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Liquid Impact Erosion Mechanism and Theoretical Stress Analysis in
TiN-Coated Turbine Blade

M. K. Lee, W. W. Kim, S. J. Kim, C. K. Rhee and Y. S. Kim
Korea Atomic Energy Research Institute, Tagjon 305-353, South Korea

Coating of TiN film was done by reactive magnetron sputter ion plating to improve the liquid
impact erosion resistance of steam turbine blade materials, 12Cr steel and Stellite 6B, for nuclear
power plant application. TiN coated blade materials were initially deformed with depressions due
to plastic deformation of the ductile substrate. The increase in the curvature in the depressions

induced stress concentration " with increasing number of impacts,

followed by circumferential

fracture of the TiN coating due to the circular propagation of cracks. The liquid impact erosion
resistance of the blade materials was greatly improved by TiN coating done with the optimum
ion plating condition. Damage decreased with increasing TiN coating thickness. According to the
theoretical analysis of stresses generated by liquid impact, TiN coating alleviated the impact
stress of 12Cr steel and Stellite 6B due to stress attenuation and stress wave reactions such as
reflection and transmission at the coating substrate interface. )

Keywords : TiN film, reactive magnetron sputter, stellite 6B, liquid impact, steam turbine blade.
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Table 1. Deposition conditions of TiN film

Base pressure { 5x107 torr
Working pressure 6x107° torr
Target power RF 900W

Deposition temp. 500C
Nz/Ar ratio 5 sccm/2 scem
Substrate bias -V

2.5~3um/hr.
12, 2.8, 5.5, 11#m

Deposition rate

Coating thickness
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Fig. 1. Schematic diagram of liquid jet apparatus.
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Fig. 2. Reflection and transmission of normally incident
longitudinal wave on the interface of coating/substrate
system.
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Fig. 3. Development of erosion damage of TIN coated 12Cr steel and TIN coated Stelite 6B with increasing impact
number at an impact velocity of 350+20m/s : (a) 30, (b) 90, (c) 130 and (d) 290.
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Fig. 4. Damage depth with increasing impact number for

TiN coated 12Cr steel (TN thickness = 1.2¢m) at an

impact velocity of 380+20 m/s.
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Fig. 5. Features of fractured sites in TiN coated 12Cr steel induced by liquid impingements after 120 impacts at an

impact velocity of 380+20 m/s.
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Fig. 6. Scaning eleciron micrograph  showing the.

cross-section of fractured site in TiN coated 12Cr steel
after 120 impacts at an impact velocity of 380+20 m/s.

< o|E8 crack®] LA o3 AB &40 dojd
RoZ ok Fig. 59 #FLE TN ZHY A
# o|&o] extensive spalling® ]84 &3 crack-
ingol 2% v]AF chippingol 712 & AYL o
27 ¥k Fig. 6& TN ¥ w57t gojd

llmpact load

Depression

Siibstiae

Crack
formation

'\ .
tensile
stress

I Q\
Fracture
ng

}
Q\bi(ﬁ

Fig. 7. Liquid impact erosion mechanism of TiN coating.
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Fig. 8. Damage features of TiN coated 12Cr steel with the variation of coating thickness after 30 impacts at an impact
velocity of 38020 m/s : (a) 1.2zm, (b) 2.8#m, (c) 5.5¢m and (d} 11xm.
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Fig. 9. Variation of depression depth with TiN coating
thickness after 30 impacts at an impact velocity of 380
+20m/s.
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Fig. 11. Maximum damage depth with increasing impact
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and TiN coated Stellite 6B at an impact velocity of 350
+20m/s.

ol\} Stellite 6B Z-¢-ofl uls] TiNo] ZHE 7
§ damage Zeole WA FHL & JERAUTH
FH3F 290 o]F 12Cr 72 52¢m, Stellite 6B=
8.5¢m, TiN coated 12Cr 73} TiN coated Stellite
6B % 2emE JERAJTE 12Cr el vl
Stellite 6B9] 4 AFYE FE2gushl, ojzd
Hyl )= ABEFo] TINOZ o] E¥olg H
RE W BAF AN AP 4L JedE ¢
T Aok

3.4 YWE FHz0of| 2B Y 2B EMH|L|
It s

A 12Cr streel, Stellite 6B Z2]3 TiNol o
3 £4d £X7 400m/sY o Zolol WE stresses,
SzzE Blowers' impact model2%E £3lo Fig,
129 Jeplidch EWg FFd o 24
stresses® Fig, 129014 & 4 g1%o] TiN ¥ &4
ol AE WEE JYL+F wave fronte] BFL
2 A3 stress #AE e B3] 12Cr A3
Stellite 6Bel wls] Zolo] @& TIN stress T
7t A3 Ave A € 4 Atk TiNG 3¢ 2
°ol§ I®W FAZHE TFEW, 7 ol xedl
stress waver TIN TE/E#lol= 2ol AMd)

olo

3

® TN
O 12Crsteel
v Stellite 68

Normalized normal stress (S,;)
wm

0 s 12 B 24 30 3
Depth (um)

Fig. 12. Stress variation at the instant that the first

longitudinal wave reaches at each depth on z-axis (r= 0}

when impact velocity = 400m/s.



