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Abstract

The purpose of this study is to investigate the strength and wear
characteristics of S45C carbon steel with thermal sprayed coating layers of
under coating(Ni-4.5%Al) and top coating(Ti0O2).

The first work investigated the effect of spraving condition on the
mechanical properties of coating layer. Ni-4.5%Al powder and TiO2 ceramic
powder were sprayed on the S45C carbon steel substrate under the various
spraying distance. And the heat treatment of sprayed specimens was carred
out In vacuum 10° torr. Treatment temperatures were 800°C and 1000TC.
Holding time was 15 minutes at each treated temperature. The mechanical
properties such as microhardness, adhesive strength, coating density, porosity
and tensile strength were tested under the various spraying and heat treatment
conditions above mentioned.

The microhardness of Ni-4.5%Al coating layer was superlative at spraying
distance of 150mm and the adhesive strength and the coating density at
spraying distance of 100mm. Regarding heat treatment temperature, Ni-4.5%Al
coating layer was superlative at 800°C and TiO. ceramic coating laver at 100
0°C. The tensile strength of the ceramic coated steel depended mainly on the
strength of substrate.

The second work was to develop a numerical method for analyzing the
transient heat transfer and evaluating the residual stress. The analvsis of heat
transfer and thermal stress by three-dimensional finite element method. In
order to improve the mechanical properties of thermal sprayed ceramic coating

layer, the accurate and effective analysis of heat transfer and thermal stress
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was essentially required.

The third work was to investigate the fatigue strength of TiO: ceramic
coated steel in air and in 3% NaCl solution.

Fatigue strength of TiO: ceramic coated steel in the air was larger than that
of the substrate due to blasting and constraint surface of plastic deformation
effect. The corrosion fatigue strength of the ceramic coated steel was larger
than that of substrate in a low stress region and will be increased if the
adhesive strength of coating layer is improved. In corrosion fatigue process,
corrosion pits were initiated at the interface between the under coating laver
and the substrate. Subsequently, cracks were initiated from pits and grew into
the substrate.

The last work was to investigate the wear behaviors of a TiO. ceramic
coated steel. The types of friction were dry sliding contact and lubricating
sliding contact. The wear characteristics were experimentally studied using the
wear testing machine of pin-on-disk type. This new manufactured wear
testing machine of pin-on-disk type not only can dispose all the data through
computer but test the ball-on-disk type and experiment under the lubrication
environment or erosion environment.

The mean value of friction coefficient of S45C material was 0.39 to 0.57 in
the air and 0.14 to 0.19 in the lubricating oil. That of ceramic coated steel was
035 to 049 in the air and 032 to 042 in the lubricating oil. The friction
coefficient was decreased according to the increase of the load. The friction
coefficient of heat treatment specimens was lower than that of as-sprayed
specimens in the air. Also, in the case of heat treatment specimens, wear
resistance was more improved in the air than in the lubrication environment.

The wear amount was also increased in proportion to the load. In the
beginning, the wear amount was remarkably increased, but as time goes by, it

kept somewhat even. And the wear amount was remarkably decreased in the
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air as well as in the lubrication environment. The wear amount of TiO:
material was much less than that of S45C material.

Specific wear rate of S45C material was 10’ to 10 % and that of ceramic
coated steel was 10° to 108 The main wear mechanism was found to be the

abrasive and the adhesive wear, and they occurred in the mixed state.
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3" Heat exchanger

4 Plasma control unit
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Table -1 Chemical composition of S45C (wt.%)

C Si Mn P S Cu Ni Cr
0.45 0.21 0.75 | 0.026 | 0.013 | 0.01 0.02 0.13
Table -2 Blasting conditions

Spraying

: Powder Pressure )

Type Material : distance

size(um) (atm)
(nm)

White -

Dry ] 15~53 5.5 50~100

Alumina

A9k ol A AE whA APl thahe] Ni-4.5%Al

im We)el FAZ R=3%(bond coating) SHATH

» 29e TIO, Mete 22g ol 83
mol geh AR e 5FF9
SRR

9 Ax e

Abel o A AT o=

TUC, TUCHZ AHstx & A

ko
o

20% E<t FAET =Pde A
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UC : BS#jel

