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SUMMARY

In this paper, the fatigue crack .growths of ceramic coating steels are
investigated by a linear elasticity fracture mechanics method, The
experimental materials are carbon steels(substrate: S45C) with plasma
thermal sprayed coating layers of Ni-4.5%Al(under coating) and TiOz(top
coating). The test specimens are substrate(SUB), under coating
material(BOND) and top one(TOP) according to coating existence. These
specimens are heat-treated at 400°C and 8007T, respectively. The fatigue
test is conducted on compact tension specimen by a servo-hydraulic
fatigue testing machine. Load wave is a constant amplitude sinusoidal
wave with a frequency of 10Hz with a load ratio of 0.1. The fatigue crack
growth length is automatically measured by a compliance method.

The results are summarized as follows ;

In the process of the fatigue test, the coating layers of all coating
specimens are not exfoliated. In the case of non-heat treatment, the
fatigue crack growth rates of the substrate and coated specimens are
almostly same. The coating existence is no effect in fatigue crack growth.
In the effect of heat treatment, the compliances of substrates and coated
specimens heat-treated are larger than those non-heat treatmed at the
same crack growth rate, because the ductile property increase by
heat-treatment. In low stress intensity factor range(4K <{18MPa - mm"? ),
the crack growth rates of the specimens heat-treated are slightly faster
than those non-heat treated. And the both heated and non-heated one in
4K)> 18MPa - mm"2
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HZ, 343 A9 HHeR A 2 F2Eo ¥z ne, 74 v Fo
BgHor gste 75 @t zdeA Myl R FFo] YAdFHew
f7H ok B3N FHe ZAT2E FSARRE A A2z J2A
o] 7ido] AA3] &FHI A3, AHEFFot =AY AP =FY U
4, Wivt2y, W44 5§ F9387] st FARA Zdd A% e &
AE Foate WyHoezr £A%, =34, CVD(chemical vaper deposition),
PVD(physical vaper deposition) ¢ EW/HA7)&0] 4¢ Bolol FHY3A
ol 8Hx 2 PHE FFAAT ArH1].

EHEAAZIYE T SAPYE 24P Aol {3, FAL AYPAdo] o
gkej, du] FAo] ey, o] FHE H A7) E (functionally grandient)€
g 5 Qe BAL 2 Jdoerng F& A, Fgadg 52 R n
&4 oW ARE SAAR ALY £ A BAY Pl X A
Aokg @A gorn LA o mA o Ryl A A du] R FHo B
98 AHe /AT gerg TR ZWA 480] 7Hed wyoltH23l

2y, SAHAE AR L9 oz BAd d$e] dA4Y 4 U,
aYPAL 7149 BEYAZ A3 ZQGZF 7|AAlele @e AFY R AWy
el g8 71AF HAo AslE + Aon[4-6], B3 nIRN FFHE 7
A R ARRAME, RYFol F WYl 4A AWt} dojd 5 AT
oleld AFAY Aol 48 FAE st 3% (bond coating) F3HEN
2o e Aot FAZI AR e ATt AP Fo|tHI) wrepA A=
9 ZYAE ATk FEAGA o) &37] AHMMe AV N2RIANFSE
=9 Q7171 W5H o tH10].

SAIAZMA AL E S dGE 2AFAA AFHYe dy, WrRkEAY WA
9 B4o] ¢4z F2A R 7IFAZN Bo] o]&FHI on 53 Ed=m
HAZAE @ol AHR-H I UTHIL].