% FZRA83 A 298 A2 20008 4%

A reflection ¥ transmission® 34 "t} r=0%
= TIN ZE/Edol= ZAe Ado oz
YALEHE 7AR-0lE=2 YAFSlE longitudinal wave
= AN FAHSA  reflectionHE ¥ 7Y
longitudinal wave$} transmission=¢} 2R Aw
3l 8 N9 longitudinal waveE WAL} 9]
W ¢ amplitude BAE o+t 2o

Arr __Ps Cs— 0. Ch
A 0; Cut pc Cp

ALR/': zps Cls
Ay o0; Cut p. Cyp

o71A  Au, Ak, Awree ZZF incident
longitudinal wave®] amplitude, reflected longitu-
dinal wave® amplitude, transmitted logitudinal
waved] amplitude® ey, p& HUE, Cs
elastic wave speed& WEMIZ pxCe AR9
impedance, Z& uEhdth EHol= AME
TiNe] F”HE 349 99 stress amplitude ratio®
T3 o3 Zrh
12Cr 7919l TiNel ZHE 734,

ALR
Ay

=—0,1423 , —%ﬂ =0.8577
LI

Stellite 6B$1ol TiNeol ZEE Z¢,

Ak _ A _
A, = 0.1072 . A, 0.8928

o]dth 919 stress amplitude ratioS % trans-
mission ratiox E#le]= AF <2 12Cr 73} Stellite
6B2) impact stress?t TiN Z®ol| 23] drpt 72
28 & AeANE B9FEY Fig 13d& 12Cr 72
3} Stellite 6B $1el TiNe] Z€8 7% TiN Z¥
3 Beol= ®Aje] AWE THSHe transmitted
stressE ¥ Zolo] wet JehfdTh A714 28
Z y&o & P=pCVE 74 A5 A4d 2
olth, Fig. 13223 TiN g0 o8 Ueue

TiN coated 12Cr steel

—~
N ® Stress at the instant that
@, -9+ longitudinal wave reaches

0 at interface
] O Stress transmitted into
] N, O the substrate
5 -8
= ",
[ ™
O
E .7
=]
c
b
[} -8
N
©
E sl
. O
P4
-4 . . . "
0 10 20 30 40 50
-1.0

TiN coated Stellite 6B

Normalized normal stress (S,,)

0 10 20 30 40 50
TiN coating thickness (um)

Fig. 13. Stress variation on z-axis (r = 0) at each
coating depth for TiN coated blade materials when
impact velocity = 400m/s.

%S Ald 29 g P2 $4 TIN 293
Qto 2 stress waveZt Z3 el wel wave front
2 A3 stressd] A7lE #Aa3dH, TiN9
Y FA7 Z7184E A =@ stresse
A E=¢, TiNol IZ®E 7S¢ EdHoE EA=Z

1o ¢
o
ol
lo

A
HdEE transmitted stressx —ﬁ>0°]£i
compression FEIEA 1 R 3 incident wave
9} Zon —IZJLL[LQ] ratiodl 2J&l stress9] %ol

Zagr TiNel ZEE A% AWM ZFlF2



TN 28 ¥ Eeol=d 43 34 3 717 % o273 ¢¥ 44 97

reflected 5| & stress= ﬁLR o] vle) 23] A3
Li

. A _
Fd 2t A AI;I; <0°|E = reflected stress wave

= tension AEIEA A&SIAM  YAIELE  stress
wavest F357} whdjo]r] wFe] Ak whebA
A& A PALSHE stress®) G2 A E o] o)
Aol = O& 22 o] 28 ZAo|Bg B o
T X2 AYSE stress? % A © Aopa
Reg oEHr) neld TIN ZHE TN Y
32 %2 Agd s BaEol:= AF 99
impact stress& ZAAIAZTLEMN B o= g9
e F4d dd A4 AYAHE FIAY B
ot} Fig. 14 33 48, PE p CVEZ 7138 o
Lol AMEQU 12Cr 3 Stellite 6BY
endurance limitl3t2 £9€9 F73 $¥& Ua
AA7L 98] F2g TiNe HA FAE 2HEE9
Wt wel el un. 12Cr 73 Stellite 6B2
endurance limitel32 EW&9 4 24€g 74
A17171 fls "HoE TiNe AHA FAsE Bd2
FALE7 Forge wel Srtetgch P=p CVY
HA YA8 dHL low pressure section? 3
Egolre] 45 4 250 m/s7t Hoh w
6 {0 curmce 1mit® BT EHE TING FAE