B I8 (Ni-

45%ADE AFH

UCH : UCAHIE |A=& Add
TUC : UCH Algt2l 28 (TiO)d Ad4
TUCH : TUCAHE EAMed Add

39 @ ZTgzol 84} 2P3E Table O-39 Yet@om, dx2] =12 Table
-4 YepATH
Fig. T-3(@)% (b)E g &4 2 Zep=ot A YA oS JeRit
Table I-3 Spraying conditions
(a) Flame spraying
bond Gas pressure Gas flow Spraying
owder
Coating | Materials | . () (ke/ ) (ke/cu) distance
stzeldm Oxy . Ace. Oxy. Ace. (mm)
Bond Ni-4 .5%A1 45~90 NG 1.0 1.64 1.91 100~ 150
] Ti02
Ceramic 10~53 | 2.07 1.03 | 2.35 2.35 70
(99%°] %)
(b) Plasma spraying
Arc current | Arc voltage |Ar gas pressure H» gas Spraying

(A) (V) (atm) pressure (atm) |distance (mm)
500A 65 6.8 3.4 70
Table I1-4 Heat treatment conditions
Vacuum Heating rate . Holding time
. Temperature (C) )
(torr) (C/min) (min)
1.0x107 20

44 i 800, 1000
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(A) Flame sprayed materials



top coating

Y layer
A y

bond coat ing

layer

substrate

top coating

layer

bond coating

layer

y
—

substrate

(b) TUCH (800%C)

(B) Plasma spraying materials

Fig. 1-3 The microstructures of coating layer.
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7EE = AATE (%) x 100 (2)
4) AFFE AY

i

UTM(Zwick, Co)ol 98 Z22d= £% 10m/mine.& AT 4= NEs 8
st o}
ol Alglo] Alg® Al@He HA AFE Fig. O-4(b)ell “eEbdHTh

Coating film Adhesive bond

N

20 20
] ]

(a) Test specimen of adhesive strength

R15 Coating part
\
~
| 105 50 L 105 <2

(b) The test specimens of tensile strength

Fig. II-4 The shapes and dimensions of test specimens(unitimm).
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AEYs oLl Uiito] itz o @Ayl W (Strain) U4 7F Af A ] R A
uhaghis BRA g (Blastic wave)® B ¥ CH42), AR 441 nua)qlaL g2
olo g i Wi-o AEZ sfaiato] Al uleAle] delel ool uj At
AR AR wo) AEE gerehiz Axloluh43] ¥ HFel AREE FA7IL
PAC. ADESP-32/16011, o] o] 83ko] amplitude. count, hit, energvit 43 %
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Fig. M-5& AE% 4 &9 7l =5 vheRTE

Signal Detection and
measurement
>el:ctronics
Preamplifier
Applied Applied
- stress Acoustic emission | Stress
j_ stress wave I

Fig. 1-5 Basic principle of the acoustic emission method.
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Fig. -6 The variation of micro hardness.
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Table II-5 Variation of micro hardness by heat treatment

Spraying Microhardness
Specimens distance (Hv)
(mm) As-sprayed 800(C) 1000(C)
BS 260 290 280
uc 150 261 363 327
TUC F 70 768 912 999
e | P | 70 736 760 868

F : Flame sprayed, P : Plasma spraved

1000+ | [0 As-sprayed A 7
O Heattreated (8007C) @)
800 /\ Heat treated (1000C) A
: SR
a
® 600 | -
C
2
2
S 400 |- -
8 N
=
Al O
200 4
0 L 1 1 1
BS uc TUC TUC
(Flame) (Plasma)

Fig. I-7 The variation of microhardness according to

heat treatment temperature.
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Fig. I-8 The adhesive strength.
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Spraying distance (mm)

Fig. I-9 The variation of coating density and porosity

according to spraying distance.
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Qe zF g9 A& EAS Fig. M-10¥ Table 1160 vhepyic) Table
O-6o4 T3 e = 7179 g4 o Ak gholt) Fig. I1-5¢9F Table

M-6o4 2w, dAelg & &= UCHeE TUCAS 1dde, &xdn 9 <l

I

Al g0 BS A9} Ao H]Z=dhul

A2l S 8 UCHAS TUCHH= BS#H, UCH @ TUCH®L dw7F Hst

5ge oslze ola) BRFE va Fhsgiod, 2uEe

Table II-6 Mechanical properties of sprayed specimens

Tensile . ’ )
] Yield strength| Elongation
Specimens strength |
oy (M) | 5 (%)
o (MPa) 1
BS 760 675 i 12.1
|
uc 722(763) 677(710) | 8.3
UCH 691(706) 187(496) 23.7
TUC 710(746) 667(701) | 12.2
TUCH 669(704) 485(509) | 24.1
|




1000, T T T T T T T v

Stress (MPa)

i " 1 1 " 1

0 5 10 15 20 25
Strain (%)

Fig. I-10 Tensile characteristics of test specimens.

