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for Applications in Extreme Operating Conditions

AT7]
gF e} T



H#er71eA HH A}

B RINE "Aggx JAd849 FH2TA
ol /ulg AU ES A (Hete 39)” A1g99 38 E HIA (H
ZRIM)E A&,

(TribologyS+4 AdA+4H)
ALY &4 (Tribologyd+4A A+
%5 (Tribologyd 14 |+49)
fA5d7H dde (2L 2uT)
T4 (Tribologyd+4 ¥S5A+14)
A3d (zd g qgtn)
<5 (st ofshEA)

W






NALLe 49 o 80% olAre] 7lALAe ©im

= wF, AHgARe urted AL S 51,
ZAAY W ALAHLH AHAAM T F A = ?174]3’_ Rew ¢
3 FRzdstdMe strE slA9 36 d% A¥HD 9L
NAA HER FT2AsAA Y 1AL WntRA it died
77 AAZF A Folg, Tdel Fo1%A PSZ(Partially
Stabilized Zirconia) 59 AME7} fxEo] g4 v 99 d
e 9 4 & ol BAE] AFs B4 oz ME A=
Aot S o] &3 A/ I BHE o &3] AFA}, Auty @
Aol 7], A BN d¥ a4d HAEH3 o 23y
dd/Ad G gaiME d=FE ATA A0l YA T FA /)
g3 g UntRdel FAlel 27HE ¥4 F, AV AAY Y
Holu 2E P3h 2 BRI dd/gy EXGA driz
Hol 27E 3 ik, ole] =gdhe BiAS) 23wl FE b3
gAzzdel 3 M3 9 ALEHR e 2r0,-8%Y,0,01 U ¥

b otEEN S TYTAE VLT stol FEF} FREFFT),

e,
(.
i)
lo
!
N

?i

2



57129 W3te] di3 3o HHIAYFAE Tt 2
Ay ZrO,-8%Y,0,= A48 o|&H = 4F =23 olFe| 3
HEA 23Ae HFEX G4 S AAE o8 A18715T AE2F
Yol el Ui B} H=E3E 771 a3,
mEtA £ 3Ad o= A4F FEUF I A=2IAYotRY S ALE
3t HAEF AP AdAdgo|vzg oz HF 2HS F3H
5ho] sl AEF /Aoy 199 F

ITL S70de] U8 9 He
¥ AEP /AU gloly] nlaAy S Ytk AlE
o] old Z5 J1ed ¥ AALRI FA E9718teAM 9 A E

é‘é

Sl & 2ol v| sl ARt J(dry contact) A

A 2 23 § Q39 s2FEF/AAN oA RS vt
23S v &, 7R ulR R did A A48 vfrxd
F3 vl A FES BAo gEio zAs} '6“3]]2]

4% oAl HEAES A, PHAE BAHAT

Mo
J
ME,
of,
L
1l

3
i’i F

g AEZ/AAreelds ¢d 2 gt Yote 54 F4L 9
s Hxe Zaznad 2§ 787 99 AEFY PSZH
7r0,-ALOE TA el SAIZE S Beo|Es} T2z el AA| 3

of ZolE-tj23a & vlRA ¥ (disc-on-plate wear test) =



AP zAL Addgolrle &5 & uds T EATY 2%
g 200°CR 233 er giafe FHEFFESE HATE LEF
71 20Hzol 3% 80N, ZBE53 < FAvIZ A (steady-
state wear) el £Z3t= TA9l 1080003 (903 A )T dtol Al
a3y FHoE/AMEY Y 23, Agay EHE/Crx
T U3 FHEHNEQCIE A3ddeely A)/AAUET =
T Crkg Y239 AMJA| 3o dia] AAlsI3T,

o9 ulRI|FE FF3I] fd FE¥Ev|FP, FARAERF
(SEM), F3#3A80Z (TEM) X4A3A7] (XRD), "lAZE=7],
ERZESHIIE AHEEIH.

IV. Q370de] 23 g 8o s 7

1. 28359 728 vAZF = vtRe vz

2. XRDs} TEME ©]£3 ulEdAE Aty 24 HF 3 AH

BE7t FAHAH.

3. HXEF/ABUYZolYe FHELEY £ A FEF AP

alumina-zirconia®t 8%yttria-zirconia®l™ 53] alumina-
o

zirconia¥® =& UvlrA T oL UdEA® vj 2wk

O
Lol
§



5. E8t&vt AT Y SE zirconia M99 F¥ w2 I|77} 3
=i,

8. IR & 3% 9 Zxo] Hkal 3}

9. ¢FAQ IYY FF 101 e JEF A FAAH
A vt2&& Yepdt



SUMMARY

I. Tatle

A Study on the Tribological Behaviours of
Ceramic Coatings for Applications in Extreme

Operating Conditions ( 3rd year )

IT. Objects and significance

As an approach to develope adiabatic engines,
application of bulk ceramics have been carried out for
the Improvement in performance and durability of
internal combustion engines. However, it 1s conceivable
to say that direct application of bulk ceramics to
engine components reveals 1its limitation due to the
intrinsic inferiority in fracture toughness, brittleness
and machinability to conventional metallic materials.

An alternative approach of utilizing ceramics may
therefore be the application in terms of coatings and in

fact various vacuum coating and thermal spray coating



techniques have been developed and in particular
thermal spray coating technique has been widely
employed for thermal barrier coatings(TBC) and wear
resistant coatings.

Ceramilc materials applied as thermal barrier
coatings(TBC) have been actively studied and developed
since 1970s. To be effective TBCs, materials need to
possess not only good thermal insulation and resistance
to thermal shock but also exhibit resistant to
particulate erosion and corrosion.

