

, ,  – 

 , , .F s  0q  (2.19)  

: 

 

0
1 1

1exp ln , , .
s sM N

s s

F s F s
M N

   (2.20) 

 

 ,  s  

 min 6s  max min , 4.s M N  

: 

 

~ ,h q
qF s s       (2.21) 

 

  ( )h q  – .  

  (2.21)  

,  ( )h q  

 q .  ( )h q : 

 

,qq qh q D       (2.22) 

 

  qD  – ,  

 (  2qD ).  q  
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,  

 q  

.  

  (2.21)  

 

 [148]: 

 

~ ,q
qZ s s       (2.23) 

1 1

1 , , .
s sM N

q
q

s s

Z s F s
M N

    (2.24) 

 

  f : 

 

, .df q q
dq

      (2.25) 

 

  (2.22)  (2.25)  

, .   (2.25)  

q  '(q)= ,  

.  Dq =  D  =  const,  d D
dq

 

( 1)f q q qD D q D .  f(a)  

 (a, f(a))  (D,  D).  a 

 f(a)  (amin, amax).  

,  f(a) ,  

 f(a)  ( ) . 

, ,  

f'(a)  [138]. 
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  2 

 

1.  

 Ti, Hf, V, Nb  Zr . 

 

 

 Ti-Hf-Zr-V-Nb . 

2. , 

, 

,  

 (  

, ). 

3.  

,  

. 

4.  

 

,  

. 
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 3 

 

 

 

 

 ,  

, 

 [86 – 93, 95 – 

98]. ,  

, , 

, .  

 , -

 [77 – 81].  

, , 

 ( ).  

 (Ar+N)  ( -

 NaCl). 

 , -

,  

. , , 

,  

.  

 ( , 

.)  

 [85]. ,  

 

.  ( ) 

 

, ,  

. 
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3.1.  

 

 

  

 

JEOL – 7000F. . 3.1  514-  (U  = 200 , PN = 0,2 )  509-  (U  

= 100 , PN = 0,03 ) .  

 

  
      

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

(a –  514;  –  509)  

 

 ,  

, ,  

 [81, 84].  

 ( . 3.1.),  (  514),  

,  

,  

 

 

 (  509).  [99],  

 

,  

, .  



56 

 

 (  

),  

.  

. ,  

,  

.  

,  

. 

 . 3.2        

 515.  

 

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

U  = 200 , PN = 0,03  

 

  

.  d = 4,78 ,  

, . 

 . 3.1 ,  

, , ,  

,  

. , ,  
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 (N, 

Ti, V) ( . 2.1).  510, 506, 514  

523,  PN = 0,2  U  = 50, 100, 200, 230 , 

 

. , ,  

 5,65 %  510  1,45 % –  523,  

9,64 %  3,92 %,  49,11 %  43,44 %.  

 7,68 %  16,39 %  8,24 %          

16,99 %. 

 , ,  

, . , ,        

 509, 506  505 (U  = 50 , PN = 0,03, 0,2, 0,5 )  

 (  44,7 %  49,15 % 

). ,  

 (51,13 %)  507,  PN    

=  0,5   U  = 50 ,  

 515 (PN = 0,03  U  = 200 ). 

 ,  (100  

200 )  

 1,5  (  506  515 –  49,05 % 

 36,05 %). , , , 

,  ( ,  

),  

, . 

 ,  

, 

, .  

 ( . 2.1 –  

)  

. 
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 3.1 

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

 (* – , ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

, % 
 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 

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 

508* 100 0,1 – 57 5 18 5 13 

512 200 0,08 46,65 17,03 2,79 12,01 12,54 8,99 

523 230 0,2 43,44 17,80 1,45 16,39 16,99 3,92 

504* 200 0,7 – 44 5 30 5 14 

513 40 0,08 – 34,66 8,88 19,53 23,16 13,76 
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  509  

, ,  

, , 

.  

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

. 3.3. 

 . 3.3 ,  

, . 

. 3.3 ,  

, 

 N  Ti ,  

.  

 ,  

 

 (  0,1 ). ,  (N, C  

O), ,  

 

. , . 3.3, ,  

 ( ), 

 (Ti  V, Zr  Nb).  

