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DARARAT ARPARJIRASAKUL : WEAR RESISTANCE OF AISI 440C
MARTENSITIC STAINLESS STEEL AND AISI D2 COLD WORK TOOL
STEEL. THESIS ADVISOR : ASST. PROF. USANEE KITKAMTHORN,

Ph.D., 81 PP.

WEAR/COLD WORK TOOL STEEL/MARTENSITIC STAINLESS STEEL

This research studied 1) wear rates of the cold work tool steel AISI D2 and
martensitic stainless steel AISI 440C, 2) relationship between wear rates and hardness
values, and 3) relationship between wear rates and microstructures of the quenched
and tempered steels. Disc and pin samples of both steels were machined. The
thickness and diameter of discs were 5 mm, and 25 mm, respectively where as those
of pins were 20 mm, and 5 mm, respectively. All AISI 440C and D2 samples were
austenitized for an hour at 1050°C, and 1020°C, respectively. The samples were then
cooled in air and sub-zero treated with liquid nitrogen at -196°C. All discs were
further tempered at 600°C. Pins were tempered at 150, 300, 450, and 600°C. The
treated pins and discs were ground and the surface roughness was controlled at 0.8 pm.
Wear tests were carried out using pin-on-disc wear testing apparatus. Test loads were
10 and 50 N. Testing distances were 200-1,000 m. Weight losses were determined.
Worn surfaces were investigated by stereoscopic microscope. Wear rates were
obtained from the plots of wear volumes versus sliding distances in each test
condition. Microstructure and hardness were also studied. The results showed that
microstructure of AISI 440C and D2 after quenching and tempering consisted of

tempered martensite, primary carbides, and secondary carbides. Volume and number



of secondary carbides increased with an increase of tempering temperature.
Therefore, hardness decreased with tempering temperature. Friction forces occurred
during pin-on-disc tests were recorded. It was found that friction forces decreased
with an increase of pin tempering temperature. Wear rates of AISI 440C were higher
than those of AISI D2. The highest volume loss was found in the test using AISI
440C pin tempered at 600°C. The lowest volume loss was found in the test using
AISI D2 pin tempered at 150°C. Wear rate of pin and disc increased when the
hardness of pin decreased. Worn surface of AISI 440C after wear testing at 10 N
loading showed adhesive wear in pin tempered at 150°C, mixed of adhesive and
abrasive wears in pin tempered at 300 and 450°C, and abrasive wear in pin tempered
at 600°C. In case of AISI D2, all samples showed adhesive wear. After wear testing
using 50 N loading, all pins of AISI 440C and D2 revealed abrasive wear. Severe
wear occurred in pin tempered at high temperature and wear debris of AISI 440C

were larger than those of D2.

School of Metallurgical Engineering Student’s Signature

Academic Year 2013 Advisor’s Signature




Paanssuszma

Y = v '

a ) s o Ao & ' 9y Y
eiwusniulidusagareladed fivevensiuveunzayAna HAZNGNIANA
9

7199 11199910 18T UANVFILNABE1IA T NINIAUINIATUATNNEIUMTAEIUUITY
Ia v 1 9 [ Jd A 4 4 a 14
gquiltesaummiznaiudiulsznevesaadn laiw augiainisumaas
a [ U 4 ad a 4 a 4 [ Aa o o
yMINedeveuuNY  uazgudma luTagdidnnyelnduasnouiUABIUNIFIA a1
o a 4 = ] a 9 a o d’ = [y ] =
Wannanemaasuazina lulagunana Tinuidsmensanyi lussautiamafdne

A JAa o I

T 4 a a J
A¥0eNan3191350 A5.9Bald naf15s e101sdndS a1 Inetinusuaznssums g1u
o o 1 9 o w ' 9 o
Tomanumsany Iddwuzihlinm sreuddyraz Iihaslaundisen Tasaaoa
& a a Jd 1 f < 4
FNIFI0ATINNU wazud I Inetinusiautivuasvauysel

a t4 J

4 Jd o [ 2 a 4 o
919156 05.91138 W¥3I¥0) 919150 A5.5aU UTGNTNA uazAnINTddTEIIaIN

o

a A

AranssuTanms vianerdoma TuTadgauts AldwuzihySnyues 1maclaundiden
Tagaaoa
J = o ] a A o J o v
quémaluTad Tanzuaz Jaqunmnad (MTEC) u5Hn Inelanu mos lu s1na ame
a 4 a a a @

AAINTINAAAT NIAIFIIAINTINYAAINNIT WHIINIaeNA U ads1¥uInada Y Uay
a o = ) o dq ¥ I’ Yy A A 4
wnInedemalulagnszaonnarsuis nlianueyaszilumslyunsesioniana 1Aseq
= ° Y A A Ao d o

nadoUMIANUIBLALEUIBANNAZAINTUMT IHIAT N0 IUNUITBT a0l

Y Y A a a Y Y A g o oa a s Y Y A

B1HINA1V1IBIAINTINTAN NS 1911UINF1NIPIIAINTTUAAAT 191N

A A = A A A o Yo o
inypalBLazng Iulag (21A131A30940 1 6 uag 10) NSMIBANUAZAINIAL IHALUZIIIY
udvouagInentiwusiaauysol
~ Y Aq Y 1 = e <3| g = £
Yove UM 9 tazties q ynaudlianumemas liieziuruaeundsruau ns

2 a J 4 g/}
IFSONTUUNATO HAZNTAATIZHAIVAT0INOTUGY

Y
A [

dmfunanuanuasulaiifaanninendinusiauil fiveveueuuaian msat uagy
=) 2 & Ao A Aqu 2 1 a = Yo o ' 9 o
unszau Fadluninuazimsnegs nlvmseusuiaesg dudsumsAnyazlimaslannhive

1N lasnana

v J a
A1 DINNVTANA



ARSI

t4
i
undadge ey f
UNARGD (VO f
NAANTINUSEAIR 9
asv 2
SUYNTN ¥
g B!
~
UNN
L UMM 1
I o w
L1 anudhuwwezanudwgvesdyw 1
12 delseesd 2
1.3 VOUWAVOIMIY 2
A Yo Ao
L4 waRl@suanawRe 3
@ J a o d‘ d‘ 9
2 USVAassMASSuaTOWReNNeIVeS 4
2.1 UNUY 4
) < 9 Y A I'4 Aan
22 pszUAUMIRURUNNANNS ouvouranna IFatluNSmuFan 440C 4
Y} 3 Yy A A g
2.3 NITUIUNMTDULUNWANNIDUVBUKWANNAUATOIUDIWU D2 7
- 4
24 yilevesusseymanldlumsevyu 1
=
25 palamsanwse. 11
A A =
2.6 AsedNenad@euMIANMIO. 18
27 anudMumuMsanuse 19
dy a = =1
2.8 WUAIMIANMIOUAIAYASEAYS 22
[ 4 Aax
3 daqeUnssl wagdsmaneans 26
% P Ao
3.1 aqgunsalMIFlumsNo____ 27
3.1 dagnldlumside 27



15118y (19)

t4
Hin
d' A 4 dd’ Aa o
312 asesiie gUnsal wazansadinldlumsiNe_ 28
Y
3.2 JUROULALIDTAWINIWNY 31
4 wWamsneaewasmsenisiewa 39
4.1 UNU 39
9 [ A
a2 TansehwamevasmsevavlW__ 39
1 [~
4.3 NOMANMUUN 43
44 used@gAMUNUsTETNANA@eOY 45
=S = Y < Y 9y a 14 aa
441 usadsamulunsainanageudiamannd 13 aiunsmusan
440C_ 45
= = 9 [ Y A A 3
442 wsaggamulunsainagoumgannalAIeaNodu D2 47
4.5 ﬂ?mmﬁqw%ﬂﬂ volume loss ... ... 49
o = 3 Y Y a J Aaa <3 )
46  OAIINIANNIDVOUNANNA IS ATNINTINUTAA 440C LALIANNAT
A A g
VT OO D 54
v Y
47  QuuglfevuszwInmswagoy 58
48  NuRIMsAIMIBUAZIAYAIANWIO 60
< 9 9y a I'4 Aana
48.1 wanna1 lfativansmusaa 440 60
3 y A A g
4.82  WMANDAUATONUOLIY D2 61
sownagl 70
s aywecwde 70
52 deuuzihluwenddesel 71
FWANTOWBY 72
VRN I 74
a ~ Yo A A 4 1
MANUIN N, UNANVIMMINldsumsanuiwenns 74
Usziadiaeu 81



MUY

=h.
=
=
)

AN

a A < v ¥
1.1 @mﬁﬂllsluﬂ'lif]llﬂullwell’f]\ilﬁaﬂﬂﬂ'lﬂ\iﬁa\?ﬂiglﬂﬂ 2

E] L e etaietuiieted ettt ittt teleteliaielataied

2.1 wmmmwﬁmmmﬁﬁﬂma“luTam 13

22 awfanemenmuaznianavearanndt 1faiin MIM 316L uag wrought 316L___ 23

v = <3 Y Y a 4 aa <3 Y A A I
3.1 ﬂ"JL!Nﬁ?J“VINLﬂlJ‘U’ENLW?Iﬂﬂﬁ"llliﬁUMiJTﬂVIu"]Mﬂ LHAagannatnI oDy 27

' 3 3 Y yY a s aa 3 Yy A A g
32 ﬂ’]ﬂ')’]illlsllQm@ﬂﬁﬁﬂﬂﬁ’]vlﬁﬁuﬂJiJ’lﬁWlu“]fﬁﬂ LAZIHanNNaAUAIDINBDIYU

NOUOUYUMNANUSOU 27
A ~ ° A a o '

3.3 ﬁmaﬂumsamu"],wsummgw“l%”lumsmﬁ@mazmimwu%msaﬂmama ______ 36
' < = < v ¥ o < A

4.1 mmmummafJéuaqmaﬂﬂamqa'eN‘}Jszmmmwmmwmmmazamu“h/\l ___________ 44
1 = <3 9 g’./ Ay ¥

42 Musudsamuveurannamaaedtlsziani lannmsnasey 49
Y] < g‘z A o

4.3 PRI IANNIDUVDUHANNAINITDIFUANIHAININNINATOUMTANNITD 57

=

H Y H
44 QuunlmasiinaruluszHINNAdoU Pin on disc N5287N190199)

15909 10 UIAU 60



€l
=i
=).