At AZRHAE 714 T2 AR AMEYE FS ¥99Fes H2aFs



WA Hez ey mgAe A4 R £9%7E H48 29I HJ2 54,
B3 g9 d¥d m2"Sd: YA FAE AW FAAH BAd A=
JUEL I Bao] AU 2FH v Y BARME AHY =
YA WEEAd g AFs 42 Y3, 53 FEMdAC HgdEr] g% f=
E4L §YAeg FE® A7t "ol AR ¥ AFelni(12-14].

gats, & A3 ZATFEE @47 S4CE 7] Al (substrate) 2 St B=
Y A(Ni-45%ADY} ESIZRWA o AHEA MF=(TIO) Feh=vt &A=
Hg § ARE /AL YE2TEAFFALE AESLA I 53 449 &
Y 2 2z MY dgE HEFI] A A AEES 400°Ce 800°C €A
g ¥ WEAAYFELG oMo FEHBESEE vd HESAUTT
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21 AgH

¥ Add AgE ZlAE 1A F2E @27 S46C0w 2 58 HEL
Table 19 YEbAE AJHHAL Fig. 16 vield ule} o] ASTM E647-91 9
Ade] EZF CTANERE EH8Qt a®d 24 oBFE AAGL 349
HEAEE A7 A8l 7149 EHE Table 298] U2 E8f2g g AA
st ot

IARHFAE Fet2vl GAFAE ol g on &AHAY 2L Table 302
AN Y AR Table 491 Yebd TiO:9 Ni-45A18 AH&3tR oy
FPARZ At TIOE, B3y AEZ Ni-45%A] 3 48 ALEE9
. 2939 FrAEs 22329 9 100m, AMEEIYLS o 50mE 35ch

ANEgHe Aep=gArr e 9% Fa dAE 2hAd vAE gL =
Abat7] $18te] ofeol] YEbd 12FF 9 A EHEE AFeiA.
283, NP8 AZF dNHLEE 449 Ay s 400T B 800TC oA
1085 #AF F 371 F F& =y

SUB : S45C WA A1gd

SUB400 : SUBAE 400TH A28 AQB(FY)

SUBS0 : SUBAE 800ToIA @A NYU(FY)

SUBSOOF : SUBAM& 800ToIA dxa§ AlguH (=)

BOND : SUBA flo] 2=x9g§ Al¥A

BOND400 : BONDA& 400C1AH @A A HU(FY)

BONDS00 : BONDA& 800CIM @A 2# AQA(TY)

BONDSOOF : BONDA| & 800CNAM dxzd AgH (=)

TOP : SUBA $jdl £=39 % A#9(TiO)ZPE A gd

TOP400 : TOPA& 400TA FAAE APHE(FY)

TOP800 : TOPAE 800TA dA7 % APH(ED)
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TOPSOOF : TOPA& 800CoIA dxed AEA(xY)

Fig. 2 800°ColA A g Q& de d2oM9 $A-AHEMEE Yeld
Zoltt, ALoA TEZEE SUBS BONDAQ H$E 607MPaclZ HEZWA
¥ 588MPa, d4l€& o 27%°l®, BONDBWF$ TOPSWOFY FeA4EE
459MPacl s QAAl&& < 33%°itt. dA e &g o FHF=I A A2l
&2 73k 9l
Fig. 3t &A% 99 AAP A LS Udegdd (e £539 9 S o
Bz (b @28 TWE Jeldd, agde 713 & HAye glo] 43¢
IYAHE e

Fig. 4& N¥@He 24 ZAE7] 5t N2 ¢E97%) 84 A3 (3% E
M)A SUB, SUB400, SUB800, SUBSOOFel ol¥ % z2-& e (a)e
SUBAIZ Hdieto]E ZF o] HelolErtt Wo] vdehtir glck (b)E 400°Col A
A g AMoz SUBARTG #HEolEZL F7lste @4€ & ¢ At (©E
800°CAlM dxa st U AWAH detelE o] AU A Yeda &
ANEE FA% F7hstn ok (d)E 800°CANAM dAYse =WFE ANHo=
HetolE xHo] FHYIL HAdo]lE AR o] Yehn &L & 5 ¢l
o} olg} o] AN L& EA d HelolE AAgTo] PolRERZ oL
oz nFo] BA S46CE A e o8 zo] AP HAE + U}
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Fig. 1 Compact tension specimen(ASTM 647-91)