 ,  ( -

), -

,  

 ( ,  

), , . 

, ,  

 (  – 10-6 at.%). 

 . 3.4  (  509)  - -

. 



60 

 
 

 
 

. 3.3.  – ;  

 –     

 509 

 



61 

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

-  

 

 ,  

,  

 ( . 3.4).  

 (  

). 

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

 

. 

 . 

,  5,7 ,  – 

0,046 ,  2,8 . . 3.5,  

,  

 ZrO, NbO, HfO  ZrO2 ,  Ti  V  

.  (H, C  O), ,  

. 

  ( . 3.6)  

 14,  N+.  

 

.  
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Ar
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HfO+

Hf+
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+

ZrO2
+

NbO+

ZrO+
Nb+

Zr+

O+

TiO+

 

 
 

 (
 

 
 

)

m/z [a. .]

Ti+

V+

 
 

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

 – ;  –  
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 ,  

, , , , 

. ,  

, . 

 - ,  

. 3.6, ,  

 3  4 .  

 ,  800  

 

Fe, .  

21 . 

 ,  ( . 3.1), (N – 44,7 %, Ti – 

25,31 %, V – 4,57 %, Zr – 7,60 %, Nb – 7,99 %, Hf – 9,83 %),  

, : Ix Ix,  Ix – 

 X ,  Ix  

 ( . 3.7).  

 ,  

 2 ,  Ix Ix  

 

.  

 1,  Ix Ix  

 

.  

  ( . 3.7) , ,  

 Hf, V, Nb  Zr, ,  Ti 

 N .  (Ti  N)  

 

,  

.  
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 Ti
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 Zr
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 Hf
 Fe

 
            

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

 – ;  –  

 

 
            

. 3.7. , :  

   – ;  –   
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  Hf, V, Nb  Zr  

.  Hf  

,  0  500  

 Zr, Nb  V. 

 ,  

, , ,  

,  

, . 

 

3.2.  Ti-Hf-Zr-V-Nb 

 

 

 ,  

 ( . . 3.2), . 3.8  3.9.  

,  

(111), (200), (220)  (311)  

NaCl. . ,  

 NaCl  {111} 

 

 – ).  

, 

. 

 ,  

,  

 [86 – 93, 95 – 98].  

,  

,  

,  ( . . 3.3).  

  



66 

 
 

 
 

. 3.8.  

 ( . 3.2): 

 –  0,2 ;  –  0,5  



67 

 

  
        

. 3.9.  ( . 3.2): 

 –  0,03  0,08 ;  –  

   

 3.2 

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

 

 

 
U ,  PN, a , ,  ,  

509 100 0,03 0,4376 30-35 

515 200 0,03 0,4433 50-55 

510 50 0,2 0,4395 45-50 

506 100 0,2 0,4380 60-65 

514 200 0,2 0,4435 70-78 

507 50 0,5 0,4362 50-55 

505 110 0,5 0,4405 60-85 

512 200 0,08 0,4435 35-50  

523 230 0,2 0,4408 90 

513 40 0,08 0,3371 75-80 
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   3.3 

 (Ti-Hf-

Zr-V-Nb)N ,  

 (111) 

TiN VN ZrN HfN NbN 
(Ti-Hf-Zr-V-

Nb)N 
 

 
  

 ( ) 35,30 35,50 33,89 33,60 36,00 35,80 

,  0,4240 0,4132 0,4580 0,4520 0,4420 0,4402 

 

  (TiN, VN, ZrN, HfN 

 NbN)  NaCl ( . 3.3).  

 

 

. 

  

,  (111)  

 M N. 

 (111)  

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

. 3.3,  

 (111) . 

 . 3.8  3.9 , ,  

 (111),  35,8°,  

,  (111)  

 ( . 3.3).  

 (0,4402 )  

. ,  

 

 Ti-Hf-Zr-V-Nb . 
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 ,  

,  

 (110), , 

 a = 0,3371  75 – 80 .  

,  [110]  (  

)  

.  

.  

,  

 

 [95 – 

98]. , ,  

 

. ,  

 

,  

 

. 