2.1

2.2
23

24

2.5

2.6

2.7
2.8
2.9

2.10

2.11

1

a3

€
@
e

1 < I~ 9 Y a 4 an [ < A
mﬂ’nmlﬂlﬁﬂlmmaﬂﬂaﬂiﬁHNMinﬂwﬁﬁﬂ 440C ﬂWfWiﬂ\?ﬂ’lﬁ“lfUll"lNLlﬂgflﬂﬂuhlw

a =

ﬁqmwﬂu 1000-1050 DIALHaLF T 6

g Oy Y L N S S L

<3 @ <3
ﬂ"lﬁ@‘]JﬂﬁWfJﬂ'J']lllﬂ%fJﬂ, NITYULLUL Lmzmﬁauﬁummaﬂﬂﬁﬁ AISI D2 9

' < < Yy A A g o o A
ATANTULUIVDUVANNAUATDINDLYU D2 ﬂTEJ‘HZNﬂ1iG]§ULLGIJ\1LLﬁ$@Uﬂ1JUlV\I

a =

Nguugl 1000-1050 Uy 9
Y <] A

y < o 3 A
Iﬂiﬁﬁiﬁi}ﬁﬂ?ﬂlﬁﬁﬂﬂﬁﬁlﬂ%@ﬁﬁ@!ﬂu D2 wawmma‘ﬁqmmu 1020 ?Nﬂ”llﬁ]im‘%ﬂﬁ

U

) udrluermea @) euauln 159 (@) suau'ld 2 A 10

= 1 = =2 a .
MITNNTDLUUAN (D) NTANVTDUVVIANA (Adhesive)

() ﬂ”l'iﬁﬂ‘l’iimmﬂﬁﬂﬁﬂ (Abrasive) (f1) MIAANTOULUAIA (Fatique Wear) 12

]
[ 3 =

j a < L 1 [
WuWUﬂlﬂﬂﬁﬁﬂﬂﬂJﬂﬂlwuﬁ}ﬁﬂﬁHﬂﬁTJTEEJ‘]J umzﬁmmmgmiﬂmmuﬁ;ammﬁm

q

A o oo R a d v o 1 a ¥ A Ao
weduranuIunaitlugaduia (ludenay) 1 a1 soAgIUUAINY WBIN ULV

Q
2 A

a a { o o ' a o a @
%mmmu ﬂ'li!,ﬂﬁ’E'J‘L!ﬁE‘Tll‘W‘ﬂ‘ﬁig”Vi’]NW’JVHTH]%“V]ﬂﬁJLﬂﬂﬂﬁLMﬂWﬂGU’E'N

voagald 16

mansgnuNNanpae Invaswvesgmdudanumsdnise 17
4 a a 4

IATOINATOULULNUOOUAEN (Pin-on-disc)______ 19

v Y
manfasunlasgungiivesyunununarlumsguesHuIuerglitien 6061

=1 (% = 1 a 9 d‘ d' [ J [
ﬂTﬁLIEEJ‘UL‘ﬂEJ“]Jﬁﬂ‘]zlil!$ﬂ15ﬁﬂ1’ii’ﬁ)'§$ﬁ’31\1N?WHWWQ%@QWH@%Qﬂ‘Hﬂ!%WNﬂH
o [ 14 ] o <
Iﬂﬁl‘l’il}ﬂ‘ﬂWﬂWﬂL‘l’iﬁﬂﬂﬁ%ﬂﬁﬂ@utjﬂ (Hv=210) uamwumummﬂmaﬂﬂﬁﬁ

ﬂﬁmuﬂwuﬂaw (Hv=160) 7 4 m/s 1z 5.5 MPa

(M) MYABITNUN (V) HYyANYU 21

[ v o a

=1 o =< v 1 = o I kY '
H_Idiﬂﬂlﬂﬂﬂ@ﬂiWﬂTiﬁﬂﬁﬁ’ﬂizﬁTN AANTUNTFUARYINUUDIUHANNAIAITUDU

Q

. ) .
thunarananuiEr lums leansn 2 mss 21



€l
=i
=).

2.12

2.13

3.1

3.2

3.3

34

3.5

3.6

4.1

4.2

43

4.4

2

a5ty (99)

4
!
' ad X a = 2
AMNDEBANATOUNURINTTNNTOVDIFUNATDULLUNYA MIM 316L
A a <
(ANUNFU 2%) Nszez loa 2 Alawasuazanuiimsloa
(M) 0.2 1WATADIUIN LAz (V) 2.0 WAsAIWN.__ 23
' ad 2
ANDEBANATOUABNS TNUTOVDITUNATOULLUNYA MIM 316L
A a ]
(ANUNTU 2%) Nszez loa 2 Alawas wazanuiimsloa
(1) 0.2 WATADIUIN LAz (V) 2.0 wasaoIW 24
= Aay 0o Aw
U NI oUA B MIINO 26
A A s a o
wiolonazgunssinldlumsive. 29
Y H 9
Fununaavugil (n) vya (Pin) wag (v) sWuaw (Dise) 32
< < Y Ny a 4 an
msgundauranna1 15 atiuansmusan AISI 440C
Y Y
(M) YugUuEvI (disc) oz () Vuglvwya (i) 33
< < Yy A A g
MIFUUTURANNAUATOINOIIY D2
Y 4
(M) YugUuEv (dise) wag () Vuglvya i) 35
Wnringuugiluvaenedoumsdnvse. 37
<} a 4 aa Aa
Tassardrsganmnveamannar IFatinunsimugan 440c Tuanmilng
(M Iaseadsgamavearuny (V) 1n59as199anInverya
o J 4 J
(F Aolos lsd uaz cAoeSlud) 40
< 4 I a
Tassadsgamaveanannannsesiiodu D2 luanwilnd
(M Iaseadgamaveuruny (V) Inseadeganinvednya
o 4 14 J
(F aowles s uaz C oS lUS) 40
< a 4 Aaa { I
Taseaigamaveamannd atiuunsimudan 440c Mndsladunya
menaamsouaiu 1w 150 300 450 18z 600 DA UTATY A
A o o A 4 s a A 4 Jd a a
M fip msmulad, PC o a5 ludilgugil uaz sc Ao a5 luandegd) 41

) 3 - = T A = 3
Iﬂﬁ\?ﬁi’l\?ﬂﬁﬂ’lﬂﬂ]@\uﬁﬁﬂﬂa’llﬂiﬂﬂuﬂwu D2 Vlﬂaﬁhlﬁlﬂu‘ﬂialﬂ

mevaamsevan I 150 300 450 LA 600 DIAUTALTH

a

4 4 4 4 4 Jd a a
M fip msmulad, PC Ao s luailgugil uaz sC Ao M5 luandegd) 42

Y P



€l
=i
=).

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

a5ty (99)

1 <= o a A [ Y Ny a 4 aa
mmmumemEmﬂuqmmﬂummmu"lwmmmaﬂﬂm"liﬁummimumm 440C
< y A A g
HAZIHANNAUATOIUDIOU D2 UOIWYA 44
[ v 7 1 Y] {
ANUAUNUTIZHIUTUTIAMUA DT LOZ NN NATOU
Qy <3 9 Y a 14 an A a o
FUNUHANNAN B AUWINSINUTAR 440C NUFINA 10 900 46
[ v 7 1 [ {
ANUAUNUTIZH T UTIAMUA DT LOZ NN NATOU
2 3 9 Y a o an A a o
FUNUHANNAN BB AUWNSINUTAR 440C NUFINA 50 W 46
v o J 1 = % ~ 2 3 FY A A I
ANVFANNUTIEUINNUTUFIAMUNVISIZNNNNATDUS U UK aNNAUATOIN DL
D2 Ausana 1o Wey 48
v o J 1 = [ ~ 2 3 FY A A I
ANVFANNUTIEUINNUTUTIANMUNVISIZNINNNATD U U UL ANNAUATOIN DL
D2 AsanA 50 WY 48
[ Y] 4 1 = [ d'
ANUFURUTIZHINTaIMIanusenuszezn el lunsnagon
< YYY a s Aa 3 Yy A A g
VOURANNA IS AT INUTAA 440C HALIMANNAUAT DI DITU D2
v v
FuUNUNUALIINA 10 YWY 50
[ Y] 4 1 = [ d'
ANuFuURUSIzrINTnasmsanusenunaszesn s luninagou
< Y NY a s PN 3 - - ]
VOUNANNA I atiNINS MUTAA 440C LALINANNA AT 091 DIIU D2
v '
GHUQWuﬁigﬂﬁLLﬁﬁﬂﬂ 10 UIAU
Qy o | = 3
(M3WNAFUNY (W)veegl(mTasmmuarinfSunasgads 0-045mm’ 51
[ v 7 1 = LY ~
ANUFURUTTEIFasmsannsenunaszeznldlunminagey
< YNY a s Aaa 3 - - ]
VOUNANNA I atinaNs MUTAA 440C LaLIMANNA AT 09101 U D2
Y v
FUNUNUALTINA S0 WIeY. 52
[ v 7 1 =® (% d'
ANUFURUTTErITnasmsanusenunaszesnldlunminaaeu
< YNy A s Aaa < Yy A A
VOUNANNAT IS atiNINS MUTAA 440C LAZIMANNAUAT 091 DIU D2
Y v
%umuwmﬁgmﬂﬂ 50 UIAU
le o 1 = 3
(MIIWNAFUNU (611)611snEJ;1J(ﬂ)Tﬂﬂﬂmuﬂﬁmaﬂ%u”mqﬂujmﬂ 0-8 mm 53

v 1 1 I a
i’)ﬁi1ﬂ"|iﬁﬂﬁiﬂﬂl@ﬂﬁyﬂlm%ﬁnuﬂl@ﬂﬂﬂﬁ‘i/lﬂﬁ@‘]JﬁlNG] maqmaﬂﬂé’ﬂ%'aum

WS INUTAA 440C NUTINA 10 TIAU 55



a5ty (99)

€ah
=2
=).
=
=
—

[ 1 ] I~ a
415 OATIMITNNTOUVBINYALAZITUYOIRMINATO VAN VBUNANNAT 15 aiiN
4 aa H a o
WSINUFAR 440C NUSIAA SO WA
416 BATINMIANUTOVOIHYALAZITUVOIANTNATOUAI)
< y A A g ~ A o
VOUMANNAUATVINDITY D2 NUTINA 10 UIAU

417 OATIMITNNIOVBINYAUAZIIUVBIGMINATOVAI)

(4

S ¥ A A g = A
VRIUNANNAUATOIUDIYY D2 NUIINA S0 WY
v o J ad a 2 1
4.18 ﬂﬁTV‘ILLfTﬂ\1ﬂ’J"IlIﬁﬂJWu‘ﬁ‘ﬂ@ﬂqmﬁ{]ﬂﬁlﬂﬂ%uiui%ﬂ’JNﬂTi‘ﬂﬂﬁﬂ’UﬂTiﬁﬂ‘l’iﬁ@
[ A 9 I 9 Y a 4 Aaa
ﬂ‘]J3$837]1\17]1%11!ﬂ151/lﬂﬁ’0ﬂ61]@%ﬁaﬂﬂﬁ”lhl'iﬁulliﬂiﬁﬂucﬁﬁﬂ 440C

1 Y
4.19 ﬂiTWLlﬁﬂQﬂ’J"IﬂJﬁﬂJWU‘ﬁ’ﬂlﬂﬂqmﬂi‘]ﬂﬁlﬂﬂﬁuiuizﬂ’ﬂﬂﬂﬁ‘l/]ﬂﬁﬂllﬂﬁﬁﬂﬁﬁ@

'
@ = Y

9 < A A
ﬂ‘]J§$83%1@%1%1Uﬂ15%ﬂﬁ@ﬂ%@ﬂmaﬂﬂa”ll,ﬂii’NiJ’E)l,EJu D2

¥
=

9
a [ a I a
420 WUAIMSTNNIONBHAINMINATOUMITNNIDVOIHYATFUNWMANAAT 15 ail
4 an Y a v A =)
MsMuFan 440C Meldusana 10 Ty () euau v 150 eerusaFea
) puau 19 300 e usaEaa (A) ouau 1l 450 paryaiHod
@ oudu 600 08Uy SOR
dy a =] o = ay < Y Y a
421 WURIMSANNIONEHAININATOUMIANYIOUDIHYATUNIUHANNEA 13 ailw
4 aa 9 a @ A =
MSMuFan 440C Meldusana 50 1y (n) euau v 150 eerusaFea
) ouau' v 300 e uaFea (a) ounu v 450 eerusaFea
) audu'ln 600 oeP IO
dy a =* [ = Qy < Y
422 WUAIMTANNTOMENAINITNATOUNMITNNIOUVDINYATUIIUHANNA
A A @ LY A o A =
in50aioeu D2 meldusang 10 16U (0) euau il 150 earsALTE e
@) ouau' 300 osmuyaFea (a) ouauln 450 osruaFea
@ ovau I 600 0P UYRUBESE
zg a = o = £ <3 Y
423 WURIMIANUTONIEHAININATOUMIANHIOVBINYATUNUHANNEA
A A g v A o A ~
insoaioeu D2 meldusana 50 1Wdu (0) euau bl 150 eer s AT
) oudu 1l 300 earsaLEee (A1) ouau I 450 DarEAIEE

@) oudu 1l 600 DR TALT A

56

56

59

62



€l
=i
=).

