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VAPOR GENERATION: Composition of vapor

Thermal evaporation
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VAPOR GENERATION: Composition of vapor

Carbon vapor composition
ptotal = 0.01 bar

—> Cluster ratio C*/C,* has been
experimentally confirmed by collaborator.
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VAPOR GENERATION: Cohesive energy rule

35 I T 1 [ 1 1 ) I 1 1 1 I T T ] I
[ ~—e— Cohesive Energy Rule | §
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Atomic Number

Cohesive energy (CE) rule for the burning
voltage V: V =V, + A*E¢ [1].
[1] Anders et al., JAP 89 (2001) 7764.
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VAPOR GENERATION: Cohesive energy rule

3E+8
— L 4
Cathodic arc evaporation g 2E+8 -
~~
i)
5
= 1E+8 1
LL
—> It is possible to estimate the evaporation
rate using a cohesive energy rule! -
0.0 E+O 5.0 E+5 1.0 E+6 1.5 E+6
Carbon->DLC
AHg yap [J/mol]

Cohesive energy (CE) rule for the power input:

Einput = 178*AH; .- Experimental data from [2].
[2] Anders et al., Proc. ISDEIV (2004) 272.
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THIN FILM DEPOSITION: Theory Example: (Ti, AN

TiN - AIN

1atm t;hctSage'"
T T T T T T
gas_ideal + LIQUID \I\gas_ideal |

3300 =
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1 1 1 1
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Cooling rate ~101> K/s!!!
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THIN FILM DEPOSITION: Theory Example: (Ti, AN

<1-A>TiN + <A>AIN Cooling rate ~10%> K/s!!!
Paraequilibrium Calculation thtsage“
FCC_#1 FCC_#1 WURT#1
1.00
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o 0.60
o]
=
0.40 : 00000000 o
00000000 |
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THIN FILM DEPOSITION: Theory Example: (Ti, AN

900 ' T Cooling rate ~101% K/s!!!
800 - cubic + hexagonal
__ 700 |-
E‘_J -
E 600 ¥, .
3 - - - -
© 500- - More on predicting phase formation during
© 7 .
2 400- (TLADN vapor condensatlon by K. Chang!
& cubic
300 A& A Fy -
00000080
200 - - ©®O®O0O0O0O0
0000080
100 - A A A = | JOROX XOXOX X
. cubic-(Ti,Al)N hex-(Ti,Al)N
0 : . : : T P Substrate
0.0 02 0.4 06 0.8 1.0
TiN mole fraction AIN AN

Experimental TiN-AIN phase formation diagram [3].
[3]: Spencer, Z. Metallk. 92 (2001) 10.
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APPLICATION  Example: (Ti,ADN,

° . T T —

Co-TiN 900°C 20 nm 60 i d0,7 X

40 | I — . : -
—*—Tio.24Alo.66N I Z 1 s

] | . =

: o o

— I’ """""""""""" l J' [ | °\°_ : ..g
& a5 | ® | s
g - _'" o 1 c
'''''''''''''' <0 ! 2

g | | § ' c
£ : o 5
5 \%' | 0 - o
8 30f '}‘\% . g \ 2 g
7 =3 | Jog 2

0 i 00 ©

250 260 c.)o 600 860 10'00 2 1 0 1 2 l

4 : 5

i o @ O-ions © Ti-ions distance (nm) I

annealing temperature {°C)

Mayrhofer et al., APL 83 (2003) 2049.

c-TIAIN
~800°C - c-TIN + c-AIN
~1000°C - c-TiN + w-AIN

Rachbauer et al., Surface & Coatings Technology 204 (2010) 1811.
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APPLICATION Stoichiometry prediction?

flux( ) >> flux(metals)
Example (Ti,Al)N:

flux(N.) = 3*101” molecules/s*cm?2
flux(Ti+A!) = 4*101°> atoms/s*cm?2

OOOOOOO

Equilibrium: eeccceeo O Al
’? ’7 L_JONOX NORON X ° N

X
. TiO.SAl().S + ENZ A4 TiO.SAlO.SNX .

substrate
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APPLICATION Modelling FCC-(Ti,Al,Va)(N,Va)

Thermodynamic How modelled? Thermodynamic How modelled?
Property Property
G(Ti : Va) SGTE Solutions G(Al : N) ab intitio
Database o
G(Va: N) ab intitio
. SGTE Solutions
G(Ti:N) Database G(Va: Va) ab intitio
G(AI : Va) SGTE Solutions L(Ti,Al - N;0) ab intitio
Database
- SGTE Solutions L(Ti,vVa : N;0) ab intitio
L(Al,Ti: Va;0) —
Database L(AlVa : N;0) ab intitio
. SGTE Solutions . N .
L(ALTi: Va;1) Database L(Ti,Al,Va : N;0) ab intitio
' L(Ti,Al : N,Va;0 ab intitio
L(ALTI : Va:2) SGTE Solutions ( )
Database -
L(Al : N,Va;0) ab intitio
. _ SGTE Solutions
L(Ti = N,Va;0) Database L(Al : N,Va:1) ab intitio
. _ SGTE Solutions
L(Ti: N,Va;1) Database
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APPLICATION Modelling FCC-(Ti,Al,Va)(N,Va)