 ,  

,  

.  510, 506, 514, 523, 

 U  = 50, 100,200 230  

, ,  

 [111] ( ) 

. 3.8 ). ,  

 

(111), ,  

 (  505  507,  510  506). 

 

 [111] .  
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 (220)  (200). ,  [220]  [200] 

 [111] 

.  

 ,  507,  U  =  100  PN               

= 0,5 ,  

 (111) ( . . 3.8 ). 

 ,  100 ,  

.  

 

 (111), -

, ,  TiN, ZrN 

. 3.4). 

 , . 3.2, ,  

, , , 

.  

,  U  = 230  523  

 0,4408 , , , 

.  

 ,  

, ,  PN  

,  

.  [220]  [222] 

 (  509  512).  

 ,  PN         

= 0,08  (  512)  (220) 

.  

q  (111). 

,  

 ,  

.  
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 3.4  

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

 

 

 (  
) 

I, 
. 

, 
 

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 
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. 3.8  3.9, , 

 (111), (222)  (220).  [149 – 151] 

,  NaCl-  

 

(OEM model – overall energy minimization).  

, : 

 (200) ;  (111)  

;  (220)  

. , ,  

,  

 (111) .  

,  

 (111)  

 [85]. ,  

 

, -

. 

  [152 – 154]  

 (  

,  

). ,  (111)  

,  

.  (111)  

 NaCl,  (220) – 

.  (111) 

 (220).  

 (220)  

 (111).  (111)  

,  

 (111). ,  
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 “ ”, .  

,  

,  

,  

, . . 

 ,  

,  

 ( . 3.2).  [85] ,  

: 1) 

 

, .  

 

, . 2)  

,  

. , ,  

 

,  – 

 [85].  

 

3.3.  

 

 

 ,  

, . 

 [155]  

. ,  

,  

. 

 [155]. -



74 

 

, .  

).  

,  

.  

, ,  

. 

 , ,  

 

 ( ),  

 [81, 84, 85]. , , 

 

,  –  

.  

 

 

, . 

  (sin2 )  

, 

.  

 sin2 ,  

 

 .  

 a-sin2 . 

  a-sin2 -  

 

. 3.10.  

 ,  

,  a  = 0,3371 . 

, . 3.10 ,  sin2  = 



75 

0,425 = 2 /(1+ ),   – .  

,  -2,2 .  

 

 
. 3.10.  « -sin2 »  (Ti-Hf-Zr-V-Nb)N:  –  

 (  513);  –  PN = 0,2 , U  = 50, 100, 200  (  

510, 506, 514) 

 

, ,  

:  

. ,  

a = 0,4425 ,  0,27.  

 361  384 ,  PN = 0,2 , U  = 50, 

100, 200  (  510, 506, 514) . ,  

,  

,  (111). 

  

 [111]  Ti-Hf-Zr-V-Nb  

   

-5,08  7,95 . , ,  

,  

,  
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.  [156]  

 „atomic peening“- ,  

. 

. 3.1  

 

,  

 Zr  Nb (  514).  

 

3.4.                  

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

 

  

,  

. ,  

 

,  

, .  

, ,  

, , . 

,  

, ,  

. 

  

. , ,  Al  

(TiN, ZrN, CrN)  

 

Al2O3. , ,  AlxTi1-xN  Al 

,  

,  

.  (  – 
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Al2O3  – TiO2). ,  

, 

.  ,  [157] ,     

Ti1-xAlxN  Cr  Y  

 950 º .  

 

. 

  – 

,  5 . 

, 

,  

,  

, .  

 

, .  

  

,  

. ,  

 

. , ,  

,  

.  

, 

, , , . 

 

 

.  

  [116]  

 (TiVCrZrHf)N  

 500 ° .  
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 600 °  

  ZrTiO4  (  3160 ).  

,  Nb, Hf,  

.  

  30  

Vacutherm-Ceram VT 1200  873  

100 Pa. ,  

,  

 (  508 – PN = 0,1 , U  = 100 ,  504 – 

PN = 0,7 , U  = 200 ).  

. 3.11. 