4.25

4.26

4.27

)

a5ty (99)

] Qy < a o aa
FHANNIDMINAIMINATOUNMIANNITOFUINUNANNA 13 AT INUTAR 440C
meldusana 10 dadu (m) ouau'lv 150 osmyadee
) ouau'l 300 osmuradee (@) oudu'lvl 450 o uyaiFe e
@ oudu'l 600 08NS 66
= o = Qy I k) Y A

FHATANUTBAEUAINTNAFOUMI ANV IOFUNWHANNA 13 Al

4 an 9 a % A =

MSMuTaa 440C Mo ldusana 50 126U (A) ouduln 150 oA uyaFd

) oudu 1l 300 earusaLEee (A1) oudau W 450 DarITALT e

@ ovau W 600 0P UYQUTEOSE 67
= o = < y A A g

FHATANUTDNEUEININATDUMNI ANNIDINANNAUAT 09I D181 D2

meldusana 10 dadu (0) ouau'l 150 oo

) aunau 11 300 osesaFea (A) oAy 19l 450 e AT

@ oudu 600 oMUV 68
= o = < ¥y A A g

FHMTANUTDNEUSININATDUMI ANNIDNANNAUAT O D181 D2

meldusana 50 dadu (n) suan Iyl 150 e

(v) auau'lv 300 omeyaEe e (f) auau'l 450 oy

§) auau 1 600 oer LT e e 69



[ [} U
11 anwihenuazanudagueatfym
< Y Y a 4 aa ~ 4 1 ] =\ =\
manna 1Fatiuunsimugan AISI 440C imsvouodlugie 0.6-1.20% uazii Tnsidion
1 4 =3 9 =Y =\ = 1 Iy 9 1 [
o8 luNuganda 16.0-18.0% uazae1f3ua Taslongavsaanaliunnuaiunuaensng
] = <3 Yy Y1 3 A A ' <3 Y Y a J Aaa
nioud ansoguuia i ldmanundsigesigalunguueunannar 1fatunsmusan
Y v KR A Y 1 = = A 1 [ A Y
A0nu JWANUAIUMUAIMTTIATgga Tasmmizilomumsguuiatazeuau Ivud)
Aa o o ] ra J a { 1 1
Taginanngnih I 1Fnunainnate iy uifuinanadnidesnuasn NUIRUF LAz NUAD
= 1 a3 a a0k 2 o A . 2 ' J
msanvsonay liidhuaiin winuily gnunazadugnilu (Bearing) ¥uaIUA1999992187
A Y=t o 1 1 =® do K o o %
nazdly Wadauazianiy (Nozzles) Tuauaiee saulidsginsaivudauazginsaidmsums
éj Qy 1 o [y a Jd A J
mugﬂ%umummumiwa@mﬁﬂﬂﬁﬂﬂlmw
< 9 A =} < a 9 o (=Y d o o < ] 9 A =\
MANNANAToAND1IY D2 Hen lFiulnun M uNueu0819n1199714 119910 K
9 [ = a s 3 9 A A < =\ 4 =\ =
ANUAUNIUADMTIAIATANIN IMANAAUATINDEY D2 Uasusuuas IasienlulSuna
dyu/ = a Aa o =) Y = A 1 A
g9 wenNNUGINMINaNTIg TuauautazuRen 1 gIde 1% ieamuanuasaly
<3 Y = 1 o (Y] Y < =1 9 ~
MIPFUUITRLANUUNTIA UAZFIBTNHIANAR IHTANVLTIANLAZ N1 IFIUNG1IUIY
' v \ A A ) ' = v 2 a Yo ‘A do  w
e linuaomsideaduazduniuaomsanvse laganndu dewldsiuminuidmivau
& . o . o X < . = A o
SIEY (Pressing) ,91U6A (Bending) , qmaﬂmugﬂwu (Cold extrusion) , N3 , luliadalanzias
A Y o = ~ < 9 3’; dyd wa A Y A o 9
NUARDINUAUMIFIAT I thannanIdelssanilauianlnanesnuluaiunnu
Y 1 = = o 9 ~ 1 ) 1 =
Aumusemadead uazasnid ) lFauianznuaeanuiduge) nuasnsdnise
] a Ao dy Y o A Y = [ Y
lidlueiin Tasluamidseil ldviminageuauauiannudumumsanusoveunanna
2
Neaoalsznn
A A AQ Y = a = A ] A
N3090N 1% 1 UNITNAToUMIANYITO UHABULVFIAINITR0N IBA N HAVDINIT
ANNTONADINT 15U IATBINATBULVUNUIAY (Timken Pressure Tester) 19 11A1INATDUIND
WINNUANURUMUMSTNNT (Anti Wear) 10$ANNEI50 TUNMISUN52 9@ (Extreme
. v A A [ = A L4 =
Pression) 1UAITHABAUVDIAITHADAUNIULVIHAINALITE 1ATeanads U ansuuu)

<3 . A
Ua9n (Falex Pin-on-V Block Tester) 6161’5"114miﬂﬂﬁﬁ)UﬂmﬁNUﬂﬁ}mmumiﬁﬂ‘ﬁiﬂﬂlm



Y o f N & A a 4 . .
1T UYADAY 1ATPINATDUMITNNIDUUVUNUDOUATD (Pin-on-Disc Wear Tester) 191U
o = % Aa o dy YR A 9 =
f1avanalnmsdnusounudag luanidell laanuriauidanuduniunsdnnioves
<3 Y Y A 4 aa <3 Y A A I = A Aq Y
mannd 15 atinans musan AISI 440C tazmannaunIodlodu D2 Funsoanaaoun e lu
) 4 a a 4 Y] 4 L
$1A9INIANNITDADIATVINATDUMITANUITOULUNUBOUATD 1ASHANNTUDAUATDINATDUL
A 9 . 1 . ) A 9 I Aa ~ o A 1 A ]
A5 1FMya (Pin) NABILULAUIU (Disc)  BTaad IFvzitluriamernunioanwsianu
A 9y a A o <2 ' ~Aq I
e ldinanalanisauloa TasausodSuusina anuSiseuvsuauIULazaIn 191y
[l Y v i A
msnadould Fanasanmsnadeuansoimininie lvesryanazau iensan

v = ' [ A o =2 a
Taqgdudaiagrialadnrsonouny wietnenaslavzannmsannse lUdsziiiu

a '8 ' Y = Y
ANzl NanYuzYeO M ITNHTe 1A

Y] d
1.2 Jeglszasn
A = = o = ] Yy A A 3 3 Y Yy A
12.1  IWeANHIDI®ATIMITNNI0VDURANNAUATO 0 B ULazInanNd 1S il
FHAMSINUTARA

o (2 =2

4 o o [ 1 <
122 1WoANEIDIANNTURUTIZHI1NAIANUUTIAUOATINITANHTOUAY

913}.1 a

v @ 1 Y < [
ﬂfﬂuﬁllwuﬁ.ﬁgwg'l\‘liﬂﬁﬂﬁ%}'lﬂﬂaﬂ']ﬂﬂll@@i'lﬂ1§ﬁﬂﬁ5'E]GUQQLWﬁﬂﬂﬁ1%ﬂﬁ@\1ﬂ5uﬂﬂ1ﬂwa\1ﬂ1§

< A
guudaazmsounu vl

1.3 U UIUAVDINUIVY
< YNy a o Aa 3 Yy A A J
1.3.1 L’I’iﬁﬂﬂﬁ'luliﬁuuﬂ'ﬁlﬂu"]f@ﬂ 440C LHazimiannauAIaduaegu D2
< [~ 9 Y a I'4 aa I~ 9 d‘ A
1.3.2 ﬂigﬂﬁuﬂ'li“]iﬂll,el]\“I!Mﬁﬂﬂfl']vliﬁuiﬂﬂﬁwluc]fﬁﬂ 440C HAZIHANNAUATDIND

18U D2 LAAIRIAITN 1.1

~ a A 3 Y )
ANTNWNN 1.1 Qmﬂguiuﬂ’liﬂﬂﬂqumﬁﬁlﬁﬁﬂﬂa’lﬂﬂﬁﬂﬁﬂi&ﬂﬂ

Tag Fuami garigiilumsouau i
1 150

440C 2 300

D2 3 450
4 600




9 vy
133 ﬁumwﬁ’wawmmﬁmmwmu 0.8 “lmsau
Y. = v A A a ¢ v
1.34 “I/Iﬂﬁ’f)‘].Iﬂ??ll@ﬂi!“l/l"lﬂﬂﬁﬁﬂ“ﬁS’E)ﬂ’JfJLﬂﬁ@QWU@ﬂuﬂﬁﬂIﬂﬂﬁl%Liﬂﬂﬂ 10 uay

a o <
50 UM 1 UTZE2N19 1000 LUAT

d' Yo a v
14 Nﬁﬂ"lﬂiﬂ‘ﬂ1ﬂﬂ1u']ﬂﬂ
=2 o = < Yy A A g <3 Y VY A
14.1 NITUINOATINITANH IDUDUNANNANUATOINDLEYY D2 Llaglﬂaﬂﬂajl‘lﬁﬁuﬂ
3 IMUTAN 440C
= [ v 1 [ <3 < 9 g’/ a
14.2 V]ﬁ'lﬂf]\jﬂj']i\lﬁilwu‘ﬁﬁ314’3’]\‘]?]’]?’]'31%!,LGU\?GU@QLWﬁﬂﬂa'WNﬁﬂqsﬂu@iu/ﬂﬂ']’lg

A A A v =
ﬂ’liﬂﬂﬂuulV‘IﬂQﬂlﬁﬂiJ@]'Na]ﬂﬂﬂﬁﬁ']ﬂ'lﬁﬁﬂ‘ﬂi@

U

=2 o

143 wudeanudunusszninelasea’dieganianueasin1s@nsoves

g ¥ a o <
maﬂﬂﬁ’mqﬁawuﬂmwmmsagmm



a
unn 2

U

o d a y
3NN ITNLAZ NN IV

21 unin
<3 9 9y a 4 Aaa 3 <3 9 9 a 14 Aaa ~
mannd I aiuuimudana AIsI 440C iuwmannar 13ativansmusan Awewy
J ' ' = = ' J
A5 VOUBYINTIN 0.6-1.20% tazdi lasloueglumauygalszuia 16.0-18.0% MsWaN
2 2 A wa @ 1 ] a
Tasfeuligayunie1n ldauianedudumumsnansou lhigadely msizdSuaves
1 : o s s s a
Tasfiouduniieez ldsawnumsveuld Insfionns lua nazmaodSumvesTasdeulu
J J ' ' o o <3 { [ <3 '
Tassadransmulad 13 hidesnd1 12% dmiuanuedan Idnrevdasnisyuudedia
ingauvzglsznalifu 60 HRC
<] Y A A o < ] I A 1 <
IMANNAUAT 03BN (Cold work tool steels) H11900MIY 3 NQUAD NG
9 ? o ' ' 3 9 ' 1A ~ P
AU (NGU 0) NGURVUTIABOINF (NGU A) taznguinay TaTIHoNge LazmMSUoUgN
(U D)
' ~ ¢ a % d y v4
ngurauIasdionuazmsuouge (D) er1awauInuAoNLaz Inueasd 119A59 1AT0
a ' < Yy A A . A ] Y = s %
N1 mannaun3edlo Lederburetic 11109910 TAT9a5199z1l5znoudle Tasdiouns luaan
=2 ] @ 9 IS A I ToAa Y A 1
panagauvownsy ludnyuslassasvgaaan Wungunimslsauunigalungu