« 16 ab initio calculations using VASP
(Vienna ab initio simulation) package
64 atom unit cell

Energy of formation as f(composition)

> AHR98K |

0.00
o E  -0.50 -
5o y = 0.8739x2 + 7.4702x -
88 -1.00 - 2.6064
€3
S 2 -1.50 -
28 -2.00 A
o x
S < -2.50 4
L

-3.00 :

0.0 0.1 0.2
XVa

Thermodynamic

How modelled?

Property

G(Al : N) AH?98K = -2 61 eV/atom
G(Va: N)

G(Va: Va) ab intitio

L(Ti,Al : N;0) ab intitio

L(Ti,vVa : N;0) ab intitio

L(Al,Va : N;0) AH?98K = -0.874 eV/atom
L(Ti,Al,Va : N;0) ab intitio

L(Ti,Al : N,Va;0) ab intitio

L(Al : N,Va;0) ab intitio

L(Al : N,Va;1) ab intitio
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APPLICATION

Extrapolated from (Al Va, )N
> AH?%8(Va:N) = 5.74 eV/atom
Extrapolated from (Ti,_ Va,)N
> AH?%8(Va:N) = 6.23 eV/atom

Modelling FCC-(Ti,Al,Va)(N,Va)

Thermodynamic How modelled?
Property

G(Al : N) AH?98K = -2 61 eV/atom
G(Va: N) AH298K = 5 98 eV/atom
G(Va: Va) ab intitio

L(Ti,Al : N;0) ab intitio

L(Ti,vVa : N;0) ab intitio

L(Al,Va : N;0) AH?98K = -0.874 eV/atom
L(Ti,Al,Va : N;0) ab intitio

L(Ti,Al : N,Va;0) ab intitio

L(Al : N,Va;0) ab intitio

L(Al : N,Va;1) ab intitio
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APPLICATION Modelling FCC-(Ti,Al,Va)(N,Va)

AH?98K(Va:Va) from “alchemical Thermodynamic | 1, modelled?
. . . Property
interpretation of Hess's law:
G(Al : N) AH?98K = -2 61 eV/atom
-3.5eV/at —-—o- 1.4 eV/at G(Va: N) AH?9K = 5 98 eV/atom
A=4.9 y
AH?98K(Ti:N) oV/at AH?98X(Ti:Va) G(Va: Va)
A= A = L(Ti,Al : N:0) ab intitio
9.5
eV/ai eV/Q L(Ti,Va : N;0) ab intitio
6.0 eV/at s L(Al,Va : N;0) AH?9%8K = -0.874 eV/atom
AHPP(VaN) | y/at AHZQSK(Va Va) L(Ti,AlVa:N;0) | ab intitio
L(Ti,Al : N,Va;0) ab intitio
L(Al : N,Va;0) ab intitio
L(Al : N,Va;1) ab intitio
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APPLICATION Modelling FCC-(Ti,Al,Va)(N,Va)

AH?%8K(Va:Va) from “alchemical Thermodynamic | |, modelled?
) ) ‘ Property
interpretation of Hess's law:
G(Al : N) AH?98K = -2 61 eV/atom
-3.5 eV/at 79 1.4 eV/at G(Va: N) AH?9K = 5 98 eV/atom
s A=4, .
AHZ28K(Ti:N) oVt AH?8K(Ti:Va) G(Va: Va)
A= A= L(Ti,Al : N:0) ab intitio
9.5 9.5
eV/at eV/at L(Ti,Va : N;0) ab intitio
6.0 eV/at YT 10.9.eV/at L(AlVa : N:0) AHP98K = -0.874 eV/atom
AHZSR(VaiN) | v ) AHPPP¢(VaiVa) L(TiALVa: N;0) | ab intitio
6.0e\/at
10.5 eWat L(Ti,Al: N,Va:0) | ab intitio
a= as L(AI : N,Va;0 b intit
3.6 8.6 (Al : N,Va;0) ab intitio
eV/at T eV/at L(Al : N,Va;1) ab intitio
208K ( A" = & 98K ( A |-
AHZ98K(AI:N) eV/at AH?8K(Al:Va)
-2.6 eV/at 1.9 eV/at
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APPLICATION Stoichiometry prediction?