  504- , 

 [111] 

 ( . 3.11).  

,  504-  

 (  = 0,442 ),  

,  

 

.  

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

 

 ( . 3.11 ).  

 XRD ,  

 (55 – 58) . 

 ,  PN = 0,1 ,  

 0,438 ,  

.  

 

 ( . 3.11 ,  2), , 

. 
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2 , 

 

 

 
 

. 3.11 ,  

,  (1)  873  (2): 

 –  504;  –  508 
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   (  1  2  

. 3.11 )  

 NaCl (  

),  

,  TiO2 (JCPDS 01-0562)  

 MeTiO4,  Me  Zr  Hf .  

 ZrTiO4 (JCPDS 07-0290)  

HfTiO4 (JCPDS 14-0103).  

 (48 – 55) . 

  

, . 3.5. 

 

 3.5 

 (Ti-Hf-

Zr-V-Nb)N  

 TiN TiO2 ZrN ZrO2 VN V2O5 HfN HfO2 NbN NbO 

H,  -337 -977 -365 -1100 -217 -775 -373 -1144 -234 -405 

 

  ( . 3.5) ,  

. ,  

,  TiN, ZrN  HfN  

), ,  

,  TiO2  MeTiO4,  Me  

 Zr  Hf. ,  Zr  Hf  

,  

,  MeTiO4  ZrTiO4  

HfTiO4 . 

 

. 3.12.  



81 

 
a 

 
 

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

 873 :  –  504;      

–  508 



82 

  ( . 3.6)  

 (  504 – 0,4327 ,  508 – 

0,4376 ). ,  

508- , ,  

(TiO2  MeTiO4).  

 

 3.6 

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

 

504 
 r,  d, Å Q = ri

2/r1
2 HKL H2+K2+L2 a, Å <a>, Å a, Å 

1 1 2,51 1 111 3 4,347448 
2 1,15 2,182609 1,3225 200 4 4,365217 
3 1,65 1,521212 2,7225 220 8 4,302638 
5 2 1,255 4 222 12 4,347448 
6 2,35 1,068085 5,5225 400 16 4,27234 

4,327 0,046 

508 
 r,  d, Å Q = ri

2/r1
2 HKL H2+K2+L2 a, Å <a>, Å a, Å 

1 1 2,51 1 111 3 4,347448 
2 1,15 2,182609 1,3225 200 4 4,365217 
3 1,6 1,56875 2,56 220 8 4,437095 
4 1,9 1,321053 3,61 311 11 4,381436 
5 2 1,255 4 222 12 4,347448 

4,375 0,045 

 

 , -

, ,  

, .  

 ( . 3.12),  50 – 60  (  

, ,  

). 

  

: (AlCrNbSiTiV)N [158], (AlCrTaTiZr)N [95], 

(AlCrMoSiTi)N [87].  

: , 

.  
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,  

.  

 , ,  

,  

,  

. , ,  

 

 45 – 60  

–  5  10 . 

 504-  

 -2,76 %  (  

)  – -2,59 % .  

,  

,  

:  -1,9 % (  

)  -0,7 % ( ). ,  

,  

 (200 ). 

 -

,  504 

,  

 508.  

 (-2,76 %)  

,  

.  

. 

 . 3.13  2,5 × 

2,5  504  0,5  

.  



84 

 

 
a 

 

 
 

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

): 

 – ;  –  873  

 



85 

  

 

.  

 

. , , 

. 

 3D- ,  

 

 ( . 3.13 ). 

  873  

,  

. 3.13 ). , , 

, ,  PIXE   

.  

 (10 – 20 )  

. ,  

 Zr  Nb . 

 

 

.  10-6  

10 -3  1  [159].  

,  

 (100 ),  

, .  

,  

, ,  

, . [159]. 

. 3.15 ,  

 S  504  508  

 873 .  



86 

 
            

. 3.15   S  

 ( ),  (Ti-Hf-Zr-V-Nb)N (  –  504,  – 

 508),  873  

 

,  S ,  

,  

,  

.  S  

0,5. 

  ( . 3.15) ,  (S-

)  504  508 .  