I~ Y A A < v A 4 =1 A a o = A
MannNaUAToINDIEYU FIANTUHANAD A1TUDU Iﬂilllfli] Llaziila‘UﬂuiJ Iﬂﬂuﬂﬂ!ﬁnu@]

' [
A A

Y 1 = I a = o Y [ o 9
mumumamiﬁﬂmaguﬂuwmy HaMsLlagaanalye ‘ﬂﬂ‘l’iﬁ1h1‘iﬂiﬂ]&ﬂﬂllﬂﬂhl’ﬁﬂu1u

< I 4 L =Y o a a
Futluwamoinmsidsuums lod lulSuags i adsiun,2s43)

Vv < Y NY A dJ aa
2.2 ﬂ'i%‘].l'J14!ﬂ1§9ﬂ‘§TJTI1\‘]ﬂ'313»]591»!51]?3Q!ﬂﬁﬂﬂﬂ1ﬂiﬁuuu15!ﬂu“ﬂﬂﬂ 440C
1 = I Y Y a o aa 3 T A
nndrunaumuaiveuranndr atiumsmusaavzmiungrsineminiz lums
4 A : N _ < { < 4
pulianuioudegumngil 900-1050 esswarFea yuvles lsdvznlaou lilueomalud
¥ L TS v o q W Jn o A '
nariua uazas ludazaatedn v ldeoma ludlimSueunaz squandu 15U Cr uag Mo 110
3 4 ! < ? o 2
Ju iedaseliidulueinma mFeguluiniu winFununu) 1w ld Inseadgamagaie
& s I < a s A g g 0 q.¥ 4
dhumnsmuladniinnundegauaziivoma ludmdonwdramizsguaugailfeoda lud
[ = = Y a9y D 4 Ay o <3 zg @

vuduledosnmla a guugitos Tassumeoma ludamdedanadimsyuuisyuny

a P P, A Y o 2y ~
QmwgmmznaﬂumiaﬂwLﬂuaaﬁm”lu@ llTﬁL‘VILl]l“]f@‘i/lUlﬂ‘WﬁQ%TﬂﬂTﬁ“];DuhliJLﬂjJ1$Vlﬁ]$



) o 4 o 3 1 o
i T nunuiissnnianuauanaazauuini lduduanline 3sdeair s uaulv
1 ° 1 4 g}.l H 4
nouii g ludiuveseoma ludmaonisiu arsaaldiidedosfiga ieain
I'd a { I J 4 1 o . a [
poan ludorunamslaswla Tl uinsmulsdsenanair 1l 19au Fezinanadeluud
o 1 2 = 9 A 9 am ~ P
YoImssnvinanaz3linvesruau s lldeimssanddeldau 35msildlumsan
4 'Q o { = [
poma luamidoneidosasiiieyluogiuaenisouau Idhguugiilusig 450-500°C
35 a g’a A 1 A %} 3’; dyd o
wa1e9 A59 (Und 3 asauTen1nna) mssuau e ivareaseiianusuuuin my
3 { o 3 o o v d o o
wannnumsnasueoaa luad naredluans mu lsdudrdauilumsouau IR suunsmu
PAEPN 49! [} [ = zgx}a ' Y dyy
Tyannavulnuvdinmsovau llasanouniniiaie
a o 4 4 I~ 4 4 I'd
Tasdnaundd nmssvauluina lusmuladnarodumunlosuismu lae
P ' P P A 0 o g o ] ] 3 v
(M5 UDULNT 0NN MU Taranilpeuazisunaauiluas lud) Fannuudianadaniios
1A ~ Y o < Aa 4 P 9 =
uafuaNumiler Iinuman viinguugigaunnusmu leagaiuTassaireluaainns
’d o Y A < s o P PR 1 A
augagnaznaunganwluduganenaedumes lsduazars lud netimsndeuniasves
9 @ A dydg! @ AAq Y 9 ) [ ~ < Y
Tassasgamanaimsevau liyunuguvgiinldlumseuyuaie disunsaimannd
Y Aa 4 an A < Y A A 4 =~ a a a A
Fatundmusan viomanndnwenisueuuas Insliouge onsnavesgungiouau lu
o I~ ] e
Taena9 1) Wuasil
A ~ Q‘o v = a 4 Jd A <
m3souau Ilfigurnia1ni1 350 osrmaaided vzinans luawia (FeCr),C vuaian
) ) y X A s IR A o v A ] '
nszdanszaend 1 lulassadeiiugiu Aeuimu loasanmsevauai lusieiinanuudeg b
Y 9 ! = 4 I3 < ] 9 ] 3
anaaun udazldnannums laaeved lasionas luanazilulilegrada Tasaianuuda
< 9 9y a 14 Aaa [ <3 A [
Youranna 13 atimnimugaaneraimsgundazeuau Iluaasasgy 2.1
A ] A =1 a = =\ 4
msovunau I luriegungil 300-450 perusaFea wzinamsannanuesIngiionns
14 Y = o Jd A a 1 ] 9 A o 1
lua (Fe.Cr),C, waz il Tasiliouns luaiia (FeCr),C inanousgual nsouauailuyig

Qdy = 4 4 v Y = 4 4
gauvndil Tasfeuns lua (FeCr),C azdaroavinauaz 14 Iasiiiouns lug (Fe,Cr),C,unu

Q U
v

=

1 ] = o S 1 A A 9 a =\ o s
Fa 1y Tanlouas luanegluanizeauga 95 wdrnuunugiauga lnslouas luan

Id A 1 A v A a = ds' a
A239211UAD (Fe,Cr),,C, az TuaanmseuaudaINgugil 300-450 parisaFealiolnvzinag

o A a 2 Y = 1 o = ° Y a A
M3 luaniay Cr,C e 'ldon azanraneg1enszIansza1e s inar ldinamsmuaiy
< @ A . 2 Y 1 < ] X o
1391a30DAN W (Secondary hardening) U1 18 an g lugaauanmin
A d‘ a a 1 = a = 4 4
msouau Iiguvgliguiunii 500 osrusaFod 9znANITANKANYDIATS lUA
' < ! 4 A &2 & P P )

(Fe,Cr),,C, tazaz Taan laisa luvmz i lassa g gl uinsmu lesdizaoss

wasuhhiflumles 1sd lkanuuisanaann dionng Tassadidnaguldounlaudg

U

anvag Inssadnluannzaugaania adsduni,2543)



o o a3 1 1 Ao v
NTUIUALYY (Sub-zero treatment) (HU mﬁ;um“lu”luiﬁmumaaﬁgmwﬂwmmw 0

QU

A

o < a 4 d v o 1
paruTAIBed N1eraInmMIguuIznamsmu ladnueoma ludimaeae o uns
o v @ 4 ! < 4 1% 4 o 4
Tfadueoma ludmaediudasu lhilvansmu lad Idunigauazazdinsdiooma lud
Ay 1o & ' o ™ A ?
maeANegTIunilwazda1ea linendsninmseuan lWvaleass IR Yang, T.H.Yu

and C.H.Wang, 2006)

Tempering Diagram

65

60 P
\'\..

55 \

50 \

45

40 \

35

0 100 200 300 400 500 600 700 800

Tempering temperature in °C

Hardness in HRC

A 1 < I Y Ny Aa 14 aa
5UN 2.1 ﬂ'lﬂ'J']1]LL"IJQ"IJﬂﬂlﬂaﬂﬂﬁ'lvliﬁuiﬂﬂilﬂu“ﬁ@]ﬂ 440C

U

a =

@ < {
mevdamsyuudsnazevudu luigaviagd 1000-1050 esssaiFod

U

Jd o

a o o { = <3 o ..
(UsEn ll“VlEJ-lUf]iiJUﬁlﬂl%ﬂﬁﬁﬁalcﬁulﬁﬂi 91NA., Martensitic

Stainless Steel 4125)



23 ASTUIUMBLUMIANNSo UV uHENNAuAIe IR OMEY D2
< < y A ] £ o A A A A s 7
ﬂ']ﬁslfllll‘ll\uﬁaﬂﬂa’]mi@ﬂmﬂlﬁlu D2 ﬂ@\iﬂﬁgﬂ'lwLﬁ‘klluﬂﬁﬂ”lﬂi]l]in’lmﬂ"ﬁ‘lﬂﬂﬁlu

a J J J (% < o
Ysumge uazTasearanumdesnsimuladnrenamsguudaazovauld Tasdoqi

Il
a =)

A A A 9 o = 4 Ja Y
’e)’aﬁmuu”l@l%mqmmeQQ LW@iﬁﬂWﬁﬁaWﬂ@ﬂﬂlﬂﬂIﬂﬁmfJ'JJﬂ']'illTJﬂlﬂﬂhlﬂiJ']ﬂW@ﬁiJﬂ'Jﬁ Iag

QU

o < Yy Y A @ = Y a 1 o A <3 Y 1 dy Y
NYHAINTTYUUUULAIADIDUAUAITDINITTINATIAAADNU Lu@ﬂﬂWﬂLﬁaﬂﬂa’]ﬂQNunlﬂ

wa . A & A < Y A A 7 =
AUTNUA Secondary hardening ﬂ@L‘]Juﬁﬂ‘lslﬂwVIWU11!L‘ﬁﬁﬂﬂa’IVIiJ‘]Jﬁm?mﬂ’]ﬁﬂﬂu‘ﬂ’]uﬂa'mﬂﬁ

= A v v @ 4 Y a = I 4 o [ A
qmaw‘ﬁmNﬁm/m1%‘1Jmﬂ‘umi‘]JauummﬂmmﬂNam‘ﬂumivl‘lmsluizw’gnmimmu"11/1

Y, A @ ] [ a Aa o = 3 Y o

ulﬂ{luﬂiﬂ'lmﬂ']ﬂW@ﬁllﬂ'ﬁ HIANTNAINATD LFU IﬂJﬂ‘]JﬂLlll L!agiﬂﬁlllf]ll Wuau Iﬂﬂﬂ?ﬂﬁaﬂ

S v A 4 A FY A ) A o A Aa
miﬂ;‘ummJﬂuaﬂﬁm"lumwaaﬂNuazmammamum’meaqmw;]u 500-600°C 5181 eTY

[

v 2 o w ¢ a g s ¢ o q ¥ P o
mamsluaaﬁm"lumum ”]JﬂTi‘]J@‘LJLﬂﬂL‘]_I‘L!ﬂ?ill‘]JﬂLLaSVHGlﬂ@@ﬁmhluﬁllﬂTﬁJQLlﬁﬂ@]TZN

(2

9 Py a J 14 = @ zg A a g A 1 3
Lauam‘Hﬂuﬁuﬁﬂmimﬂmimullcm (Mf) ﬁNﬂa‘UNqumulﬁu@QﬂlﬁﬂﬂﬁﬂQlﬂ@ﬂﬁ@ﬂ!ﬂu@?

Q L1l a U

I

d 4 1

a 4 J A X U <= 2 o 14 o 2
i]glﬂﬂﬂ'lilﬂul’lc]fﬁi?iﬂl‘wuﬂluﬂ'] ﬂ’lﬂ')’lllllfll\31]\1'(,:[\161]1!i]']ﬂ‘VNﬂ'lﬁUlﬂﬂllﬁgll'lilﬂubl“]f@]{l“ﬂﬂu

4 g 1
38n1J31nN13813191 Secondary hardening
9

2 < R ! o X v )
mumauiummuyumaﬂﬂmmimuaﬂqm D #8935 A50UAR18ANUAUANA

U

! [ 1 o a a ° { Aa
(Stress-Relief) NoUMIguLAN drumsieomauil lag arsiinguvgiigelszuna 1000