Tensile direction

Fig. 1-11 The surface cracks of TUC specimen under tensile test.

_‘26_



42 AE %4
Fig. 11-12, 13, 143= TUCA S TUCHA:: &A%+ 3 wie] AE amplitude,
energy, event £ stress-strain A%k F 3 ste] vehiich o} 7] A amplitudes -
threshold® 45dB ©|32 A &te] threshold gk o] Azwt LEbL e 3 sheivh
Fig. T-12(), (b 2 13(a), (g A4 Agl Al elgdn]d W Hek s &

@ shalabel pA AT WL RAstel Wl @ A@ shgel A 55dB

H

o5} 2] amplitude® 7}A event7h 743 wol w35}

AE event B4 O 813 o Zvlof wal TUCHS 453 WEH 5009 8% 1F

s -tibol 4, T1elan TUCHAS 2% #ag 3% 28dM AE event’h i 23t

A Zrtskel 1oghel 97dBell Edbal

waksl 225 7 bond coating @ top coatingZ Abole] AWM F3Ib wrevh

ekl o] &7 vl MEFO) Frkek @A Frhshith
I % AE eventi® FZA8HA aste] 80dB °latel H|

gsteich wagel F7kel wheh 23wl WAE AF

k. olW AgB F Y gl o3

B

gt sl event7t Bt

.)L)'
I
|o

qoz ot old top
coatingZ el Y¥7 BezowuE mdoly Yzt ARk 1213 WEE ]

Z

ik

u}

Ol
-

525000 AAEFol AR FAEE FelME AE event E el
A} oA RIola] £a} 3o Fdo] wAsie W
5 NAE Zvtestmg AEANETE §A48] Fadse o

Azste] gagure A3 g2tEct TUCAE, o F2HolA AE event7t i

o

ot
i}
1o

1o

r\l
o

‘i

N3

5 Z7bstm A EW W Ee Z7Hs} top coatingF ¥ bond coating S A}ol 2]
2l @ 71419} bond coatingZ Abele] wrgl7h =tk TUCHH 9 A=
o]

L.
au

2 1o| w7} top coatingZ ol A9t dojubil bond coatingZ ¢} Mrel A %)

Woezy o WEdel ded @ 4 A

i

Fig. T1-13%} Fig. 1-143 AE event % energy 543< LFERATE C19ol vhERYE mb
o} Z+o] TUC, TUCHA S WE o] o 5%% dFsto] %2 energyve 7}A Eventiio]

78 27489 ¢ & ok o FReIA BE AE energy7t HHE Azt nas it
X

Aoz AWML P o] FNE Yol Mol A% Fhel

A

WA energy’t T38| astEdl, o] AlHelA utel7h ghEEl Aow A 7rEl v

A

_27,



J JBOOOO
90 -
% - .| 60000 ~
v ] i Z
= =
E 70+ g
i -1 40000 2
E -4
< 60
- 20000
50 4
40 Y v T v T v T v Y v T ey 0
0 5 10 15 20 25 30
Strain (%)
(a) TUC
100
%—
s ¥
3 1 —
3 704 <
= J E
o8 S
E —
< 60
504
4 v T v 0

0 5 o 15 2 25 30 3
Strain (%)

(b) TUCH
Fig. O-12 Relation between stress-strain diagram and
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Table IM-1 Physical properties of materials used for heat transfer analysis

. Specific heat Density Thermal cond.
Materials
ClJ/kg - K] o [kg/m'’] k[W/m - K]
Substrate (S45C) 470 7800 42
Coating material
. 1050 3800 3
(Ti02)

Table -2 Mechanical properties of materials used for thermal stress analysis

Materials

Young's modulus

Poisson's ratio v

Thermal expansion

E [Gha) coef. a[10°/K]