. , 

 504  (  

 – U  = 200 ),  

,  504  

 U  = 200 ,  

. ,  504 S  (0,58 

– 0,53).  508 ( . 3.15 )  S  

 ( ) ,  

, . 



87 

, 

 S  0,49. 

  873  

 (100 Pa)  

 S .  504 

 S  (0,58 – 0,56)  (0,52 – 0,51),  

 S  0,53 ,  

 (12,5 – 15) .  

 S-  

 

. 3.14 ).  

  508  

S  0,53 ,  

.  14  17  

 S  

 0,59. , ,  

 

MeTiO4,  ZrTiO4  HfTiO4 ,  

TiO2. 

 

  3 

 

1.  ( , 

, )  

(H, C, O) ,  

. 

2.  

, :  (U  = 100 – 200 ) 

 

.  



88 

 

. 

3. ,  (Ti-

Hf-Zr-V-Nb)N  

-

 NaCl  (111). 

4. -

 Ti-Hf-Zr-V-Nb  (110).  

 75 – 80 . 

5.  U  = 50 – 200  

 -5,08  -7,95 . 

6.  873  

 (PN = 0,1 , U  = 100 ),  

 TiO2  MeTiO4,  Me  Zr  Hf. 

7.  (50 – 60 

).  (PN = 0,7 , U  = 200 )  

 -2,76 %  ( )  – 

-2,59 %,  (PN = 0,1 , U  = 100 ) –  -1,9 %  -0,7 %. 
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 4 

 

 Ti, Hf, Zr, V  Nb 

 

  

,  

-

.  

 100 ,  

.  

 

, , .  

,  

 ( ) .  

,  

 (  > 40 , 

 > 70 % .) [160 – 162]. 

 , ,  

, : ,  

, , 

.  

dc  10 .  max  

 d  dc, 

 (H  d –1/2)  

,  

 d  dc [162].  

,  

.  

, : 

. , 



90 

 

,  

.  

,  

. 

  

.  

 

.  

 

,  

.  

. 

  [87, 90, 91, 93, 96, 109, 112, 113] 

 

, , , 

, :  

, .  

  

 Ti-Hf-Zr-V-Nb 

,  

. 

 

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

 

 , 

,  

 “CSM Systems AG” ( ). 

. 4.1 . 4.1. 
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 4.1 

,  

 

 
 

, 
 

 
, 

 

 
(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 0,091 

 

  [160 – 163] ,  

 ( )  

.  

, 

, ,  

,  

[162].  

  ( . 4.1) ,  506 (N = 

49,05 %, Ti = 22,92 %, V = 5,04 %, Zr = 6,84 %, Nb = 7,47 %, Hf = 8,68 %), 

 U  = 100  PN = 0,2  28,7  

 361  500 .  

 200  

 H = 29,5  E = 

373 . (  514 – N = 47,69 %, Ti = 16,41 %, V = 1,93 %, Zr = 13,34 %, Nb = 13,90 %, 

Hf = 6,72 %), , ,  (  65  

78 ). ,  

 Nb.  
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. 4.1.   ( )  ( )  

 506, 507  514  

 

  (  507 – N = 51,13 %, Ti = 25,31 %, V = 4,72 %, Zr = 5,70 %, Nb = 

6,31 %, Hf = 6,84 %),  (50 ),  

 (H =  21   E = 

337 ). , ,  

 (  

), : 1)  

 U  =  50  ;  2)  

 PN = 0,5  

. ,  

,  

 (111). 

 ,  

 

. 

 , . 4.1 . 4.1, ,  

, 

 29  25  (  506)  30  26   (  

 514). 
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  H/E, 

.  H/E 

)  

 

. , . 

,  

 

 [164].  

  [165]  

 3 : 1) 

 (H/E < 0,04);  (H/E 

~ 0,05 – 0,09);  (H/E > 

0,01).  ( . . 4.1), ,  

 0,0656  0,091,  

. 

  

.  4.2. ,  

 36  43 .  

, ,  

 “CSM Systems AG” ( ), 

,  (  1,5 ),  

 15 % ,  

, .  

 [161, 162],  40  

. 