Table 1 Chemical composition of S45C(wt.%)

C Si Mn P S
0.464 0.246 0.770 0.0154 0.00693
~ 0.470 -~ 0.251 ~ 0.774 ~ 0.0162 | ~ 0.00835
Table 2 Blasting conditions
Air Spraying
Material Powder size
Type pressure | Distance
composition ()
: (kg/a) (mm )
White :
Dry 15~53 5.5 50~ 100
' alumina




Table 3 Spraying conditions

L Plasma gas
condition| powder feed Unit S
(psi) pray
| DC DC
Fiow . distance
eed rate amps | volts
rate ( Ar Ha (mm)
g/min)
Powder (F°/h)
Ti0» 13.5 53 53 15 500 |65—~70|75~100
Ni-4.5wt %Al 13.5 68 53 15 500 (65~70(100~ 175

Table 4 Powder conditions

Condition
Typical size range Melting
Typical composition
(4m) point (°C)
Powder
Aluminum 4.5%
Ni—-4.5%Al 45~-90 660
Nickel balance
Titanium dioxide
Ti0: 888 1920
99% minimum
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Fig. 2 Stress—Strain Curve

ifi,

(a) BOND Coating Surface (b) TOP Coating Suface
Fig. 3 SEM images of coated specimen surface



(a) As-received (b) Heat-treatment
(400°C-air cooling)

(c) 800°C-air cooling (d) 800°C~furnace cooling

B Pearlite [] Ferrite
Fig. 4 Microstructures of S45C steel (magnification 500x)
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221 §AEA

SALA Y A o] AlLREd ETER §AMRAE Fig. 59 HEHARAT Ed&ut
HAL AR = power supply unit(tMRN-240), plasma _si)x_';y control unit(4MC),
powder feeder(9MP), heat exchanger(4ME) ¥ plasma spray gun(3MB-II)%F &
2 7459 Jden, A5 37 FFAteld AZE Fin A7) F4 R
GL7tAE FAANIE ThAE stER Edo 93 BFHT o)LdE doA
eEAGRN BAE LE(%16500T)0 o8 FoAe Mzt S§HEA

AE(600m/min) 2.2 #ALE S 7)Ao AFAIE FX ol

222 A9

YRAPE AT YT A7 H%94 (electrohydraulic servo_pulser) ¥ 2 A]
¥71(EHF-ED10-20L)& AM8-3l3 3, Al§7] R FW7]7]& Fig. 69, A# 8%
FHANAEZ HAT I Fig. 79 GG ASgol|d29] HLF AS
& 13t FHACIAY HELAE 00005FER MYsta AT HAE 2431
. 859 WEAE 500kgflA *10kgfAES 24E 713 + UAEE F944
Ad718 AHg-sk e

H2AgZelE S Yo AF &4 AHSAY Yz vs 5 9
= od A 239y e P Ages 25 iy Bl HEd 9@ 2
AYTol A TH FAYYPe=E FEGIAdLTL 2393H 2 AE(acoustic
emission) ¥ &°] A [15]

Fig. 8¢ FotdnRo) 48 220 FERoA2yol 9 3328 vlmete)
Yetuided Aze 347 g A& Uk gEs B drdMe #93
olg AET}o|ALY AY AFAZANZ A5E Hu st
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H———  WATER
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Fig. 5 Plasma thermal spéry system
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Fig. 6 Fatigue testing machine

Fig. 7 Specimen and
clip gauge
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17.5 - -
17.0 : / :
165 ] / 1
1s.o-. 1
15.5- / —=a— Compliance method -

Crack length(mm)

—— Real measurement

15.0 -

1 ) 1
0.0 2.0x10" 4.0x10' 6.0x10" 8.0x10" 1.0m10"
Cycles

Fig. 8 Relation between real measurement and compliance method

B2 74 473 Add AA CTAEHS =A%e 7HEAFEHE WA
71 915ta] gololR BAFE ol &SR, =P Fo] FIAYFA vAE
FEgE AAGI] A% x=2dGAA 3mm JdulFEE A,