Substrate (S45C) 210 0.28 12.0
Coating material

) 15 0.25 7.5

(Ti02)
z
- X
.
0.4mn

Y-symmentary axis

Fig. -1
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(ceramic coating layer)
6op
(substrate)

Finite element model used for thermal stress analysis.
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Fig. M-2 Variation of substrate temperature and coating thickness

during spraying procedure.
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Temperature (C)
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Fig. IM-3 Variation of substrate temperature during
cooling procedure.
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(b) Stress distribution in the bottom layer of coating
Fig. -4 Residual stress distribution of ceramic coating in

the direction of X-axis.
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(a) View of X-Y-Z axis (unit: meter)
(Z-displacement is multiplied by 3,000)

(c) View of Y-Z axis
Fig. M-5 Deformed configuration by thermal stress.
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agae) N2EY PhE Bz s U7l £ 3% NaCl £89 FolA 3l
A FY A2ZAYS Boke] Ay vBel wE Hugre dFA4D setayl
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2 (Ni-45%AD 3 A2 (TiO2) ¥2g &4kl o &Alste] 8 FA
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AL 2 E 5Ys

S : 7)A ) Blasting 2l A1g#
UC : BSAlol 2= FH(Ni-45%A)E AP H
UCH : UCA & 442(800C)3 A&#
TUC : UCA el Algtel Z'(TiO)d AldHA
TUCH : TUCAE Ex(800C)s A¥HA

R 20 8

\L
A
/ 7

40 50 40

10

\\L‘Q\

Fig. V-1 The shape and dimension of test specimen{mm).
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Fig. IV-2 The rotary bending fatigue testing machine.
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Fig. V-3 S-N curve of fatigue test in air.
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Fig. V-4 S-N curve of fatigue test in 3% NaCl solution.

A52_



800

T T T r
700 | a ss .
—_ O uc |
& 600 | A Gm A ucH .
b= B 8Scorr.
© 500 + A @0 ® 4
o AO D UCcorr.
,3 400 ‘A O O A UCHcorr. i
3 AV O ]
& 300 | [N Q .
2 A ~
® 200 ue T
6 L 4
100 | 4
0 i Ak 1 dded b, 1 1
104 108 106 107 108
Number of cycles to failure (Nf)
(a) Inclusion of coating layer
800 - T i
700 | Il BScorr.
. @) @ UcCcorr.
& 600} o4 € UCHcorr.
= O ss |
o 500 F .@ O uc .
° 0 O ucH |
2 400 | @ i
5 8
g [ 4
© 300 | .
» * .
‘é’: 200 | o §
n
100 | B
0 aal ' A b 1 1
104 105 106 107 108

Fig. IV-b

Number of cycles to failure (Nf)

(b) Exception of coating layer
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Fig. IV-7 Photograph of cross section in air

(6, =400Ma, N¢=1.1%10%vycles).

(a) Occurrence of corrosion pits
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(c) Fracture by growth of cracks

Fig. V-8 Fractograph for TUC specimen in 3% NaCl solution
(0, =400W2, Ny=2.5x10%vycles).
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Friction

Load
od Force

Load Cell_1 Load Cell_2

A/D Conversion

Personal Computer

- Computation of Friction Coefficient
- Sliding Distance
- Friction Force

Monitor Printer

Fig. V-1 Flow diagram of friction test machine.
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@ Pressure handle @ Load cell @ Spring

@ Load cell ® Torque arm ® Torque arm holder
@ Pressure rod Pressure ring © Thrust bearing

@@ Stator (pin) @ Rotor(specimen) @ Table

@ Belt pulley @ Motor @ Strain amplifier

@® A/D converter @ PC @® Printer

Fig. V-2 Block diagram of friction testing machine.
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Table V-1 The chemical composition and mechanical properties of specimens

(a) Chemical composition(wt.%)

Materials C Si Mn p Ni Cr ~ Cu Fe

545C 0.45 0.21 0.75 1 0.026 | 0.02 0.13 0.01 | Bal.

STB IT 10.95-1.1010.15-0.35} 0.5 | 0.25 | 0.25 |1.3-1.60 0.25 | Bal.