 ,  

 230  (  

36 ),  (  

).  
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 4.2 

  

 

 H, HV  

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

 4316 HV 0,1 

U =100 , PN=0,03  ( 509) 

1 4316 HV 0,1 

2 4316 HV 0,1 

3 3856 HV 0,1 

4 4150 HV 0,1 

5 4150 HV 0,1 

 4158 HV 0,1 

U =200 , PN=0,08  ( 512) 

1 4863 HV 0,1 

2 3720 HV 0,1 

3 3856 HV 0,1 

4 4150 HV 0,1 

5 3999 HV 0,1 

 4118 HV 0,1 

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

1 3240 HV 0,1 

2 3587 HV 0,1 

3 3587 HV 0,1 

4 3720 HV 0,1 

5 3856 HV 0,1 

 3598 HV 0,1 
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 ,  (43 )  

,  (111). 

,  (111)  

. 

 ,  

,  

, : (FeCoNiCrCuAlMn)N (12 ), 

(FeCoNiCrCuAl0,5)N (10 ), (SiNiCrTiAl)N (15 ), (TiVCrZrY)N (18 ),  

,  Ti, Hf, Nb, Zr, Al, Ta,  

: (AlCrNbSiTiV)N (41 ), 

(AlMoNbSiTaTiVZr)N (37 ), (TiAlCrZrNb)N (36 ). ,  

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

, ,  

. ,  

, . 

 

4.2.                          

Ti, Hf, Zr, V  Nb  

 

 

, , . . ,  

 

,  H  

 E,  

 H/E.  

,  

. ,  

, 

,  
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 [166, 167]. 

 

 [168 – 170],  

, : ) 

; ) ; ) ; ) 

; ) .  ( ) 

,  

,  

 [171].  

, .  

 

.  

 

.  

,  

 ( , ,  

.) [171]. , ,  

,  

 

,  

, .  

,  

.  

 Ti, Hf, Zr, V, Nb  

. . 2.1).  1700 º , 

. ,  

 

,  

.  
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, . , 

, , 

. 

,  

,  

.  

 (Ti-Hf-Zr-

V-Nb)N ,  U  = 230  

 PN = 0,2 .  [99]  

 

. ,  

, . 4.2. 

 . 4.2,  

. , 

,  

. 

 

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

 U  = 230  PN = 0,2  

 

 

 «Tribometer» CSM Instruments  « »  

 20 º . , ,  

 45 ( RC = 55)  50 ,  5 .  

. 4.3   4.4. 
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. 4.3.  

 

 
. 4.4.     

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

 

 
. 4.5.  

 (Ti-Hf-Zr-V-Nb)N : 1 –  

, 2 – , 3 –  
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 Ra = 0,088 . 

 (Ti-Hf-Zr-V-Nb)N (  4,0 )  

 

 ( . 4.4)  0,36 . 

 , ,  

,  

.  

. 4.5 . 4.3. 

 

 4.3 

 

,  , 
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 

 

, . 4.4 . 4.3, ,  (Ti-

Hf-Zr-V-Nb)N  45  

 0,674  1,193,  

.  

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

 

, : 0,76  (Al-Cr-Ta-Ti-Zr)N [172] 

, 0,96 – (Ti-Zr-Nb-Hf-Ta)N [88], 0,8 – (Al-Cr-Mo-Ta-Ti-Zr)N [97].  

, , 

,  

 (Cr, Ta, Mo).  



100 

 ( )  

 (0,039×10-5 3×H-1 -1 

 35,36×10-5 3×H-1 -1 ( . 4.3)).  

, : 3,66×10-6 3×H-1 -1  ((Al-Cr-Ta-Ti-Zr)N 

 [172]), 2,9×10-6 3×H-1 -1 – ((Ti-Zr-Nb-Hf-Ta)N [88]), 2,9×10-6 3×H-1   

-1 – ((Al-Cr-Mo-Ta-Ti-Zr)N [97]),  

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

 36 .  

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

,  

. 

,  

. ,  

: 1)  

, ; 2) 

,  

; 3)  – 

; 4)  

. 

. 4.6  (Ti-Hf-Zr-V-

Nb)N, .  