~ o < o 3 . a
fJ\‘lﬁWl“ﬁm‘%ﬂﬁ ﬂTﬁLWHG]’B'EJIIG]ﬂﬂgﬂllﬂlﬁﬁlﬂﬁﬂﬁ$ﬂ1!ﬂuﬂluﬂ ﬁ@ﬁ UNYN 400 650 LLag 900 841

a <

I Y 49! = A a =
Lgaly e quwmwu‘lﬂ%umqmwgnwum ﬂﬂﬂi%ﬂﬂﬂ‘!qm‘ﬁgh 1000 DA UB ALY YT

Q

) @ @ < @ 9 < @ A ? o 2 3 A
ﬁWi‘i“UfJG]ﬂﬂﬁLEJuGl’JGlﬂfﬂﬁLEJuﬁ’JsluE]1ﬂ1ﬁ“ri‘i’é)umu WINFUNUHU) NI TNy

)}

< g Y A A = o v & A
ﬂﬂiJﬁﬁJﬁﬂiHﬂﬁﬂg‘ULLﬁlNgN GUH'(,:fﬂVl'IEJ ﬂ@ﬂ']ﬁ’f]ﬂﬂuulw FIAAITNININNITHUIATINGUH DU

U

Ay < 619/

400-500 pasaiTae av1eazpaanaadlugli 2.2 Tunstindesnisnnuuiagannn ozl
any S A g ax a o A A a =
FYUHAIEINEIT lua1eae Tuvuzhmsevau Idigamgiidszuna 500 eermuasaFon vz

9 < Aa dy ~ == < 9 o A A [ I
Ulﬂﬂ’)’]ﬂJ!HNVlW’JQ’QﬂJu I@IEJV]ﬂ’]ﬂﬁlUﬂiJﬂ'J13JLLﬂJQQ\1@'JfJ(1JUﬁ ADITIUAT,2543) Iﬂﬂﬂ’]ﬂ?’llllml\‘]

=

vounannaunsediiodn D2 Mendimsyundaiiguuail 1000-1050 s IFAFoAIAAIAT

q QU

A o @ { < Jd o w
51 2.3 (W58 Ing-wesiiuan)Fvaadaiumes $1na., Cold Work Steel 2379.)
o v 3 ) o ' .
M3 1TAEU (Sub-zero treatment) (JUTUADUYDINTFUNAINT 0 DIAUTAITOE B
{ g 3 < . o . A
a15 0 1Fyu TN md e (Solid carbondioxide 130 dry ice) BIROUIMAIYUNYN -268 DI

- ~ 3 v o o & o A Yy &
ALY uaz”luimmumm -196 DIAUBALHYT L‘]J“L!G]Ll mimmmumuwa"lwmmmgﬂ Uae

A ' = a 9 o Y g A g . .
ﬂlummmu’euumnﬂaﬂumumu@ﬂum Iﬂﬂﬂ?iﬂ?iﬂﬂ@ﬁl@qu@LﬂﬁﬂﬂN (retained austenite)

' Y 9
= v A

wlasulidhunsmuledinnfigansiimizmannduaiosiodm Ivawausaasluls e

Q

79 FeaziinalumsangavgiiGuduvesmsnlasuntlasninesaa Tud luduunsmu lad



Y 5 o ' S o & @ o v & KR o = o

M) Taadiawazd1nii o essimaidea aaiunenaimsiiaduddinedioodn Tud

Ay 1o ] da! R a 3 Y a J

mdeRveguIunilsIuegny Usumvessiquanlumannd) gurglvesesda lud
o < @
HAZEATINTIUAY

o o [l J @ <
Tagranminaluudn s lidesms lleema ludmasseniendinisyuuis Tag

A
mawa 2 Jszmsne

v

o 9 v <

73 Yy Aa ] = ¢
231 eoda luamiluTaseadwnlanuud i simenainsyundsliooda lud
Ay 5] < Y 1A S
MaoANT UG ANUUTIVBINANITUDINIINAITILI Y
I 4 3| 4 4
232 oeoma ludmdeds HTeman/aeniluunsimuled 18 iegnusinanseds
: A ara 4 4 = o .
Tuvagldau Felasnuauianeildandveseoma ludrglivsuiassumig Specific volume)
o ' s PR = ' ' o 2 A
anmnimulad auiniionansnlasunlasgondiwalasasainuynaveruau nafe
@ ' 1 < a o £ < { a
Imsvenesiieerantiuenluaninve i uazinanuAz eanUFUOUANNgU YT B
' Y a 9 a = Y A A 31 ] a
dawaliinan1suaning INAANMEEIBNIT 120N UV UATBINBITAUAI(IA a5
AN,2543)
< 4 < @ o a a !
Tassasegamaveurannauaseiodu D2 vasninmsineedauil laden 1020
= J PR @ = 2 2 o w A
peruaadod Uaosliduarluema uazouaul 1 a9 uag 2 asemmdRy uaasluglh
< 91 & ¥ o qya o B ] o 2 ¢
2.4 vzwiuldanmsovaiu il 2 asemldinams luadanasvina@nsuauaniu wsmu
o Y g =) 1 < (% an o 4 a 4 ] 4
lydveelassafanulinnnimsdudarlueimea@ ns Tsautiud, gsfug Tsouiiua uaz

o d Aa J (o
qaiend nwdlTnuna, 2007)



— Btrees Refiof Anneafing —y———— Hardosing Tepaxing——

Time

EpeLstamr] Temperature-Time-Sequence for the Special Heat Treatment of the Tool Steel THYRODUR 2379 7;_2;;'

{ < o <
qij‘]J“It?] 2.2 f‘lﬁf]ﬂﬂﬁ?ﬂﬂ?l']mﬂ%ﬂﬂ, NITYULUS Lmzﬂ']’iﬂﬂﬁuﬂﬂl‘ﬁﬁﬂﬂéﬁ AISI D2
o a Aa a <3 a ]
(VUT ADIIUA, IAINTTUMITDUYULVIAN. FUNVAFINTTUTUUNIY TZINA

Tnelunszususliug.2543)

Tempering diagram
70

(=11

62

54

50

46

Hardness in HRC

12

38

34

30

0 100 200 300 400 500 600 700 800
Li]
Tempering temperature in C

A ' < o Yy A A @ < A
qf.]ﬂ“l/l 2.3 ANANUUUIUBDAUNRANNAUATDINDLEU D2 msmmmﬁ;mmuazamu"lw

a

Ngarnl 1000-1050 D UAIFHA

f
W30 ne-wosiualiFoaafariumos $190., Cold Work Steel 2379.)




10

= v < y A A g o 2 A A ~
51N 2.4 Iﬂ’iﬂﬁ’i1@@@1ﬂ1ﬂlﬂﬁﬂﬂa1miﬂﬂﬂmﬁlu D2 TONYULUINGUVINY 1020 RIS KIS TG

u
9

I o A 3’, A 1]
(n) wuaa luene V) auauli 1 a5 (") auau'lil 2 a5

an v a J v v I a < (o
@ns Tsawdud, gsaug lsvuiiua uag g awdlsnuna, 2007)



11

24 vHavesussnmanlFlumseuyy
Fiavesussmanllumsensy osnnlumsenyuveunandmiunanFuaiu

1 Aa < § o <3 {Aa o 1
AN ﬁslijﬂ"liW’JL“Haf‘lﬁﬁgi’)']ﬂﬂiTﬁ%']ﬂ@@ﬂlle'ﬂLlﬁg@?lj’t‘)\iﬂ"liﬂ'ﬂiJLL"’lN“ﬁW?ﬁiﬂ!ﬁmﬂllazuu‘l@u
v

[

{ o o & ]
wiumseugunszineluadssuludesnuauussemeanielum laogayananeves

ﬂﬁﬂ’)‘ﬂﬂlﬂﬁiﬂWﬂWﬂﬂWﬂiu!ﬂWﬁ@

A

[ 4 { ¢ o o
2.4.1 ﬂmﬂumiqug?’mmiuau LLﬁZ‘ﬁ'Hﬂ’E)uG]ﬁﬁ?ﬂﬂ]ﬂ]ﬂlgﬂ'lﬂ']ﬁm'lalu5383

9

I9TUTU

[ a J a a o a o v v
2.4.2 ‘ﬂi’NﬂLlﬂﬁLﬂﬂ@@ﬂ"l“]iﬂﬁ"llmiL’Jil!W’J‘VI11ﬁlﬂﬂﬁm1’i11Uﬂ15ﬂ1%ﬂﬂ18ﬁﬁﬂ

De

S 9 [ < a a 2 7]
243 Eluﬂiﬂ!ﬁ‘ﬂx‘lﬂ”lillﬁ‘U‘IJ'EQﬂ’NiJLHN‘]JiL’JmN’Jﬂl@\i%ﬂ\i?ﬂﬂﬂﬁﬂﬂiﬁﬁﬁﬂlu

Y

awnsanszi ldmemsniuauusseimanelum@iia adsaua,2543)

=X . 1 I
2.5 NalnMIaNKIe (Wear Mechanisms) 2131504191529 nv09MITNT000 NI U
[ A
4 aNYULANO
251 MIAnUIouUUTane (Adhesive Wear) INAIANMIFUAANUVYD DALY ANUD
&' [ é o Y a ?,’_, 3 [ d'd' a Y 9 (% [ = dy
ieddag B Iiifasuve wiio Ingionaa I8N 1Az 1ABBNIINNU NMITNHTOLLVL
v A A 4 A ) P~ v A 2 :
Wnnanmsmasunuuuaou laa nazmsvaoau lumeans Wnnaws Tansauszring
WIT R
= = . a d‘ dy (% 7
2.52 miﬁﬂmmmumw(AbrasweWear)mmmmimua’mqwqﬂmﬂ"lﬂau
A = A I J =2 . A a A~ 1
(H041191NYNYATANTBYNYAI UIBIAN (2-body Abrasion) HIDINAIINAITNUIALKI HU
A < (] [ Aa o o g‘/ 4
az094 130wy TarzNA1UUIWIN 9 UNTNBYTZHINHITURE (3-body Abrasion) N3N
=< Ao g A = =2 a 9
AnnsouuVUNNTUNaBINIINNITTNHIBUUUIAAAA Y
% a % ¥ [ < <3 1
253  MsANNIBLUUAINI (Fatigue Wear) INARINNTAIAVDUTLOTTR HI92FUIT

[ IS

a [~
AIYITAANY QU TOULANYI 0T DTN (Spalling and Fissuring or Cracking) owilumaninn

q Q

Y
m3degnuuvansuazuuuaugls1uan1d (Plastic and Elastic Deformation) M38187909
@ v a o & { o @ <
aqunanuFUdIUNADITUNMTZAAY (Cyclic load) Hunaiuy
=2 A g’/ a aAaa =

254 msanvsonsunilaslfnserlasTuinll (Surface Layer Wear by

Tribochemical Reactions) (NA1INMINAITUATIAAMIVATIAZIAANANIIINUHAToMIaAL
9

Tagmwiz "URN381000F1AFY (Oxidation)" VINATIOINEENI NMITNHIIINAITAANTOU

(Corrosion wear) (Gunter Mennig, 1995)



12

prrEL TS

Y/,

vl
Ate cbe CLor

(A1)

317 2.5 M3AnnseuuVA1Y (1) MIANKTOLDLTAAA (Adhesive)
(V) M3ANHIBUVLYATA (Abrasive)

(") M3 Fansounudan (Fatique Wear) (Gwidon W Stachowiak, 2005)