E Age A Rt dF 4 o= yen F34 10Hz, &
dH) R=0.19 AYA}Yoz A=FIYFANYEE FGA. FE4FA)E HE
ghold x| 93] AFAZIANe AL 1 AgEe AEHoA2 2
T o8 Yoz A4

a5 )5 (1

A7]el M at ZEdo], WE A¥HY F, PE 35, VE 353 Aol
o 29|y Ftdl @E oA ALE ¢ AFolA2 WAE
dA/da®l A= 2)4o2 FJE F A

2
58

A7 =] Ag& L FHGRAT K #AE D4% 2o
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A3} Yoz =P
K’= E¢
o 7)o A EX 9 E(Young’'s modulus)e]tt,

3)

(4)

CTNHHE d2 H&d W, B, E7l dAse2 (9L ol 3o
UYo] 7Hg 3.

X %BWW= [ (®)

[OELE

1 _d(BEM\) ]"3
2 dla/W)

22
'BEA= [ %d(a/W) ©)

H
rr

PZ

—;}1‘7= fmd(BE/l) (D

-8 = Cor CLU A CiUR+ G U+ C U C US

W 8)

Ux~~ BT
ﬁ§ﬂ°]?*_¢°“ 2% Fddol= 9 (8), (DA o3 fPAINHL
A+E & Table 594 el A cH16].
dKe ofj9} #& H& 4 + .

2

(9)

__4pP +a _ 2 3 4
AK_W (1-2) (0.886+4.6a -13.32a “+1472a >-56a ™) 103
Table 5 Regression coefficient
Co C C2 Cs Ca Cs
1.0010 -4.6695 18.460 -236.82 12149 -2143.6

~- 14



Im. 23 9 »3&
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Fig. 9 #9o|% WEGod2e BAE ehdth zAAole WS el
Axe] RAS HW WE AWM SUBAISH BONDA 2 TOPAZ N2 2&
F4g wolm oo, ZUols 18mmAA ImmARNE MM Zrhsczt
2 FRE 338 Z/se AL woln Yt
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Compliance{mm/N)
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1.0%x10™ 1
8.0x10°
6.0x10° -
4.0x10° BOND
. ] BONDA400
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Fig. 9 Relationships between compliance and crack length
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Fig. 10& 2€ LEoiM A9d Aedz FIANALE(da/dN)} AF ol
290 #4183 Jegd Ao (a)x ALdA SUB, BOND, TOPME 8l 23 ad
Loty Z7ele 2IYASE7L w$ =EA dedn Q3 05X
10" mm/cycles® 8 TEAASES geixn glvk oz A AlE RFEF AR
a2 ASdoldast FIHFEE 2AFE BAFR Uk (b)E 400°C
A AP AWeR SUBL0, BONDIOAE MZ Hl&stA #dNZEE7}
Z7}ghe W TOPA0AE 2 FIAFSEAA AEeold2rt 2A Yey
T Ak ©F 800°CoA dA ety FYH AW BOND, TOP3002 vl
28 GA4L Holm SUBSHNE Z& TEAALEAAN PEe|d2rt 34 o
B3 3 (E 800°CoIN WXt =@ ARoZ A AW BRI N2
nEA HEGoldas FLAFEET} F7H9E RFa Yok

Fig. 11& Z2 A8 & A7 EHEE do/dNF AEgold29 FAHE e
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Fig. 10 Relationships between crack propagation rate and compliance
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Fig. 11 Relation between fatigue crack propagation rate
and compliance rv e for different specimen
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Fig. 12& & IYAE 4 400TC, 800CAA Azt Fr71FAAM JZ
A 800TAAM dAestd =@ AFEAL FzAYPstq TIH4A4LE
da/dN# =G dHH Y gKehe] #AE =A% ol _