, , 

,  ( . 

. 4.6) .  

 ( . 4.6) , . 

, ,  

.  418,71 . 

. 4.7  

.  

. 
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. 4.6 : 

 – ;  –  

 

  ( . 4.7 )  

, , ,  

. ,  

. 4.3,  

. 

 

  
       

. 4.7  –  (Ti-Hf-Zr-V-Nb)N  

;  –  
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, , : Ti, Hf, 

Nb  Zr.  V, ,  

,  

. 

 

  4 

 

1.  

. ,  (Ti-Hf-Zr-V-

Nb)N  20  30 . 

2.  

,  

 36  43 . 

3.  

,  U  = 230  

 PN = 0,2  45. 

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

 0,674  1,193.  

 ( )  

 (0,039×10-5 3×H-1 -1  35,36×         

10-5 3×H-1 -1). 
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 5 

 

 

 

  

: ,  

,  

.  

 

. ,  

 

.  

 

. , 

 

 

. 

  

.  

,  

.  

,  

.  

, , : 

 (DFA) [143],  [144], 

 [173],  

 [174], R/S  [175] .  

  

.  F(n) 

,  



104 

.  

 

 (MFDFA).  MFDFA  

 

 [143],  

 [173], 

,  

 [176] . 

 ,  2D-MFDFA (  

),  

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

,  

TiN/Al2O3  

 ( ). 

 

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

 

 

5.1.1.  

 

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

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

U  = 50  (  510), PN = 0,2 , U  = 100  (  506)  PN = 0,2 , U  = 230  (  

523).  

. 3.1 , 4.1  5.1 , . 

  [84, 177],  

 (  

), . , 

 ( ,  
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)  

, ).  

  

 [177].  

 [99] ,  

.  

 . 5.1 ,  

,  

. ,  

.  

 U  = 100-200 , , , 

 

 [177].  

  

   
. 5.1.  (Ti-Hf-Zr-V-

Nb)N , : 

 – PN = 0,2 , U  = 50 ;  – PN = 0,2 , U  = 100 ,  – PN = 0,2 , U  = 

200 ;  – PN = 0,2 , U  = 230  
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  U  > 200  (  523)  

, . 

. 

 ,  2.3,  

. 5.1)  655 × 655,  

 0  256.  

,  

.  

: , . , 

 

.  

 

5.1.2.  

 

  [143]  

 qF s .  

 

.  qF s  

 q. ,  

 « » 

,  

.  

 qF s  s  

 q  ( . 5.1 ).  

 . 5.2 , 

. ,  

 q ,  

.  
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, , , . 

 . 5.3  

 q ,  

. ,  

.  

,  

. 

 

50 100 150 200 250
0,1

1

10

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

q=2
q=4
q=6

 

F q

s

q=8

 
. 5.2.  (2.20)  s  q 

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

 

  

 f( ).  

,  

.  

. 

 ,  

 Pi  .  

: 
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( ) i
iP  

 

  i  (  

). ,   

,  

.  

 

 
. 5.3.  

 q : 1 – 506; 2 – 510; 3 – 514; 4 – 

523 

 

  i  

.  

 i . ,  i, 

.  

 , min  

 min
max ~P ,  max – 

 max
min ~P .   

 

max

min

~P
P

. 
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 ,  ,  

.  f( )  

, ,  

.  

 (2.22)  (2.25). ,  

 Dq  

 q.  ( . . 2.22)  q 

 

, .  

 f( )  

q . 2.25. ,  

 

 . 

 ,  

.  

, .  

-  

,  1- .  

  f( ) . 5.4.  

 

.  

 

 (  =  min)  (  =  max). , 

 (510 –  = 1,565, 506 –  = 1,7563, 514 –  = 1,161, 

523 –  = 1,461) ,  

.  

,  

 200 ,  

 f( )  

,  (  514  523).  
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. 

 

 
. 5.4.  f( )  

: 1 – 506; 2 – 510; 3 – 514; 4 – 523 

 

 ,  

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

.  

,  

 

.  

 

. 

 

 

5.2.  TiN/Al2O3  

 

 

 

 

 



111 

 TiN/Al2O3,  

 AISI 321.  