Among the TBCs partially stabilized zirconia-
based coatings have been used in engines and gas
turbines. In order to sustain stability at high
temperature by suppressing the transformation, yttria
stabilized zirconia <can be used. Taking 1nto
consideration its good thermal properties and high wear
resistance, proved by the results of the 2nd year of
this project, the PSZ may be applied to the cylinder
liner.

However, more 1intensified 1nvestigation with
regard to various zirconia contalned coatings 1s
necessary to find out if there i1s any more appropriate

coatings for cylinder liner/piston ring application.



Therefore, a series of experiments and related analyses
were carried out to assess tribological behaviours of
various zirconia contained coatings under dry contact

condition in a reciprocating motion at temperature of

200 °C.

ITI. Contents and scope

Although technologies related to ceramic coatings
are partly employed 1in industries their broad
application is not at hand. It i1s mainly due to the
insufficient knowledge on tribological characteristics of
coatings concerned. Furthermore, in case of PSZ
emphasize has only been placed to 1ts thermal
toughness property and a study on i1ts wear
characteristics 1s 1n an absolutely poor stage.

Therefore, the study of wear characteristics of
PSZ and zirconia-alumina layer coated on the cast 1ron
plates and steel discs by plasma spray method was
made to enable 1ts probable application to mechanical
elements 1n engines taking into consideration its high

thermal stability and thermal insulation property.



Experimental 1nvestigation was performed under
the condition of dry contact 1n a reciprbcatihg motion
and the temperature of 200 ©C which reflects the
actual engine operating condition. Parameters
investigated were variation of friction pairs from self
mated ceramic coatings to cast 1ron plate rubbed
agalnst ceramic coated disc.

In order to identify the wear mechanism, XRD
(X-ray diffraction), SEM (Scanning Electron
Micriscope), TEM (Transmission Electron Microscope),

optical micrograph, micro-hardness tester, and

roughness tester were used.

IV. Results and suggestion

1. The influence of microhardness and structure on
wear was ldentified.

2. Plastic deformation and phase transformation were
effectively analyzed by XRD and TEM.

3. Alumina-zirconia and 8%yttria-zirconia were found
to be most appropriate for application to the
cylinder liner/piston ring and, especially, alumina-

zirconla exhibited high wear-resistance and heat-
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resistance also showed good friction characteristics.

5. Wear mechanism of plasma sprayed zirconia
contained ceramic coatings was identif‘ied.

6. Wear rate was 1nversely proportional to the
microhardness.

7. Steady-state wear was achieved after around 100000

cycles of oscillating for all stable coatings.

As this study is pioneering in field of plasma
spray in Korea, 1t 1s expected that the results of this
study will contribute to technologies related to the
improvement.of endurance in general machine elements
and to develope anti-wear coating technology. Although
this study was. basically aimed to apply to internal
combustion diesel engines, a direct apply to gasoline
engines and natural fueled engines which will be
actively developed and commercially used 1n near
future. Also from stand point of ‘current strong
national drive in developing new materials this study
will contribute to the development of anti-wear
coatings as advanced tribological materials.

It 1s definitely required to obtain financial

~assistance from both government and associated
11



industries for further research. Joint-research and

development with engine Industries will be the best

solution for effective extension of this study.

In view of national policies such as energy saving
and environmental conservation, an extension of this
study and direct application to the development of

adiabatic engines are urgently needed.

12



CONTENTS

Chapter 1. Introduction

Chapter 2. Preparation of Specimens

by Plasma Spraying

Section 1. Substrate materials

Section 2. Plasma spraying

Chapter 3. Analysis and Evaluation of Plasma

Sprayed Ceramic Coating Layers

Section 1. Introduction

Section 2. Methods for analysis

1. Fractography

2. Micro-hardness evaluation

3. XRD(X-ray diffraction) analysis

4. TEM analysis

Section 3. Results and discussion
1. Morphologies observed by fractography

2. Mechanical characteristics of coating

layers

3. Analyses by XRD and TEM

13

17

22
22
24

29
29
30
30
31
31

32
34

34

40
40



Chapter 4. Friction and Wear Characteristics 56

Section 1. Experimental test programme 56
1. Friction and wear test machine 56
2. Wear test conditions 58
Section 2. Wear test results. 00

Section 3. Evaluation of friction and

wear characteristics 71
Chapter 5. Conclusions. 96
References 100
Appendix 104

14



A 1%
Al 2 %
Al 1A
Al 2 A

3.
4.

A 3 A
1.

2.
3.

Al 4 %
Al 1A
1.

M2

Ze}=olgAl o] o Zr0, 2% AlBAZ

BAAES] Fy
=) Pt A
Et2ulgAL IR FY S &4 4+
AME
195 5% ¥4
Fractography ol &g I¥ & #3z

Agy nARE

X-ray diffractione] &3 1€ 3
AAERHA0F (TEM) S 93 3%

FAZA3 W 33l

Fractographyel 98 ZrO, 39%

morphology ZA}
1%z 71A3 54

XRD @ AAEH}PE o] 948 285 24

obg vhE E4%)
oh ok Al%

PhEAIY X

15

17
22
22
24

29
29
30
30
31
31
32
34

34
40
4(0)

50
006
56



58
60

71

96

R

A 5%

100

104

16



A1 F M E

At F|AF QoiM A LLe] £ o 80% °lA
29 vhee] 71982 k. wekA Wetede) F4L 7]
ZA% 9 ARAFH oA 1 FeAol HE AA