¥4 Fig. 12(a)= SUBAE AT A dAeE A ¥ AgHE v
@ AYd, dAYE A ¥ APHo| dE APHe v FHFUATY
A 4K} 22 49N 2849 % dojvtn A EF SHH{GAFEA, 4
K7} 18MPa - mm'? olate) & SUB800% SUB400OAS] Zd AA&E7 ma
31, 1 o] R ¥ SUBSKWFY #4 4347 M4 Jeuys A¥Hojxn o
A SHHYAF(UKZF7IE BoadFa Qo oRAdAE dXdF =y@
SUBSOFA 7t Aoz Qate FYd Ao vl3eo AAe] ZHaHE o
2 Azgn '
AK>18MPa - mm"?} M Paris H(da/dN=CAK™E H84¥ 5+ U
(1971;Gerberish &, 1982) Table 6& 2A oA AW ARAE 7[Ala 4
sl 93t 484+ Co m@g A9 Fig. 12(b)= BONDAE 94
9 A dAA G AL vEG Rl o)A L Fig. 12(a)9 ¥ &8 %
A& Rolv zk AN 944 WA AA Yelhds AL ZYSo)
e AHfE QA% Aoz AN Fig. 12(c)= TOPAE dA2 3o vl2gd A
o2 o] Fig. 12(b)et FAIE A2 Holz & ®ulohlg, Y Fol 4A
H#HAQA A, A2AYAPAN IR vE)Ho] olgde FAARESEA
2 9%E vAA £33 gz FYPA.



Table 6 The experimental contants C and m of Paris’s
rule[ da/dN=C(4K)™ ]

Experimental
constant m C
Specimen
SUB 3.727680 4.72x10™"
SUB400 3.556085 7.89%107"
SUBS800 3.513281 9.57x10™"
SUBBOOF 3.305209 2.64x10™
BOND 3.311224 1.92x10™
BOND400 3.471547 1.17x10™
BONDS800 3.598475 7.86x10™"
BONDSOOF 3.707631 6.47x 10"
TOP 3.646836 6.15x10"
TOP400 3.657286 489x10™"
TOP800 3.277373 2.22x10™
TOP80OF 3.350336 2.02x10™
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Fig. 12 Relationships between crack propagation rate and stress intensity
factor range
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(a-1) Crackrlength=27.1mm, Stress (a-2) Crack length=30.61mm, Stress
intensity factor=14.9MPa/mm"? intensity factor=19.2MPa/mm"?

(a) 25°C specimen

. vt {0
. S,

(b-1) Crack length=27mm, Stress (b-2) Crack length=33mm, Stress
intensity factor=19.4MPa/mm"? intensity factor=31.1MPa/mm™*

(b) 400°C heat-treament (In air)
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(c-1) Crack length=29.3mm, Stress (c~-2) Crack length=30.3mm, Stress
intensity factor=29.0MPa/mm"? intensity factor=31.35MPa/mm"?

(c) 800°C heat-treament (In air)

cillom il e ek 1

(d-1) Crack length=25.5mm, Stress (d-2) Crack length=285mm, Stress
intensity factor=19.03MPa/mm"? intensity factor=23.22MPa/mm"Y?

(d) 800°C heat-treatment (furnace cooling)

Fig. 14 SEM images of fatigue fracture surface
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{(a) BOND Coating Layer (b) BOND-TQP Coating Layer
Surface (25°C) Surface(25°C)

(a)

(c) BOND Coating Layer Surface (d) BOND-TOP Coating Layer
(400°C-Air Cooling) Surface(400°C-Air Cooling)

(b)
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(e) BOND Coating Layer Surface (f) BOND-TOP Coating Layer
(800°C-Air Cooling) Surface (800°C Air Cooling)

(c)
Fig. 15 Coating Layer Surface
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