»  

 

 

 ( ) [178] ( . .  5.5). 

  

 

.  

 

 « »,  

. 

 

, ,  

 [178]. 

 

5.2.1.  

 

 TiN/Al2O3  

 AISI 321 (18 . % Cr, 9 . % Ni, 1 . % 

Ti,  Fe, 0,3  2 ),  

12 18  (17-19 . % Cr, 8-9,5 . % Ni, 0,8 . % Ti, 0,12 . % ,  2 . % 

Mn,  0,3 . % Cu,  0,8 . % Si,  0,02 . % S,  Fe).  

 

 “ -5”. ,  

, , ,  

, , , . 

 

:  

 (2,5–3,5)×103 ;  – 400–500 ; 



112 

 - 4–6 ;  

 – 0,4–0,5 ;  (  

, ) – 

2 3  [178]. 

 -

Al2O3  27  56 . ,  

44  56  

 

 [178].  ( )  

 

 27  44 . -

 6  1 

 

 45  65 . 

  “ -3 ”  ( , 

)  TiN (  1,5-2 )  Al2O3  

,  

, . 

 20  (  

 180 ,  100 )  700  

 ( ) 10-1 –  10-2 . 

 

 

 ( ).  

,  

.  

, ,  

,  

.  
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. 5.5  TiN/Al2O3  

:  – 20 ;  –20+15 ;                

 – 20+25 ;  – 20+35  
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,  

 « » 

,  

 “ -212” :  

 4,5×10-3 ,  4×104 ,   0  

 0,45 ,  10-3 .  

 TiN/Al2O3  

 20 ,  2,8×104 .  

 

 15  35  3×104  

  

 ( -103-01)  

. 

 ,  

,  655 × 655, 

,  256 

.  

. 5.6 – 5.8) ,  

,  

 2 (  2.3). 

 

5.2.2.  

 

 

 . 5.5,  TiN/Al2O3 

. 

,  

.  

 25  

 ( . . 5.5 ).  
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 TiN, , 

. 

  (  35 ) 

,  

.  

 

,  

 [179].  

  qF s  s  

 q  ( . 5.5 ) . 5.6.  

 

 
 

. 5.6.   (2.20)  s  q 

,  I = 20  

 

 ,  

.  

 q,  

.  

  

 q ( . 5.7 ) ,  
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. ,  

q ,  20 ,  

.  

,  

.  

 20 + 35  h(q)  q,  

. 

  

 ( . 5.7 )  

 ( . 5.8)  TiN/Al2O3  

.  (q)  

.  

 

 
       

. 5.7.   ( )     

 (q) ( )  q : 1 – 20 ; 2 –20 + 

15 ; 3 – 20 + 25 ; 4 – 20 + 35  

 

  

 f( ),  .  

,   

,  Fq(s), 

 f( )  
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. ,  f( ) , 

.  

 f( ) ,  

 

 TiN/Al2O3 . 

 . 5.9  5.10  

  TiN/Al2O3 

. . 5.9 ,  

.  ( . 5.5)  

 

. 

  

 
. 5.8.   f ( )  

: 1 – 20 ; 2 –20 + 15 ; 3 – 20 + 25 ; 4 – 20 + 35  

 

 ,  

 25  

, .  

,  

.  

 . 5.10  TiN/Al2O3  

  2- . 
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,  

 - Al2O3 (  58   50  .   %),  -  Al2O3  

 25  34 .  %.  

. 

 

 
. 5.9.    

 

 

 
. 5.10.   TiN/Al2O3  
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  5 

 

1.  

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

.  

 

,  

. 

2. ,  TiN/Al2O3 

 

. , 

,  

.  

,  

. 
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. 

1. ,  

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

,  

: 

–  (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 ,  

. ,  
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 (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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, 

, . 

 . .  

. ,  
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.- . . .- . .  
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.  

, .- .  

,  

 K. Oyoshi, Y. Takeda, (National Institute for Material Science, Tsukuba, Japan)  

G. Abadias (Institut P0, University of Poitiers, Chasseneuil-Futuroscope, France)  
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