2
Al

ol
44

ol

N

)
_?_E
9
R
o
=
g
Lol

oX,
(lo
N,
3
lo
-1
0%,
2
i)
2]
i)

ol2) g APelA Matex Az Bgol FA T Az
ot bulk ceramics®] AF 8ol JlgH R oA Azt
P2 Mags ggate Mg 228 5 Y} BA
23 J1AR, 2gd AANS 248 AaAe Al ¥s

(1) PECVD® el 9|8 TiN 2%
(2)PVD® el 9% TiN ¥
(3) 2B F9 EA=A}
(4) 2% %9 o1& vtR vAYE 13 _

1A 9] Q7 AT &stA J|A G5 FHo A gl
At 220 IR Z$7t v|n@olR (sliding wear) ol ti$ A
Fgol & Aoz yeta glen ojg yrtrEE FHA7 &4

17



ol IYFo EAo] Tribology3d L

2
8tal, 127l fsliMe ZEHHY A AFs 7o = &

Az o] LA 99 eIy HT
2 AEHeCH ¥ wdr E8=vt §AIET (plasma spray
coating) ol TE A1FE A7} RZREY gWEgly] Yo o
Trigke] HMFo] Byttt weta] FepEuhEAle] 9%k Mgty

r2.
4
o
B

p

228 3IA% TolAM FE FFE St=H23 E=golE, eI

L

N
ol
L,
30,
+
L,
ol
L2
ﬂ)i
off!
N
=2
o
olo
oo
ol
re
>
\lad
H
oM
_\-._.l_,
B
r
glé

18



M g 2g3es, AAYI s, "dE§olX(valve face), ¥i7]3&
I Zo] yd, yRAL S BXE T AW dF FHEHA
Rew(2,3)] FAEEE - FEIFHAEZ3IYol(partially
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yttria zirconia, 7%weight yttria zirconia)& A}&3}o v
= YETAAM At 9 AFAe to]Adiie] dEdMUS FLE
283 A dEEFV (<A 30%: E#H/Ford Motor) (4), €
g3 (5~17%: Lawrencr Berkeley Lab9l H.3)(5,6), &9
4 (10%:Toyoda Motor)©] °o]Foj3 ZAME 7 RIET e
W(4) AT AA7t2g APE AL 77 AL FolH &
e AEE AaA L2 vt APS Materialsell A
Ford V-8 1319 HAESIHe] 39 L 3 A3 28, £239
43 AmAefe] sMsEitis AR HeAR2H(3) AS A3e
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= A0 g A AAT gdd/WEg @A detes
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dale 2o Ry e AdEQ. AFRrr) BE 7)15FAA o
A (cylinder liner/piston ring)ele] &80 293 AL Tex
g o223 g RolAe UI/Hdrs, FEAY YntnA, Y
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21



Al 1A BARTL &4

1. 2AAAY Fy

Al 2R =9 FUT Al B A E ARSI BE AT 3
He Zoy £ dFdAE ZAZEA 4y dojd /714 ze] A
Arjetolus} ZeAEQ FYE Ee0E (plate) T AFEHRL
23 (disc) o 79 SUM24LE AHg3tgich o] 59 3ata x4 e
Table 13 2t}

Table 1. Chemical composition of substrate materials

Plate -- FC 25 cast iron
Si Mh P S Cr Cu B Fe

3.16 235 0.66 0.21

Chem. comp.| C
wt %

0.083 0.19 0.25 0.065 bal

Disc -- SUM24L

Chem. comp.| C Mn P S Pb Fe
wt % 0.15 0.80~1.15 0.04~0.09 0.26~0.35 0.10~0.35 bal
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Fig. 1. Test specimens : (a)disc (b) plate
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sto} QolR AlME gl A7AA =9 WA PR E A8 BHA
g we dAlAolE Seol BB

A 2 A EgtEvl I

ZrQ, T+ +'24E Table 20 YepRd uvie}l Zo] AmdryAl
% MetcoAle] ZHFEES AFE3IAT. ZoA A, B3, 43
2}2} Eef2RubEAL U] E ALE3E dFAst HAE st Al gt
NIYSH a55EA Al¥e ARAEE TN utEAIEA] A
st S8 UIAA BEAs} A2t i Fe ARAEE FA
AA & H2erR 3l 7§ METCO 443NS(Ni-Cr-Al
composite), MY F$+ METCO 461FZ(Ni-Cr-Al-Co-Y

composite) & EEIT A AHERAT.

RAAAE HArGolr 2SoAM2 S st AR
AL A AntHe Aol EARA D §718, 22 =PAE 9
3 XY WAAE AAGN e Aty I¥ S EAe JAD

Z7FA1717]1 9@ Wete 2"} e 2T (grit blasting) Aol ¢
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Table 2. Powder composition of various zirconia coatings.

!

Designation coating - r T ——
Zr(y Y203 Al203 | TiOz | HfOp | 5102 | CaD

] T ) T l T I 3 i !
TB 92%-8% Zirconia-Yttrial 92.0 8.0

t\thO}*}', ﬂ'a | ] i : !
f | 1 | I S |
Al Alumina - Zirconia 25.8 71.5 2.5 :
3
MetcoArl, 3l I
- F | L !
I
| 118 100% Zirconia | 93.88 0.052 | 0.17 | 0.27 | 5.31
Amciry%}. L%l l |
| { ' | { |
142 |92%-8% Zirconia-Yttria{ 90.10 7.957 0.14 | 0.20 1| 1.41 F
| AmdryA}, 23]
| | |
i | i i -
| 146 80%-20%Zirconia-Yttria| 78.07 I 19. 38 0.56 1.30 |
|AmdryA}, %3 | | |
| | ‘ | |
T 1 100% Zirconia 93. 88 0.052 | 0.17 1 0.27 | 5.31
I
AmdryA}, 413} | - - ) ,
| |
i T 3 80%-20%Zirconia-Yttria|l 78.07 | 19.38 0.56 1.30
| AmdryA}, 213} ’ ' ’ '
L | ——
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IYF9 FAT ETHdAntd 93 ZASITd TBIBE =
ALgF B E I FAE ¢F 200um=E L3I

Table 3. Surface roughness of as ground specimens.