13

(% = 2 U A o o o Y
aﬂ‘]&Jﬂlgﬂ?ﬁﬁﬂﬁﬁ@ﬂlﬂﬂ%ﬂﬁ?ﬂiaﬂgﬂﬂﬂW‘]JGluQﬁﬁ'Wﬁﬂiﬁlm'Juhl ﬁﬁﬂﬁﬂﬂ?!ﬂ!ﬂllﬂ

il 4 sziande

= ' A = A Aa A
1. ﬂ'lﬁﬁﬂﬁﬁf)ﬁzﬁ?']\iiawg?ﬁﬂﬂ'ﬁﬁﬂﬂ3@llﬂﬂqﬂa1uﬂ3mﬂuﬁ1§ﬁa@au

=2 =) = 1 d‘
2. ﬂ15ﬁﬂ1’iiﬂllﬂﬂnlﬂﬁcluﬂimhlﬂﬂﬁﬁﬁaﬂﬁu

= o =R g = a A 3 A o
3. ﬂ’]iﬁﬂﬁﬁﬂllﬂﬂﬂlﬂg“ﬁﬂlﬂuﬂ’]ﬁﬁﬂ?ﬁ@ﬂ’]ﬂWTﬁﬁﬂﬂHﬂTﬂllﬂlﬁﬂNTﬂigm']

4. M3ANMTONAAIINANUZ AT MITNUTOUUUYAZA

! I ? { a v W
Tua1snad 2.1 dunissrusaugduuumsdnvsenazna lnnwiuaifanudag

UszianTang Tasldranmslumsutaendszianvesmsanrsomuiladeranuiadszms

Y
aaao i

= Ay A a = o o Ao q¥Ya =2
1. @aMITNITaNrie ﬂ@m@u"aﬂﬂ‘ﬁu1ﬂﬂ\jﬁﬂ1uﬂ1jmGU'QQﬂ']iT]%ﬂutﬂvnleLﬂﬂﬂWiﬁﬂ

v

NIOIFU ANHULUDL]

o A

v o < 9
s a gadura Huau

] Aa o o a Y A a é’ < A <3
ﬂiNﬂJ’éNmmJNfd L]Jill']mﬂ'g’]illﬂuﬂlﬂ@qlu AITULIVITOUTITDAITULT

= A Aa X o v o Ao q Ya =
2. ﬂﬂl’lﬂﬂ'ﬁﬁﬂﬁiﬂ ﬂ@ﬂallﬂﬂlﬂﬂﬂluﬁluﬁgﬂﬂﬂqaﬂ'lﬂ il ﬂqﬂﬁumﬁﬂﬂqﬁlﬁlﬂﬂﬂ'ﬁﬁﬂ

1350 FITIWDIANHULNITIAAANUYBI0ZADN MSTFUNVUNAITAN HAZNITHYADONVON

¥ < <
o Tangnanadlueumsanvse wudu

3. wanguuazdeyaniumaia AedoyaawisnAnnuiananaziaaioony

pg19Tan 4 15U dnsIMIdnrse mInlasunilasuessasimsdnuse anyurdIRYVENH?

A= = 3 v
NANNTDLUALIABUDINITANNTD lﬂuﬂu

! a o a so’ J
A1519% 2.1 ‘ViiJ’J@‘ILLﬁgslfuﬂ"UfJ\‘lﬂTiﬁﬂﬁiﬂiuiﬁﬁ%(ﬂi.ﬂu%ﬂ UTHUINANNIA LazAe, 2004)

=2 a =2 o a v A
NUIANITANNID FUANITANNITD ANEUSNITLINA aﬂymz‘ﬂﬂﬁﬂg
AMsanuseszrdn | Lnisanuseuvuloa [ n1sloaveslanzuu | 6asinsdnnsoga Ay
Fd '
Tane (Metal to Metal | YUJULIA (Severe metal | Tans N1iqaoon1NAITIAY
Wear) to metal sliding wear) aaIn !,‘ldJ ylawnzg
A a
louAn
P o = o
2msanusonvuloa | n1slaaveslanzuu | dasimsdnnsed uaz
ieaanitos (Mild metal | Tavng IEAITANUIONNQA

to metal sliding wear)

a a 4
@E]ﬂiﬂﬂW’JQﬂE]ﬂﬂ"BVlﬂ“ﬁ

3.MIANHIBUVUYAZA

(Fretting wear)

3 A =
NITAUTLINOUN

mduRasErelane

Hlunesvetoon lad




14

{ a 1 % a %’ o
A1519% 2.1 ‘Viiﬂﬂuag%uWIJ’EN‘mﬁﬁﬂﬁiﬂiuiﬁﬁ%(ﬂ@)(ﬂi.ﬂu{ﬂﬂ1 UTUINATNIA LasAde, 2004)

HUIAMITANNTD

¥UAMIANNTO

ANHAUTMITING

o 3
anvazniling

4.ﬂh‘§ﬂﬂi'6u%1ﬂﬂ1i

FUVYDIDIANATOU

J A a <
N1TD1INNITDINATSING

TsznnamrTany

a < A
Wﬁlﬂugllazﬂiﬂﬂﬁﬂﬂ

VBDINIIHIaDU

(Electric discharge
erosion)

= [ Y Qy a J v A 4
50198 NUIDTEUIN Tawgiﬂuﬂaﬂaanu N?ﬂﬂu@]')ﬂlﬁﬁﬂﬂﬂq“ﬁﬂ
TanzNguungiige (High | Tanziou NQA0aNU
temperature metal to
metal)

o o J a a I @
6.ﬂ1ﬁ§ﬂ1’iﬁﬂﬁ]1ﬂﬂ'ﬂuﬁl’l AITAUNTIECHINNND W”JH_IL!E (Pitting) nav
4 a 2 2 A P
NINAIINNITNAN Iﬁﬂgi}'lﬂﬂ15ﬂaﬂ Lﬂﬂﬂ?ﬁlﬂﬁ@u’ﬂqﬂﬁ$ﬂ$
(Rolling contact fatigue Hilg
wear)

¥ a) 1 %
7.ﬂ15§ﬂﬁ59ﬂ1ﬂﬂ31ﬂ5}1 NITVUB) WINQATDOUNAINNTUY
M1AA1AN1TFU (Solid &5z 8emiia

body impact fatigue

wear)

B M3AnNUIoLULTAY

(Abrasive Wear)

8.NTANHWIOUVVUAY

FIWAVMINILUNN/NIT
<

Yenguoaoyn1Anaa

(Impact abrasion)

9
mwumqw%’@unuyﬂ

(Fahiin1seTu1e0E19

FALU)

9.M5TNMTBINMTVU
#181159810 (Gouging

abrasion)

NIBFUAIBOYNIAVLIA
Tvgjuagmanaui

HIga

a g ' = a =
Antusesan tnamside

31

10.M5ANNUIBUUVTAY
FUAAIIUIA UG I

(Grinding abrasion)

aa Y
NITIFUNUAINUAUNIN

= o q 9
‘W’t‘)'l/l%%‘ﬂﬂ'ﬂﬁ]ﬁﬂWﬂlmﬂ

v =

PATINITANNIDYN 708

= 1

VAVIUAWITOVOUT U

1

11.M5ANUTOUUVTAY
FUAAMVIAUAT (Low

stress abrasion)

= 9 '
ms%u‘mmmmu‘lnmn

=~ o q ¥
Wﬂﬂ%&’%ﬂﬁ@‘l;lﬂ?ﬂlmﬂ

§@§1ﬂ1§ﬁﬂﬁ§ﬂﬁ'} ag

= ] <]
TIDYVAVIULIAN




15

{ a 1 % a %’ o
A1519% 2.1 ‘Viiﬂﬂuag%uWIJ’EN‘mﬁﬁﬂﬁiﬂiuiﬁﬁ%(ﬂ@)(ﬂi.ﬂu{ﬂﬂ1 UTUINATNIA LasAde, 2004)

HUIAMITANNTD

¥UAMIANNTO

ANHAUTMITING

o 3
anvazniling

12.0158ANTBIINAY
NMINANTOU (Cossosion-

abrasion)

AMINANTOUINANS DY

AUMIANUITBUUDIAY

anvasziliing
MaInNKa1e MINANIoY

a g X
INALTIVU

C MIANNIDNNMT
¥uv09ved lvia

(Fluid Erosion)

13.015TNNTOUVINIG
FUVDIDY NIA (Solid

particle erosion)

N1TFUVDIDUYNINVUIN
< a4 A =
Laﬂ”lumm"lwamﬂaauw

v 3
AIYAITNLIIGN

AAYULI0ITOIAITAN
nIouNsINQUURINE
[ o d @

duiusnuglunvuaes

M3 lva

14.013TNNTOUIINNT
FUHUDIHYIAUDILN A

(Liquid droplet erosion)

mwuﬁ’wﬁwmmm

Wiodaes (Slurry)

gasimsdnniouligs

a
un Llﬁ%WlLﬂu‘ViQN

15.ﬂ']§ﬁﬂﬂ§lf]ui]'lﬂﬂ1§
FUVDINIAUDILN AN

(Liquid droplet erosion)

mwuﬁ’aﬂmﬂmmmm

w%msw'ummmm

gasimsannsou luga

a g
un uazmzﬂu‘ﬁ@n

16.013TNNTOUIINAT

NISINALASUANYD

FA3IMIANNTOU HD

o I
uanWosveseinia [ Weso1nialudl | Wunqu
(Cavitation erosion) YDUNDD
17.0158003DUIINAY | YB UK aINVaulidng | n1sannIsuLaLna

N15NANTO Y (Erosion-

corrosion)

' A = P
NIDU IAADUNTUAIY

ANNIEIF

] a X g
NIDUINAVULT

18A1sannIoUN
g W ga (High

temperature erosion)

] A &y
DINIATOULANDUNAIY

ANUIEIY

Y
ﬂﬁlﬂﬂﬁ)ﬂﬂ%ﬂ%ﬂgjsﬁu

= A o ~ s = 2 a . A
ﬂ’]iﬁﬂﬂﬁf]uuuau]lﬂaﬂﬂfl]gQﬂlﬁEJﬂ’J’ILiJuﬂ’liﬁﬂWi@l!UUﬂﬂ@@ (Adhesive Wear) i(PL3)

MITNNIDTLHINNTanenuTang (Metal to metal wear) Aduaadlua15199 2.1 4191 “M15 AN
' 3 A AN Yo ™ ' 9 9 =< ~
n3eszrInlane” Wurenalan ldsumssausued1anIeuamnsiz I8siue1msanrson
o v I NYY o 2 = = A v .
drrauin lidaenu s2umIms@nysoa1nns lna Msannseliinea1na11uaT (Rolling contact

. = . <3| Yy =X 91 = =X a <
fatigue) HagNIaNHIDNUUAIA (Fretting wear) Wuau DadnmsanussuuvdanaIziy

]
9 w A

o = A 13 o A A A a Yy [
ﬂallﬂﬁﬁﬂ‘ll’f)\‘lﬂ"liﬁﬂﬁiﬂllﬂﬂauulﬂmmﬂfN‘JJﬂavlﬂg‘]_ILHJ‘]J?Juﬂﬁ"lﬂﬂl‘lfl’f)"lmﬂﬂiﬁullﬂﬂﬂ YU

9



16

Y
MILANLENYY (Delamination) M31NABENFIATY M3 lnTuszALanIA (Microploughing) Hag
I Y
Msriaey 1Wuau

= Lg dy [ 1A [ cY d' a 9
msanvsevoule lansuuile lane ANHUSUDIAWITUNT Wornvveslae 2

(% %

a 9 A ~ 9 [ Y 9 @ a é’ Y A
Aavunae U IduRanunielausing Wuﬁzmﬂawzﬂzmﬂmu% M UTNIUIATUN

v X Aa

o Aa X a A . @ 2 a 1 o

Wuﬁzmﬂmu‘lumnmmﬂﬂqq (Asperity) GIJE’N’J?TE]N"I!,m%ﬂuul’iﬂﬂ’ntﬂuWU‘ﬁguﬂﬂﬂﬂ@]
A . Aa 9 a A A o 4 U [ Y] =KX A