= 30

E 1 ® Col1vs TiN/steet

= O Col 1vs TiN/stellite

E 28 ‘ - Plot 1 Regr

g I

g 26 '

=

=]

=

5 |

© 24
v

° 22
e
) | e
g o B
g *r Lo o
§ 18— ——l o Impact velocity of las{]
= Fo |<_ low pressure turbine
E -0 | blades =250m/s
= 16

200 300 400 500
Impact velocity (m/s)

Fig. 14. TiN thickness required for ¢ <& endurance limit
‘with the variation of impact velocity when P=p CV.

12Cr 79 %A% < 24pm, Stellite 6BS] 9ol
¢ 18pmyt WoATDE AL ¥ F Atk 2y
gutHos Ygst wE $7 4, PE pCV B
t ady BIEn 7] 9E8d MY 48 TiN
Y FAE o] Bt} £ o] 78 Relnh

4d &

=

1. 943 7 279 TIN I¢L F2
o] &4 Wyl 28] depression FERQ)
Ebstal, o]2i8t depressions< 573 57t F)
o met FE] F7HE FAEIL o] RN L9
HFE ol cracke) s Azste] TIN ZH9
circumferential fracture?} Yoj%ktch,

2. HYl Ed¥ol= A8l 12Cr 73 Stellite 6B
dA7olx G HFH FazANA TiNo
RAs W AF FHN U A AIgAe) =2
FEQN, TIN Y A7 S71848 34
damages Z4FHT
g A osf B AEY stressoll
ol2d¢2l A A TIN Z¥L EW Eiol
AN 12Cr 73} Stellite 6B2) impact stress
A Z2AAFE ¥ ¢ ddh =T TIN I
FA7t F71845, stress attenuation A%<
ZYF 2ol Eae AN
stress wave®] reflection ¥ transmission 422
3] A2 APEE impact stress® A7)7} 74
e o 5 Aok

4. 928 ¢A2 low pressure section®] HF¢
ERl Edol=e M&Er} 250 m/sYS At
EdoE AE FA $HE ¢ {0 cumnce wmitE
w37l f8 85HE TiING 23 FAE 12Cr %
9] 79 <oF 24pm, Stellite 6B} 2% <k 18#m7}
dasdes A& ¢ A

off ok

A
o]

S
L

14

£

o>

2 X Hy o
ol

.‘.9409‘_:
ua o

I

ofN oft mu (A £

~
©
=
Z
4

)
s

References

1. E. Hoegger, Brown Boveri Rev., 14, 95
(1927).

2. O. G. Engel, J. Res. Nat. Bur. Stand., 54, 283
(1955).



98

A A A299 A23 20009 449

o

8

. F. J. Heymann, ]. Appl. Phys., 40, 5113
(1969).

. D. W. C. Baker, D, E. Elliott, D. G. Jones
& D. Pearson, Proc. Int. Conf. Rain Eros.,
2nd p. 449 (1967).

. W. Herbert, Proc. Int. Conf. Rain Eros., 2nd
p. 359 (1967).

. H. Rieger, Proc. Int. Conf. Rain Eros., 3rd p.
147 (1970).

. A, Behrendt. Proc. Int. Conf. Rain Eros, 4th
p. 425 (1974).

. R. M. Blowers, ]. Inst. Math. Applic, 5, 167
(1969},

. W. W. Kim, J. S. Kim, J. H. Suh, Y. S.

10.

11.

12.

13,

and S.S. Kim, Patent,
Erosion Testing Apparutus by Water Jet.

Lim, Continuous
R. J. Wasley, Stress wave propagation in
solids, Marcel Dekker, INC New York p. 87
(1973).

M. C. Rochester and J. H. Brunton, “Erosion,
Wear, and Interfaces with Corrosion” ASTM
STP 567, pp. 128~148, ASTM, Philadelphia,
Pennsylvania.

W. Johnson and G. W. Vickers, ]. Mech.
Eng. Sci., 15, 302 (1973).

F. J. Heymann, ]. Appl. Phys., 40, 5113
(1969).



	fds: 
	ds: 
	ff: 
	fd: 