Coatings |Surface roughness
TB 1.0 ~ 1.6

Al 1.0 ~ 1.5
Ceramic coatings| 118 1.1 ~ 1.7
142 1.1 ~ 1.4
146 0.8 ~ 1.1
T3 1.2 ~ 1.3
Cr-plated disc B 0.12 ~ 0.16
Metal plate 0.45 ~ 0.0

2
Qe
751"!_1...

pm) & SEME S8 Lop ol t& Aguage
Fig.5(146:Zr0,-20%Y,0,) 8t Fig. 6(Al:80%Zr0,-20% Al,0,)

oMot Zro]l I® Y FAZL oF 200umE RHE o] Ut
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(b)

Fig.2. Coating thickness of TB, (a) and Cr-plate, (b)
e, :
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= T, 2¢ 9 Egzvioray gy Fel wat 2% 9
| 3L ofef wf mA R FIFE 7S B
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& HA3ttr(11,12). Taylar 52 71539 &+
of Wt ko ¥F%E& FiL o] Wxrt F7 Tl g AxE F71
olal A vt R & (erosion rate)< A4S AFFHoT HYY
(13). Gupta &°l 93 F39" F2 yttria H| €Y zircornia’l
+8e T=f&2 &  tetragonaldoAl  monoclinicAe®E
martenstic transfomation® = At EBie] AHHEA
Stecura¥ 6-9 %9 ¥l 23 EL yttriad T IE}E zirconial
MTE FFE °lFT tetragonald©] nontransformable® A
32 Riti(14,15). Kuttanellur 5 7.5 wt% vitriaol Al
nontransformable tetragonalitr= transfomable
tetragonaltt¢l tA3 83t t'AL®8 FE3 o] 4o] IHI
HWTEo ARAeR dojdry FAHJATF(16). I Y oj4z
= A5 v R v & AW Sl A AFE A9 Hol

a3 Eg B AFdAE yttria® FAHLE CaO 9 AL,
& TP ZrO,& A9 ntE stAAE S FEn 4F AFo
= fractography, x-ray diff ractometer-""&’-’-‘%‘, TEI\/[-E':.Jr
g, 9929 WAZE 335¢ 59 W 2tES)TY AT §
3 o AFze AolSel ot yntnA el sldmA T,

1. Fractographyel &3 3935 23



7}

l'N

o wl AL IEE A|VE TP U FEHR
2A FEE Tolol2=dER FDANDF RAAA ATHFE SEM
& o] &3 #AEU,
2. AR vAZE

2} AlME S YA E AD3te we%e Fo| I cross-
sectlon substrate-coating & AWAA FE ZLAFoZT <F
A0um Z7td ez 449 (indentation) & AAIEIE Y. Vickers
micro hardness Z37|1A& A48 100g9 st 2R 15% 3
¢ AdE A, I AYAT 4ol SEM= o83t F5H S
=3

3. X-ray diffractometercl 93 I¥F ¥4

118,142,146 powderE AlE3dte] BA Qo] Eet=ul &AL
% ABE HEAY 9% AB} LLLBEAVAR 200°C, 5Hz
9] xZelA 20N, 80N 3tF2E vlRAYEE T A|BE X-ray Al
A holder®] 2B A]Z] Fo Z} peakE A3

RigakuAle] Geigerflex DMAX-%3] A 7] oA ¥HALE )|
(reflection mode) & A¥E 333, BEFAPETA 2 FAL
e AFESIRITd dSFAPE S 20= 20°~T0° T72°~76°9 7HFH &
CuKa(1.5418A°) & AM&3te] 7t428¢ 30KV, I#/ 15mAE

AF&-3lil scan speed¥ 2°/min©li, AP FAPFLS 20= 27°~33°
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o] V4 & CuKo((1.5418A") & A1&3to 715 8¢ 30KV, AH
£ 15mAE A3l scan speedt 1°/1000sec® AT AA)3}
o Z} peak® intensityE £33}gic).