%50 Adhesion THUULNAINUT 2 HAUAADUNTUNNTTLHINAU WUFLUVVIAAAIZHINITD

P
@ (% @ J < a o
mﬂuuaswqmgmaaﬂmﬂﬂuw Tuvnzimeiny ﬂ@ﬂgﬁlﬁﬁ?ﬁﬂ@"ﬁ]!ﬂﬂﬂﬁlmﬂ‘l’iﬂ’f]i’]ﬂllﬁ}

Y
A 1

[ @ 9 1 < o < a Y
IYUNU ﬂT‘Yﬂﬂ'ﬂ’lﬂj']lll;l,"ll\uli\iella\iwu‘ﬁgiaw31!Mﬂ']f‘;f\‘]ﬂ'{]']ﬂj’u\llml\‘]!ﬁ\ml@\iﬂ@ﬂqqm@\iwjﬁu’l

[ [

& Yz a vy & g a X o Yo 1a =
UUN ﬂaﬂqmuﬂ%!mmmzmwmuuﬂ%gtymﬂmmﬁ@"lﬂclwmmmauW’d muﬁmlugﬂ‘w

£

2.6

Faut

.
Adhesion T el

()
i —
JULAN
() ()

A o ! 3 =) 1 = @
510 2.6 NuAveTTEgINouHUMeaNla MG oD uavzlinnuuguszluszaugamamaue

1
A [ v W o o

=KX a d da! a ¥ A Ao
WeduAgNuINNAuad R (Gl,u’NﬂaiJ) VYU U YDAFIUUAIUU IUDUNUTSLUU

q
a a X 4 A

v o J ' a o a @
gaAnnINAYU f‘lﬁ!ﬂﬁ@l!‘i/lﬁll“l/\m‘ﬁﬁ$°H’JNN’J‘Viﬁjﬁ]gﬂﬂﬁllﬂﬂﬂﬁuﬁﬂﬁﬂ‘ll@ﬁflﬂﬂqqll@glj

D

@ a ¥ J
(ﬂi.ﬂuﬂ@ﬂ UTHINAWIA LASAUE, 2004)



17

Y
=

lurreiinamsdnnse msadwiuszuuudafauaznsuaninuesdITdaaznaIu

=

9 o ] ' A I o Y a = &’ o Aa = v a A %
NWIDUNNUBYNABDIUDY L‘]JuNﬁ‘VHGlWLﬂﬂﬂ"ISQ'ﬂJLﬁ'ﬂlu@ﬁﬁﬂ‘ﬂWﬂNﬂWuﬁhlﬂﬂﬂﬂﬂN'JWUQ

[ IS

£ o a 2 2 v Ay Y o Yy o A A
AADALIAT YIUNILLNAUVUUNT 2 NN Tﬂﬂlﬂw1$@81\18\1 ﬂ13ﬁﬂ§JIﬂ5\1ﬁﬁ'Naﬂymgﬂa']ﬂﬂu nIou

q

A

9 @ Y 9 vy e A 4 1 = 1 Aa
ﬂ’ﬂﬂJlel"lﬂu"lﬂVINIﬂNﬁiﬁ (Structural compatibility) N9 (HDINAANTIANIUTSHIITINT

% éj [ 1 9y o gldy 1 =1 [ =1 Y o 9
Uﬁﬂﬁlgﬂlu@ﬂﬂ‘]Jﬂ"lﬂ’ﬂll!flﬂﬂu"lﬂu LU IZ’WWIﬂilllEJllﬂ”]JVI’ENLLﬂQZJﬂ’J"INHHﬂHIIQVIN

U

9 Y
v dddla

' ' Y
Tﬂiﬁﬁ%jNﬁ"l ﬂmummgﬁﬂﬂmuuazmiﬁﬂmeﬁmﬂﬁuszmw 2 mumummﬁ'ﬁamuam

Tugi 2.7

Re W Mo Be Rh Cr Co Ni Pe Pt Cu Ti Nb Z 2n Au Ag Al Cd Mg Sn La Pb
In L] =[5 Qo] |0[0|0|0]|e|0|0|0] [Ofmn
m| Qe 9|0/0/0/0|9|0e (00000 (m
ta e [o/e[0] | [e® of [ =
s (@Q |9/0/0|0|9/0|0|9|0/@@|0|0|0|e|0|@|sn
Mg = @[e| [0l [Olo|o[O|0[OMe

Cd @ [QOQeI0Q o](e](e][e][ ]

A (Q0[9]|@(0|0|©|0[0|@(0]|0[0|®|0|0|O|A

=] J OO.!..OOO OOOMJ

a @] [O[0[@[OIO[O[0I0[0[O] | [Ofas &

[ | O] | [O[O[O[O[o[oRl@e) - &

z | 90| [O|9[0|9@|®|0|0|0|z &

wOo[o] T [o [olelololole ¢

n [Ojojojo] [ojojooloon <

o [Q[S|®[O[O|@[O[O[O[0fo | &F

. 3[e](e][e][e](e](e](e](e][e]},] S

r [O[O[O[O[O[O[O[O]Fe "

m [O[O[OJO] [O[ofm &

*Y(e](e][e])(e](e](e][= & —O0—0—0—0—
~1(e](e][e](e](e][- )

w [O1O[O] |&o wnanimnNuaasdannuiu lanalassaiieves
Be |O| |©|Be Tanzdiennh Falimansznuinnu@eaniuuazmsan
MO 9_ Mo WLV eon

w2

Re

510 2.7 wansznunnanyme Inssad wuesgidulianumMsannse

@ a ?,’ J
(ﬂi.ﬂuﬂﬂ1 UTHINATNIA LazAME, 2004)



18

[ a <

4
5}1ﬂ1ﬂ’31’3ﬁﬂ A UANUUUIULIINNNANINNINIAY B Iﬂﬂi’)u’)ﬁ@]‘ B ﬂ%gﬂ]u!,%ﬂlﬁ@

q

[

Y v d' [ a Y Id‘ a da! =y a a %
Tvinuidaa A Glu‘l]ﬂ!%ﬂ’)ﬁﬂl!ﬂﬂ@@ﬂ At lvunaiuusnusssuanIzinan1soonFaATY

q

= Aaaa ' Y} A a A Ao qYa A 7 A o & =

G]N‘]J{;]ﬂﬁfﬂﬂggﬂljQiﬂﬂﬂ"nm36”%lﬂﬂﬁ]1ﬂﬂ1§lﬁﬂﬂﬂﬂ’]ﬁlﬁLﬂﬂW?ﬂ@ﬂqcﬂ@UUNjﬂﬁﬂ UONITEN
o A [ a o [ [ 4 y @ { <3

1’?iﬂﬂ“uu@@llﬂllﬁxlﬂﬂﬂqﬁllﬁﬂﬁﬂ"l]f‘]\?flﬂﬂg\iﬂfnqg}f’ﬂﬁ@ﬂ !ﬁH"U@QLﬁ@?ﬁﬂﬁlL@ﬂ@@ﬂﬂﬁ]gll']

o a y v o & X L ¥ A2 a s Y P
NUANVUAINUT @319 U UIU Glfwuuﬂﬁ]zmaﬂulmﬂmaﬂawxﬂzﬂu@gm& (ﬂf’]ﬂulclfﬂﬂﬂ\i

b4
(3 a % 3

@ 1 o § ¥ & o < 1 o
911]’0§Jﬁ]$1/]111’?@6’JﬁﬂU‘JL’Jmuumew) UNATI TUVDUAENUOIUNITHYAADUDDNN ‘Vlﬂﬁ!

q

Y 9
A v [ IS AR

Lﬁﬂﬂﬁgﬂ]u!,ﬁﬂmﬂﬂﬁﬂi]"lﬂ‘ﬂﬁ 2 WITUNT

q

)

9
% =2 [ v

Y Y H
WUNHANTTUMIANNTOVIVUBGNUANYUZ YR ITAR Tane e 2 Dmdudanu

)]

Y
2K A Aa K v A

o ] a o 4 a
T@ﬂwu‘ﬁzgmuaﬂmmzmﬂmu‘lﬁ’qwmﬂmmwammmazmﬂ ﬂiWﬁﬂWﬂﬂ@ﬂhl%ﬂﬂuW’JﬁﬁH

Y
H =] v o A Y

=) S A "9 1a @ A Y o 9 =\
Llﬁzﬂﬂﬂﬂqcﬁﬂﬂl,ﬂﬂﬂluclﬂﬂuﬁlﬂ u,az@mﬁamﬁumummﬂﬂummmnu”lﬂmqmmmz

o a

@ ¥ J
Iﬂiﬂﬁ%NﬂJ’ﬂﬁﬁﬁ] (@3.11AA1 UsUMA NI tagay, 2004)

A A =
2.6 AIDINONAADUNIANTITO

inFealenaaeunsanusanlylumssiassmsanussunuaagisdalenuvialy

U

=

A Y Yy Y A v o 9 a A Y o w ' '
nuy e 1d Iddeyan Indifesnuansmzmsldauase uaiiesnndesinanalen 019 1mu
1 Q9 2 g g Y ° = A A A
g0 szezna) Futua g 1ideai1aeimsaniIouuIAToINATeY 1AgIAT0IND

=\ Y] A ~ Y Y = [ 9 a =\ I ~
nageviimsnauina lnmsmaeun g Indmesnums ldausse Taelinasguainaiun

] 1 I
gouS 1% ASTM, ASME, ISO 1Wudu
4 a a 4 . . < o
IAS0ANATBUNITANNIDUUVNUBBUATD (Pin-on-Disc Wear Tester) 1) UN1531904
=< 2 A 9 ] a o A 2 a £

nalnmsanuse FetienlFludonageuiniige Tasnanmsvounsomaaeutinents s

. ' . % <3| a = o A ' a o 1 =
Mya (Pin) NAAIUULRUIIU (Disc) Tagdaaaziduriia@ernursonsianuuazl
Y o A Qy 9 = d’ ] 9 d‘Q lg 1 Aa
FOMUUAADFUNUADITVUIANUUUDY UAZEINITONUANMAY (Stress) NinavY Tae laina

' @ 2 A d a < A 2 AN Y '
m3 Inage Tagna lusuaunduvya wzlizinsailunsenszuen nionsanandealiduriu
?{, [ a a Qy 'r:,’ [l [l ?z}/ [
quenaaaaua 2-10 Jadwas uazFunuiniuuiusuiiduriugudnaisaana 30-100
Y
Hadwas uazlianuruieglusag 2-10 Hadwas Fuaudeslianure1uailszuin 0.8
A q9a A4 4 o < .
lupseu wie liinamsmasunuuvauloa TasausalSuusanannusisouyean LY
v Y o = 4 ¥ o A

waznar lumsnageulimunzanld vazamendinnmsnaaevaziimsvaiivinnme 'l
YDIHYALAZUHUDIY 1N NITIIaggdudaTagytialanamsdnvsenouny nio

o = a 4 1 (% =
awnsodueudas Tanganmsdnuse lamazglin dnyuzveseymamsannse 5wl

2 1o a £ a Aa X Y
mm’dnﬂ%’dﬂ‘ﬁuﬂLﬁﬂﬂﬂ1uﬂlﬂﬂﬂlu1uﬂlﬂ!$ﬂﬂﬁﬂUﬂ?JEJ



19

{ 4 a a 4
AINA 2.8 Lﬂ%@ﬂﬂﬂﬁ@ﬂl!ﬂﬂﬂuﬂﬂu@]ﬁﬂ (Pin-on-disc)