«s0— Equilibrium between N in the gas and the solid phase

E
o _ | o 5 . .
¢ 71 |results in (Ti,Al)N, 5, and hence in metal vacancies!
2, -1.001 :
§ -1.10- Z
_(% 1;0* ® Ti Al N % = HC_) 200 300 K
£ -1.20- 05705 "
$ 10| X Niosias ° Fx ) [ Nitrogen in (Ti,A)N
%-1_40: g 'T'Iifleigl;:si; 00. O -iqc_; % O_pure N2 gas g 4 X
P 4 Ti+Alinterstitials e E 1 bar
5 -1.504 ™ Ti*Alon anti-sites 8_ ---_..3
30 35 40 45 50 55 © == 10° bar
N content [at%)] L 2001
to Baben et al., JPCM 24 (2012) 155401. g
L
© 400 | 1.7 % 3.1|3 % vacancies
49 50 51 52

Input In GactSage’" >

Nitrogen concentration [at. %]
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APPLICATION Diffusivity as f(stoichiometry)

(Ti,Al)N, (TLADN, o,

= =20
CM-vac = CSchottky CM-vac — 2 %
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APPLICATION Diffusivity as f(stoichiometry)

D

10° _
ﬁ (Ti,AI)N{ o5
g 10_105 Copvac :\0_02 Copon = 2 %
é -~ (Ti, AN
_________________________ \ Chmvac = EXP(-Eschottky/2KT)
s I Cp-vac - c(ISchgttky Idefelcts) Eschottky = 2.9 €V
400 600 800 1000 1200 1400

Temperature [°C]

Dreduced = Cvac * exp('EA/ kT)
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APPLICATION Diffusivity as f(stoichiometry)

Equilibrium:

X - (Ti,ADN 2 Cuuar =2 %
TigsAlys + ENZ © TiygsAlysNy ( MNaoz Vrvac

107
k5 Civac =\ 0.02
£ 1010 _ |
: T o (Tl,AI)Nlloz > (Tl,Al)N
? 10" > AT = 460°C
20 G = c(Scho'ttky defects)

400 600 800 1000 1200 1400
Temperature [°C]
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APPLICATION Diffusivity as f(stoichiometry)

\l? M-vac M-vac N-vac .

< l l l poisoned target
S50l @y — Cy
c N H

. n

S 40]

£

3

g 30+ ) o

= -__’:::::::::::::I;::::::::::::::?:::

O Al

c200—mm—+—

O 40 60 80 100 120 140

Distance from gas inlet [mm]

Cemecon CC800/9

» ——
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APPLICATION Diffusivity as f(stoichiometry)

el
/\v 1200°C
o] e

|
3

—

Distance from gas inlet [mm]

g M-vac I-v;
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Normalized intensity (a.u.)”

800°C

as deposited
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2 Theta [°]
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APPLICATION Diffusivity as f(stoichiometry)

CM-vac = 3% CM-vac = 0%

&)

o

[
=z
|

j\ 1100°C

1000°C

J\ 1900°C
J/\ 800°C
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APPLICATION Diffusivity as f(stoichiometry)

1o4¢

effective,reduced

1045

-20 |

c
-va

M-vac

Cypane = 0.02
\

AT = 460°C

\

. = c(Schottky defects)

400 600 800 1000 1200 1400
Temperature [°C]

Normalized intensity (a.u.)

CM-vac - O%
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Ti Ti/(Ti+Al) > 0.6
Al Al/(Ti+Al) > 0.7

as deposited

CM-vac = 9%
(poisoned
target)
CM-va(: = 0%
40 nm
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APPLICATION Conclusion 1/3

Thermodynamic How modelled?

Property Ab initio calculations can be used
G(Al : N) ab intitio h d ] d

VAN S to extract thermodynamic data
G(Va : Va) ab intitio efficiently (16 calculations - 10
LA N©O) ab intitio thermodynamic parameters).
L(Ti,vVa : N;0) ab intitio

L(Al,Va : N;0) ab intitio

LTi.ALVa:N,O) | abintitio Vacancies can be modelled on

L(TiAlN,Vai0) | abiinitio both sublattices without

L(Al : N,Va;0) ab intitio

computational difficulties.

L(Al : N,Va;1) ab intitio

» wnrinacs | RNTH
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APPLICATION Conclusion 2/3

g 200
'.._g e ure as Nitrogen in (Ti, AN, . . .
8= o g Thermodynamic equilibrium
8§ S00f between the growing film and N,
s o FE leads to metal vacancies.
49 50 51 52
Nitrogen concentration [at. %]

10°;
3 Cypne = 0.02
D - Metal vacancies lead to low
o 10 \ thermal stability of (Ti,AN,.

10 G0 = C(SChoLtkY defects)

400 600 800 1000 1200 1400
Temperature [°C]
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APPLICATION Conclusion 3/3

C M-vac = 9%

CM-vac = O% .

Change name of commercially available coatings to
, Titanium-Aluminium-Vacancy Nitride*?

Point defect engineering
Increases thermal stability of
(Ti,Al)N, by ~400°C.
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