| =]
5 B4

4. AAFERE9Z (TEM) | o3 ¥
40N, 5Hze =ZA vt2d Zr0,-8Y,0,(TB) ti&

E¢ Fig.301 498 £As} 2o $74 0.5mme Golol2=g g
AHE3E cutting® Fo EAFEE oAl o Planar
View‘%‘ A% MESZ uRE FE9 ¥ HdA #600~ #20009
sahd paper® E2AE polishing? Xo] 1um diamond paste
2 9 100um °lWe FA7A 2AE polishing®ct =3
cross-sectional viewE %% A ES IEH A9 FHEAE FA
8l7] 13l polishing holdere®l Az 2FAI7 ol o] A
Wl W2tA sand paper® ZBH BEAE FAl polishing &
gtk 13%o] 1um diamond paste® FA7F 70um olU =
polishingS 3%td. F Al¥H 25 6um diamond whiskerolA]
HE] 1pm diamond pasteZbA 2 dimplingdte #E9 FAE
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Fig. 3. Schematic diagram for TEM sample preparation.
(a)sample disc, (b)cutting by diamond wheel, (c)slicing,
(d) thinning by mechanical polishing, (e)dimpling, (f)ion milling
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Fig.4. SEM micrographs of plasma sprayed coating
with (a)8 wt% yttria-zirconia (142, Amdry),
(b)8 wt% yttria-zirconia (TB, Metco)
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Fig.4 (c)CaO-zirconia (T1, Amdry),
(d)20 wt% yttria-zirconia (T3, Amdry)
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Fig.5. (a)SEM micrographs of 80 wt% zirconia-20 wt%
yttria and (b), higher magnification image showing
the microstructure.
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Fig. 6. (a)SEM micrographs of 80 wt% zirconia-20 wt%
alumina showing interface between substrate and
coat, and (b)higher magnification image showing
the microstructure and pores.
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1g. 9. X-ray diffraction pattern of as ground layer and
worn surfaces of 20 wt% yttria-zirconia (Amdry146)
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Fig.10. X-ray diffraction pattern showing variation of
half height width of diffraction peak from the (111)
face of tetragonal phase 1n
(a) CaO-zirconia(118), (b)8 wt% yttria-zirconia (TB)
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Fig.10. (¢) 20 wt% yttria-zirconia (146)
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Fi1g.11. X-ray diffraction pattern obtained by step mode
(a)8 wt% yttria-zirconia (TB),
(b) 20 wt% vyttria-zirconia (142)
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Fig.12. XRD pattern of the coating in (400) region.
(a) as sprayed coating, (b)worn surface
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(b) (a)

Fig.13. TEM micrograph of 8wt% yttria-zirconia layer (TB)
showing the preferential interlamellar nature of
coating and fine columnar grain structure.

(a) planar view, (b) cross-sectional view
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Fig.14. TEM micrograph showing typical t” tetragonal
phase.
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Fig.15. TEM micrograph of the worn surface of
yttria-zirconia layer.

(a) Low magnification micrograph showing the grain
morphology and damage region,

(b) High magnification micrograph showing
microcrack and dislocation network

(c) High magnification micrograph showing relatively
larger grains.
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Fig.16. TEM micrographs of the worn surface showing
twinned structure.
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Fig.17. Schematic view of the high temperature
friction test machine.



A
HEAM AFT vt RAIFIIE o] &8t Z4F Aggay A
Ao tf 3 200°Ce EolE AlHe & 58l frequency$ 3%
Je 3 vk (vlAA|7H & Table 33 Zo] 23l A8 L A
Aletgith 3 BAlFAE: dodt 824 uste Pxnt
(dry contact)AeEjolA A& HAIE 713 AZS AALRE
A2l o] A8 AT

Table 3. Wear test conditions

Applied load 80 N (also 20N for XRD analysis)
Frequency 20 Hz |
Temperature 200 °C

Test duration 90 min (108000 cycles)

mg‘tﬁickness (disc ) Plasma:200 wm,

Cr plating:165 pm
(plate) 200um
* TB(Metco 204NS): 400 pm

Environment laboratory air

Humidity 35 ~ 50 % (mostly around 35%)
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ZHolE AR f23 ARY HEH (mating pair,
friction pair)< Table 4% Zo] A A AIEHI A+ F
H/aExF H2EFA B Agtg3age A7 A4S vzt
A Z+F AFZH 2F did ABE AAlgto olAdE9 8N
= AP

Table 4. List of mating pailrs for wear tests

Plate Disc
Amdry powders (142,146, T3) slide against
Metco powders(TB, Al) themselves

Amdryﬂ powders (118,142,146, T3) Cr-plated disc
Metco powders(TB, Al)

Cast 1ron plate Cr-plated disc,
TB, Al

90%7ke] PHEAIY Aol PHEAE Yol HE hE g
Z g8 1, 5, 15, 30, 45, 60 F A
ANBE QA FNA EdlolEs) t2ad wtuBe SR




Z, T2a3 A|9g EoE A|We] ¢TI HAlste] AFuT
AZAE AAT F FFFTIE 1x107°g AFALE o839 2
28 238, e njrAY A% AWe A =
ste] 1 B9 AlolzM TR, APl B F A ujr
AES 7% HEYMe] BBste} sl RgR B o] &8s
o},

slEAge] Ly BFeeo|Fs SEME o838t uimw
g ulmelzle] BAL AAGgon] ohatela] AW wpgh o)
XRD, TEM S5& o] &8t ntrAde] o3 At agdse) #s
g Aol nRRAL FHETA SR,

Al 2 A vlREAIE A3}

Agtgldg o] vtrd uXE IS
o] ez 3 nlr g Wjolt}h F
SR AEE AT FIWE9 AL
S3Y 71 e AR ol Al¥ o] %
FHE|9 EAAOJEZ(material transfer)©] ©o]Folx 23]
H239 FAZ AIBREGYE F7HH7] WEolq. wetd B A
dol ta] 2EHez T8 ¢ A& Bado|EY ntR wEA S
o W3e 723,
Fig. 182 Z& iﬁlzﬂﬂé«l Al E7I] v EFT
ZoolE A BEY BHEEF A4 WBFo| S
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Fig.18. Wear rate, (a), and coefficient of friction, (b),
vs. number of cycles for various plate specimens
1n self-mating contact of ceramic coats.
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8349 F7te] diste] ol Zlojt, Amdryl42 & A3
2E AEMY BS vEES 53 St w2t 73] A
ok 200003 Fo= 719 FAAH (steady-state) ] A vlEE=
Bola . aFAME 53] 20%A1,0,-80%Zr0, L8 vt R
o] A3 Yon 92%7Zr0, 8%Y,0, IB = o238 REN L
2, ol Fig 21(a)el 209 CI/Cr(F% ZHolEg 8%
23) o] AAAE ulEg9 0.32 BoE 84 3e gloloh
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23 QA| AlFo] e wet i ufRI7F dojyt I FA T}
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. A8y Y239 wRFE I vEEN ZE F¥E Hojx
. B (F) A 28 E 142(Zr0,-8%Y,0,) 3% 9 w9 =2 v}
282 Fig. 49AM B vie} Zo] b I¥ o] vl3| 1Y Fe] =3
o] x| W3R X8t £33 FHHA &1 splatd FASAH 7L
o]21 227 A 7|YF AAIY
Fig.18(b)el X< vw@dA S+ HIFE HA 20%A1,0,-
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Fig. 20. Wear rate, (a), and coefficient of friction, (b),