(b) Mechanical properties

e Young's
. oy Specific
Materials | o7y o (MPa) 6 (%) v gravity(g/ar) modulus
(GPa)
S545C 675 760 12.1 - - -
STBII - 1568-1960 - 0.3 7.77 208
— &
~
= % 4 - M0 —7
| AR
2 ' =
SIS %
-’-5
vz 1
.
(Rotor) (Stator)

Fig. V-3 The shape and dimension of specimen(unit: mm).
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soaglel o] mhA | Ao g TRl el (459 50 gd e 8
ANF)MA Ao shES ki A vyl b @Al pin on disk¥ O i
21t 71]t shel A gl al Al skslh

2% 242 Table V-2ol vhebdl wheh gre] Shg Z ¢l 100N, 200N, 300N°]
B v)zel ZHE(v)is 0.1830 m/si A A ASHA skedar vk AelL)is 1350 m,
A3l AIREE 241k 2 A Gl

N3 o 800°TC, 10009 X s &gk A3 W] thate] Al AFe A
Zovbd g W @ deolth gBe 7 Awd Yol WY + A £

Tor

M E A stel &8 Fol Ak AFHo]l LA YA E oM Fd¥
A28 z71& Table V-3l vhepdict

S8 APl SG, SAE 10W/402.2 ¢de) 218 Algada, wf dgnict &

B3 WS D, A el HES wEdo

Table V-2 Experimental conditions

Applied load Sliding Sliding Envi ) Test temp.
) ‘ nvironmen N
(N) distance(m) | speed(ms) (T)
) . . . room
100, 200, 300 1350 0.183 ‘in air, in oil
; temperature

Table V-3 Heat treatment conditions

Vacuum Heat ing rate Temperature [ Holding time
(torr) (C/min) (C) i (min)
1.0x107 4 800, 1000 20
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Ha w2 oa = rolg 3, a9 wEY S

f=FX R/r

o] A7 AYE=d F,r ¥ RS ojn &3 o= 7}
el vbRA S E g A osiA AARE &
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o} 7]o A} W& 7§t stEolth

f
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Fig. V-4 Calibration of friction force.
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A7, BAE detm s dzA F g gel o8 00wt 531 oy
ZAs0 Z2AXNE Hitslo] vpHegor AAs)

v]ob 2k (Specific wear rate, WS)< UF&- 3 22 2lof o] s Al ik olv)
Ws = W/(L - S)(g/Nm)

o714 W vpd & (g), L& #23% (N), S+ 128 A2l(Sliding distance) &

Lheb T 35].

P, = uLV (Nm/sec)

A7NM pie nhR7ISold, LS S4eF, Vi o BEEE Yehdr

A8 & A8 Az @9 F(SEM)S.E vhd He #EsAn

4. 4% 4% 2 n%F

4.1 opEA o A5

200N 300Ne] 23815 7hsto] S45CA 2 Zad fAMA, Zepzvl &AL
(As-sprayed), Zet=ot &} G2 A (800TC, 1000C)o wthsted di7] F3 ¥
ZolA vtEAE S YIS A stF - vhEE W oupAA o] WEE Fig 5,
Fig. V-6, Fig. V-7(A), (B), (O (a), (b), (c), (Aol ERATE 2zt 18leflA 4
o] Mo] RalslEe WaE YehlE Moli, FIHME vpEEolny sihido] vhA
T& YehlE Molth

Fig. V-5% S45CA9} vpaAls 9 vpgele] wigts vehd Tefou}
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Fig. V-5 The friction coefficient as a function of load(S45C).
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V-6 The friction coefficient as a function of load(flame spraying).
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Friction coefficient

Fig. V-8 Friction coefficient of flame coating specimens.
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Fig. V-9 Friction coefficient of plasma coating specimens.
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Friction power (N m/s)

Fig. V-16 The friction power.
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Fig. V-17 The variation of friction power.
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Fig. V-18 The friction power.
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fa) 100N, in air (b) 200N, in air

virgin surface
100sm -

(c) 100N, in oil (d) 200N, in oil

Fig. V-19 Wear surface of S45C specimens.
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(b) 200N, in oil

(c) 300N, in air (d) 300N, in oil

Fig. V-20 Wear surface of as-sprayed specimens.



(a) 200N, in air (b) 300N, in oil

Fig. V-2 2ar surfaces of 1000C heat treated specimens.
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