vs. number of cycles for various plate specimens
slid by Cr-plated discs.
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Increases until total
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Fig.22. Wear rate, (a), and coefficient of friction, (b)
vs. number of cycles for cast iron plate specimens
slid by various discs.
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2 A, 3, 712 Advigey AW 73 B} $5 A
o] ALY W 2ELR BAEAY WY HRAFE 7

A2 CI/Cr3 v]wsh Aoty o] ZHLE Al 20%Al1,0;5-
80%Zr0,(Al) & Zr0,-8%Y,0,(TB) 7t F#&3e v ¥Ewct ¥
+ BIEES Hojw ulAAle £ ke FIHA] B A FEFHL
2 718 $59Y 20%A1,0,-80%Zr0,7} 0.628 713 wgton
72r0,-8%Y,0,(TB) = CI/Cra 719 u| st

A7HA19] BF uEAIFAA A7 o] mE ZTAAE
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Al 33 v vtR 5423
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2ol AAHT} Fig. 24~ Fig. 269 ZHolE nfadg »d 7L
A eI Fo] A9 vEA FAE lew Adtel o vy
A2 wRe g3 AAE A& & ¢ o g3 wrwe %
Fol= 146(Zr0,-20%Y,0,) ¥l H24 v &3 Fo] o g
FoER e 53] Wl BT dEAo] Holn WRYFH o
s 2etRe] o #dE ol HoH U EFo HAY. o
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Fig.24. SEM micrographs of worn surface of 20%
alumina-zirconia coatings from self-mating pairs.
(a) plate, and (b)disc
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Fig.25. SEM micrographs of worn surface of 8% yttria-
zirconia (TB) coatings from self-mating pairs.
(a) plate, and (b)disc
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Fig.26. SEM micrographs of worn surface of 20% yttria-
zirconia (146) coatings from self-mating pairs.
(a) plate, and (b)disc
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7Zr0,-20%A1,0, B ET HojA7| WFos BZEW ojoue)
Fig. 199} Zo] tyA3e va gy vl o] 2728 HelY,
Fig. 27 o|& A 29 vlRde ZRAZFA7] H33E 7|53
A 146 HZ3 T Al AFY 77| ¥37F IAGE ¥ A
&4 W23 Zo E3HE A M A Yeh g EdolEY

ox

$-ole ob3A 5 (Fig. 18(b)) @3tk TAAAY ¥37t A
ZeolE9 RAAAI I} vpge] mAE 3L AT F Yot

Fig. 28914 Fig. 307X+ Zr0,-8%Y,0;(TB) 2% &< v}
BAIGAAA AT nfRdAESY BEES HAFA Y. #d " v
2AAY /F3¥L ZA VAR 758 471 dH. AA, Fig. 28
() Folpaut mx sldPE] 98 LAFE0 o8 44D
wbato] WIEFZo] oF oo ITHEATL FA R Fdo] &
3, A% A3 92 (delamination)H ol ¥4 Fig. 28(b),
Fig. 29 (b)°lAa & = 1+ BAEvlRd A (delaminated wear
particles) &t %), Fig.30(c), (d)ol Z7iE A Zo] FSF5H
Aol AArzrgo] 9 AAH AAuRYA (cutting wear
particles/abrasive wear particles), Z18]li Alx2 YA E n
22U AEFAE WA X3t ALEHE edFod o3 &
A FAY F M2 84 ¥42 conglomerated wear particles
ojt}, ojg}t Wi WA uiR AT} WHBHFo] o3 AL FEHAol
A HAYZPAA EH LS 71R]0] B EHAY Fig. 239 Q4EW
o Bolx 2& 37|19 £7150 RHel FHET wA=AY wE

A A} (microf racture particles) 7} vI¥x] F&olt}, o #3739
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Fig.28. Worn surface of TB coating showing (a)dark
smooth layer and (b)delaminated wear particle.
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Tum
(b)

Fig.29. Wear particles obtained from TB self-mating pair.
(a) various particles (b)magnified view of
delaminated particles
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Fi1g.30. Another kinds of wear particles obtained from
TB self-mating pair.
(a) cutting wear particles and oxidized particles
(b) magnified view of oxidized particles “A’
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(d)

c)magnified view of cutting wear particles ‘B’
(d) another cutting wear particles
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R AAEL Fig. 29(a) & Fig.30(a) ol Xolx wi$ 22 3A7]9
A A&t
Fig.30(c) 2 (d)9o Q4 eEdAE KA zirconia I¥ 9

columnar +2&7} & Yyt 3o Holu Fig. 29(b) Y Hre|w}
BAAE €43 B3 o A7t AEgEH FEFY == THA
< 4/ ¥ Aoz ¥4, Fig.30(b)9 T Koy wmA%
AAS 4H3to] o3 48R A EY 7hsd S AT &+ glof o
3t FAENo] geozo HAA st

AS7HA] AHE T2 38%7e] vy &3 v|ug a3l F
7HA o2 v 23] diEsiME £40] 23", 4 IEEH
g fxae 3 EroELS niR HE
Fig. 313 o] @48}, EHE v A RE9s EDS=
ASE AatE Fig. 32(a) &t 2] Adxdd 2
F-2te] A 3o E 4 flew fy23rt 20%A1,0,-80%Zr0,
(AD) & ZrO,-8%Y,0,(TB) &l o= vl37x| g}, ¥ &
Alo]& Al¥l Hag o Zo|H2tE Fig.32(b)9t Zo] &ish
Aol JFHJAY. FA¥EE & A9 E BE IAEFEC] 10%3
T AEEHI R Aol RFA o] ARAH -9 diffusion/fusionB A

A& ¢ Yok o BAwY FAE Fig 31()

=

Fig. 334—} Fig.35v 47 F3 EdolES 20%Al,0,
80%Zr0O,(Al) 2} ZrO,-8%Y,0,(TB)Ale] 9] nlRA]Ho] 2J3} vlR
AE Bo F3 o}, it o g AAEE nfRHe BES ¢
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Fig.31. SEM micrographs of worn surfaces of
(a) cast iron plate , (b)Cr-plated disc and

84



Fig. 31. (c)its magnified view.
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Fig.32. EDS analysis of smooth dark layer in Fig. 31.
(a)cast iron plate (b)Cr-plated disc

86



Fig.33. SEM micrographs of worn surface from
Alumina-zirconia coated plate/Cr-plated disc pair.
(a) Alumina-zirconia (Al) coated plate
(b) Cr-plated disc
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(a) Al plate ( b)Cr-plated disc



- T R .'::..
; ; R
100 11m
= 2 i, s S
o - S »
. s e

Fig.35. SEM micrographs of worn surface from 8%yttria-
zirconia (TB) coated plate/Cr-plated disc pair.
(a) 8% yttria-zirconia (TB) coated plate
(b) Cr-plated disc
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(b) r

Fig. 38. Microtopography of worn surface obtained by
in-situ measurement in SEM chamber.
(a) worn surface of Cr-plated disc in Al/Cr pair,
(b) magnification of layer in photo(a) showing the
vertical line indicating the place of measurement
and informations related to surface roughness for
smooth layer, (¢) and rough surface, (d).
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Coating : Al - Al Crel:  um
Plate S | 5 15 30 45 60 90
Ra 101 | 1.42| 1.8| 18| L7| L6| 21} L5
Rq 1.33{1.80 | 231 22| 22| 21 2.7 1.9
Ry .9 ! 11.8 1501150 ! 14.0{ 13.0{ 18.0 ! 14.0
Rtm 8.0 9.4/ 1101001001 11.0] 130 9.0
Rpo 2.81 45| 50| 40| 50| 501 50| 3.0
B ISR S [N IS S
Disc ) 1 5 15 30 45 60 90
Ra 1.55 1 2.74 | 2.4 271 241 28| 22| 25
Rq 2.20 1 347 3.1 331! 30 37! 30| 3.1
Ry 17.0 | 18.8 | 16.0 | 17.0 | 18.0 | 25.0 | 18.0 | 19.0
Rtm 10.5 ) 15.6 } 13.0 | 16.0 | 14.0 | 19.0 | 14.0 | 15.0
Rpa 40| 71 6.0 6.0 60| 6.0 501! 7.0
e v—— -—-———h—n——- — —
Coating :146 - 146 Ctel:  um
Plate 5 1 9 15 30 45 | 60 %K)
ettt e et ————————r—aeiimeie e ———————— et A ———
Ra 0.88 | 1.11 | 1.04 1 0.90 | 0.81 | 1.35 | 1.58 | 1.24
Rq 1.15 (1.44 { 1.37 {1.20 | 1.08 | 1.71 | 1.98 | 1.57
Ry 7.1 {11.8| 88| 66| 7.2110.5}11.0] 9.1
Rtm 6.6 { 82| 71| 631 56| 7.61 89| 7.7
Rpm 24| 28| 22 1.9 20| 30| 34| 3.4
 — et —— -r-——-—n-—p-—-—.-q————-———-k—-——-—-——_-__—-—-——.—-———d
Disc S ] 5 15 30 45 60 90
e A | o
Ra 0.86 | 0.72 | 1.2 10.58 1 0.55] 1.10 | 1.39 | 0.90
Rq 1111 1 1.00| 1.5]10.77 1 0.8 | 1.41|1.70 | 1.23
Ry 7.6 | 6.0 10! 51 74| 87| 7.8| 9.0
Rtm 5.9 | 5.5 8 441 511 7.2 7.21 5.9
Rpm 211 1.3 3 1.5 | 1.6 251! 36| 2.1
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Coating :

142 ~ 142 CHl: us

S 1 5 | 15 | 30 | 45 | 60 | 90
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Rq .50 {1.69(1.8812.131 3.3 |
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Rtm 80| 83| 9.2|1031 14

Rpa 291 27| 3.0 4.8 6
_—_————-—————d—-——é———————-—————_p——-

Disc S 1 5 | 15 | 30 | 45 | 60 | 90

Ra 1.31 | 1.57 [ 1.53 | 1.86 | 2.8

R4 1.86 1 1.98 1 1.96 | 246 | 3.7

Ry 14711301109 | 136 22

Rtm 3.2 99| 9.9{128!| 16
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Rpm 2.5 4.1 3.6 l 5.3 | 7

1.22 | 1.06 | 1,07 | 0.73 1 1,05 1.05}1.33¢(0.74
1.71 | 1.50 | 1,55 | 1,24 | 1.44 } 1. 49} 1,75 | 1.07
17.4 1 10.5 | 11.3 1 10,9 ] 11.5} 10.9 ] 10.4 6.8
9.8 8.2 8.3 7.1 8. 4 8.9 8.9 6. 4
3.0y 2.0{ 2.5 | 2.0 231 3.61{ 3.1 1.6
e
| S ] & 15 30 45 60 | %
R B B S R S S S B
1.63 | 1.37 | 1.41 [ 1,03 ] 1.71 12,02 ] 3.0 1.5
211 | 1.82 ] 1.83 | 1.48 | 2.39 260 ]| 6.3 )| 2.7
[ 12.5 { 11.8 | 9.5 { 11.4 | 15.2 | 15.0 0 26
11.8 { 10.5 8, 2 8.2 111.8 1 12.2 18 13
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Coating : 118 - Cr - 2 Crel:  unm
Plate & 1 5 15 30 45 | 60 20
| Ra 1.12 ] 0.87 ] 0,52 0.71 | 0.70 | 0.96 | 0.61 | 0.87
| Rq 1.48 | 1.26 { 0.82 | 1.07 ! 1.04 | 1.46 | 1.00 | 1.31
Ry 9.2 (11.31 65{ 7.7 7.5113.6{ 8.4 | 10.2
Rtm 81| 651 5.1 60 64! 86 64 7.1
Rpm 27| 1.81 1.1} 1.6 1.7 284 1.51 1.9
F—‘_————T-———'—'_———'———'——T'—-'—'T———"—'——'—!—-—-'
Disc S 1 5 15 30 45 60 90
WWW
Ra 0.12 1 0.30 | 0.35 [ 0.41 | 0.32{ 0.27 { 0.79 | 1.43
Rq 0.16 | 0.38 | 0.48 | 0.51 { 0.41 | 0.36 | 1.11 | 1.79
Ry 1,11 23! 294 25123 2.4 671 9.4
Rim 0,91 1.8 1.9 2.11202! 1.8{ 581 8.6

0.36

Ra 1.20
Rq 1.54
Ry 10.3

1.1

0.8

1.00
1.31

0.9

15

0.96 | 1.

8.6 {1

0.95

!Rm . . . : . [

03

1.42
1.2
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1.4
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0.93
1.37
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Coating : CI - Al Cif: u=

| Ra 0.59 { 0.55 | 0.57 | 0.35 | 0.34 | 0.40 | 0.44 [ 0.48
Rq 0.77 1 0.74 | 0.97 | 0.45 | 0.47 | 0.51 | 0.57 | 0.64 I
| Ry 5.0 | 5.8 | 9.2 | 32] 36| 38| 36/ 5.1
Rta | 4.2 41| 53| 2.3 | 2.71 30| 3.2 3.8
Rpe 1.8 | 1.4 | 1.6 1.01] 1] 1.1 | 1.6 | 1.7
Disc F S | 5 15 “ 60 90 Al
Ra 1.0 11.2311.491098 | 1.411.16 1.02 [ 0.95
Ra b 1.3 1.67 11,93 1,29 1.8 1.45 | 1.27 | 1.24
Ry 81103 14.6} 7.9 1| 78| 65| 7.8
| Rtm 6! 88l105]| 7.0 8 68| 611 6.7
Rpm 3 29] 40| 1.9! 4| 29| 24| 2.6
Coating : Al - Cr Crel:  um
Ra 1.51 | 2.1 | 1.67 | 1.06|0.83 | 0.38 | 0.46 | 0.53
2. _ |
Rq 204 | 2.7 ‘ 2.37 | 1.63 | 1.28 | 0.49 | 0.86 | 1.08
Ry 13.81 16189 146 7.4 25| 11.2111.3
! Rtm | 10.9 141109 83! 58] 2.2 43 ] 4.8
Rom 4.1 51 7.81 34 L7 141 L7 1.4
Disc S 1 5 15 | 30 | 45 | 60 90 | Cr
Ra 1 0.15 | 0.81 | 0.93 | 0.97 | 0.93 | 0.81 | 0.83 | 0.79
Rq 0.20 [ 0.98 | 1.23 | 1.28 | 1.20 | 1.05 | 1.04 | 1.07
Ry | 20! 50| 80 7.8/ 7.3 | 5.9 | 5.0 I 8.1
Rt | 1.3 44| 58| 63| 63| 48| 44| 57
" Rpm 0.7 201! 28| 281 33| 25| 23| 3.7
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Coating : 146 - Cr

cre:

73 |

Plate | § | 1 5 15 | 30 | 45 ““ 146
Ra 1,021 1051081000711 0.8 ]| 091 0.89

Rq | 1.41 [ 1.37 | 1.41 | 1.46 | 1.08 | 1.16 | 1.3 | 1.24

Ry 12.0 | 8.0 /109 | 11.4| 7.0] 8.2 12| 8.3

Rtm 751 68| 7.41 751 6.8 6.4 71 6.4

Rpm 271 1.9 21| 20! 1.6 1.7 2] 2.2

Disc S 1 ) 15 30 45 : 60 90 Cr

.————._I...-———.———-————-———-J-

Ra 0121023025041 | 0.46 | 0.42 ] 0.31 | 0.2

Rq 0.16 1 0.30 | 0.35 | 0.60 | 0.58 | 0.55 | 0.42 | 0.3t

Ry 1.13 [ 2.02 [ 26| 45| 29| 33| 3.7| 21

Rtm 080 | 1.39| 1.5| 28| 23| 26| 2.1 | 1.3

Rpm 0.3 | 0.78| 0.8 1.7 1.1 | 1.3| 1.3 | 0.6 ]

where

Ra : arithmatic mean roughness(CLA)
Rq ‘' root mean square roughness (RMS)'
Ry ! maximum peak-to-valley height

Rtm ' mean of maximum peak-to-valley height

Rpm ' mean of maximum height above the mean line
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