27 ANUMUMUMTANTYIIO

11NMINAADIVDI H.So (1996) larnuina lnvewusudeamuazmsannseainns
nagouiveeudaszmuad e syalifnyadauiuediuiivas IHuruumyY
drdnsulimyanyuiazlfudunuediui Tastmualinnudalums loa 0.2-8 mis 13
ﬂﬂaﬂiu%aq 9.8-392 H2du AU 1129 0.55-22 MPa 32952 ﬂwgaaﬂumsmﬁamuaﬂﬂu
ailuvasiinyaafiuagusunumgm 1J5mgammwnmwmummmﬂu

mmﬁmwﬁuﬁ’q 17 2.9 cﬁmammmJasJumJaqam14nmewmmﬂunm“luminmmuwu
vuezgiilon 6061 fi laatuyafivhnnmannduaiuinaaeuiinindy 1 ms wazanu

111 2.2 MPa



20

150+ To
— Ty
I
S
E T,
5 100 d
-
o
S
a Tz
g
& 504

0 T 1 LJ 1 1
0 10 20 30 40 50 60
Time (min)

[
=

' Y

31]1/] 2.9 ﬂ’]ﬁlﬁ]_]ﬁEluLlf]Jﬁ\1'Qm1’7Q11"U’E)\‘]‘lﬂN'luﬂUL'Ja'lsluﬂ’l'ﬁ@lsllf)\illwuﬁl'lu@gQﬂJLUﬂN 6061
A [ A o < £y 1A 4 A <
°VIllﬂﬁﬂUW14ﬂ°Vl1/]']’1]'lﬂ!Wﬁﬂﬂﬁ']LliJWiJWﬂﬂﬁ'ﬂUVlﬂ'J']i]!ﬁ') 1 m/s 10 2.2 MPa

(H.So, 1996)

'

mafSeuieudulsz@nsnisninnudeuszniemInnNuSe Ul UsI NN

(natural convection) HAZAITNIANNT O UNVUITIAY (forced convection) Tuvagnaas e
] J A X o < A X v &
ANMVITIVOIHYAFINTT 0.2 m/s MITNIANT OUVDIUTTMANLAUAUA NG NV AU
QN NVoINYALazuAUDIU UM UINYANUAINIIMYAAIN 317N 2.10 uaaangAns sy
= L 1 g v g = A A £y
M3 ANNITOVDINYATIUIF IHIH UM I AN IDVRIHYANY ULz HYanININaTa U8 TALT 9
v < A 4 g 2 YA Y & o

1AY 5.5 MPa a3 lums loa 4 /s Tasnyansiilonaaeuaisqundtigisailumiang

waaalugil 2.10 (0) naggugivenyansnganNryanyu luvazInaaaUNUIINALAY

I A @
ANULTAUAYINU



21

= [ = J a 9 ~ A o 1 [
g']J 2.10 ﬂﬁllﬁEJ‘LIL‘VIfJ']JﬂﬂHﬂ!%ﬂ"liﬁﬂ‘Vii’E]i$‘Vi’JNN’J“I’i‘L!TﬂgﬂlﬂﬂﬁﬂgﬂﬂaﬂymgﬂNﬂL!
0 <] J T o <3
IﬂﬂﬁuﬂﬂTﬂWﬂL‘ﬁﬁﬂﬂéﬁﬂﬁﬂ’ﬂu’gﬁ (Hv=210) uazuwumummﬂmaﬂﬂéﬁ

ﬂﬁuauﬂmﬂmq (Hv=160) 1 4 m/s 1az 5.5 MPa

v

(M) NYABYLUINUN (V) NIYANIY (H.So, 1996)

9
[ &Y U A o '

a @ 1 wa I @ ! Y
siiavesTaggaudd saunsamianenadudlsiinanednsimsdnuse Taonsaidagg

v o a

UNABLARSINY

9 1

- SmyanazuHunuInNINIAgIiaRedny Usinavesmsannseazgnatugy Tag

nyaaauaaslugili 2.11

25 — Stationary pin

Wear Rate (x 10" m%m)

. Rotating pin
5 — .”'—/

I ! | '
0.00 1.00 200 3.00
Pressure (MPa)

"o o

A = [ = J [ a = (%
gﬂ‘ﬂ 2.11 L‘lr%EJ‘]JL‘VIEJTJ’E)@51ﬂ1iﬁﬂ1’iiﬂi$1’i31\1’3’ﬁﬂﬂﬁﬂNﬁ%uﬂmﬂ’)ﬂu

< s { 3 4
vourannainsveuihunasnanuG lums'loansin 2 mss

(H.So, 1996)



22

v @

NIdlvOITAQRAUNAAFIANY
[ 1 o = [ Y o LY = [ ] [ =) v A
- anudeedluszaumedny aaagdudalinuuvsedluszdu@ednun
a Y ] o <
guUiNIH0I OATIMITNNTOUBINYAILAIVANIHUIU U IIAIANNITIVDIHYAGA

' ] { a <
mwmuwumuﬁqm*ﬁﬂnﬁ}mﬂm111

U
v Y

< Qy 1 A [ 1
- ANV HNGINBNFUOY Tuanznsannsegnalugu Taeiaen

q

v
v S 1

1 J 1 1 2 I A ' a3
POUNIN ”lmnﬁ@maaumwgﬂmugﬂgﬂuwgﬂmmmumuﬂmm

28 WuAIMsEnvseNazIAYMIanHse

WYITIM LEeIFes nazanaaau maye Tude (2551) ladnywansznuvesgumgil
ﬁqﬁ’uﬁﬁ@iawqﬁﬂimmiﬁmfiiammﬂﬁﬁﬂﬁugﬂiamm (MIM) 316L AUNGU 2% 1Az 6%
Lﬂ?ﬂm“ﬁauﬁu?ﬁaﬁ%ugﬂﬁ’w??}mma (wrought) 316L TAFUNATOLILUIIUAGADIN

s1Ua1eI5MInan: Tavzdlreair i (EDM)

U

v Y
wrought 316L HAZFUNATOULLUNYAYNUL
X [ I~ [ H
Fautuilu 3 ngu A wrought 316L 1A MIM 316L ANUNWTU 2% LAZ 6% A1519T 2.2 UTA9
A < a
AuUTANIIMENINLAZNINAVBANANNA1 IS a TN MIM 316L 1ag wrought 316L
{ 1 a d ¥ a
51N 2.12 182 2.13 LAAININDIBBIANATOUNUAINITTNNTOUAZIABNITANHTO
[ Qy H a 1 { I~ 1T A
Wasnnduganisnaaeunsze: loa 2 Alamas wua1 1ANWEIN5 108 0.2 INATADIUIT
Y 9 ]
WUAIMIANYTOUAAIANYUY shear tongue AT UTNUNUAITOUIAAITOITOIM IO
Y H . 3 [ 1 a
0173 9317 2.12 (n) Fududnvaziauussna lnmsdnnsouuudaaa (adhesive wear) 1ag
MIMUVAAILINAUT NAUITDIABITUINIRITUAT D1Tadoun IR NausIAIdIuNo D ULLD
a ya = = @ 3 = 1% 1 [
U3 IARINMTANHMIBRNVIABDANNAY AR UANNTANYTO IUAANUSUNUNU ALAAS
~ < 1 A =3 Ay Aa = @ [
Tugi 2.13 (1) Tuvazinnuiinis 1oa 2.0 wasao i NUAINIANRTOUAAIANYNLTO
= a d‘ dl [ d' é I Y] [
az19ua (groove) VUIUAWAANINTIAARUN Tnaagli 2.12 (1) FududanvaziauveIns
% { A y a { < 1 Qy v j’ a

AN1TOLUUUAY (abrasive wear) MAATINHUAINUTINIVOIFUNATO VUV VIIUTAQUUNURA?

H Y
ﬁ@f’]‘Llﬂ’J"IsU@QGD'Ll‘VIﬂE‘Ti’)‘]JLL“].I‘UWMﬂﬂ?i%ﬂgﬁ?iﬁlﬂﬂLli\ia\iuﬁSﬂgﬂﬁ’lu‘ﬁ@ﬂuu@ﬂﬂﬂﬁ]"lﬂﬂu

1 Y a = 3 1 (4
dawalrinamymsanuse ludnvauzuriuunawanalugil 2.13 (v)



! wa <] a
A1519% 2.2 ﬁﬂJ‘UGWI'Nﬂ']fJﬂTWLLﬁ%‘VI'NﬂﬁsUﬂQH’iaﬂﬂE%IT"l%’ﬁU'JJ MIM 316L tag wrought 316L

(UQYITTU UAINFYT HASYIIAIN MY TUe, 2551)

23

Material Tenslle Strenpth ~ Yield Sirenpih ™ Elonpstion Hardness Density
(Mpa) Mps) (%) HY 10) (ig/m?)
MIM 3161 526 219 80 98 (2% porosity) 747
95 {6% porosity)
Wrought 316L 352 250 8¢ 250 (disc) 795
(AISI 316L) 140 (pin)

shear tongue
k) '

ey

{ 1 Aad ¥ a Qy
JU7 2.12 MMBwBIANATOUNUAINITNNTDUBIFUNATO VNV DA MIM 316L
= a <3
(aNUNgU 2%) Nszez loa 2 Alawasuazanuiimsloa
(M) 0.2 1WATADIUIN Uaz (V) 2.0 WATADIUN

(YT UEINBYT HAZBIIAIU NMfyYd TuLe, 2551)



24

3N 2.13 m‘wmﬂmaﬂmaugﬂymsaﬂmamawumﬁammwuﬂ MIM 316L
(ANUNTU 2%) fiszoeloa 2 Alawes uazanuiiniloa
(1) 0.2 WATABIUIN 1AL (V) 2.0 ATABIUIN

(LUQYITIU UAINUTYT HAZFIAIU N Tuily, 2551)

. . o Y
(Linhu Tang, Chengxiu Gao, Jianlong Huang, Hongyan Zhang, Wenchang, 2013) 14
= a a < < A o = < Y
ﬂ'liﬁﬂ]elTE]‘VITJ"Wﬂﬂ’JHJLL"lNLLﬂ%ﬂ')'I?JLi’JGlNﬂTillfla‘Vl’ﬁ\iNﬁﬂﬂﬂﬂ]lﬂf‘nﬁﬁﬂﬁiﬂﬂ]ﬂﬂlﬁaﬂﬂﬁ'l
4 < a J o . 1 o
m%@ﬁwmmq AISI D2 ﬂﬂﬁ@‘ﬂﬁlﬂﬂﬂﬂ'ﬁ@ﬂuﬂﬁﬂ UDANINIDTIN Si,N, UASUNUITUNIN
< Y A Al A 2R A <
WMANNAUATOIUDYIUNHIUNTYUUUINAIANULUI 51+ 1 55F158F1 621 UAs65E 1
< 1T a A o Y
HRC mmwﬂums"laa 0.05 0.10 LLA20.50 WATABIUIN LAZUTINA 5 UIAU WUIOATING
= A g A2 = Y < '
FnrisoanaulomANUAUNLIU UYL ANATDVAIBAINITT 0.05 0.10 LAZ0.50 INATAD
a = o = 2 AA <3 A A A <
UMM UATDATINITANHIDUIIFUNUNUAIAIULUL 65 HRC IS FINFALNDNATDUNAITNII
0.1 L8 0.5 WATABIUIN

Y
= [ % Q

Padeninldnalnmsdnusounnaenuiusgiy Taaaduna oarralAIF LU AW

U ERCT q U

v
%

VA <3 o A o =
azoa Usuamsvasau anuElumsloa aniuansoaansstlosnumsannio’la lae
MINITUID
1. madenldiae ¥ aﬁﬂmmmwammmmam Mumumsanrsoasna lnnsan
nselunmzmslFausdlfinniiga
< 2 v = Yy A ' A
2. MITODALUL uJumsaammwmmiwumiaﬂmauaa‘nqsa 1Y YUHITOADIY
TR1vesszuuTie MyanhufiduriavesTan ﬁgﬁﬂﬂ?rﬁ’u MIosnuUUNoanlS I
@ I Y
aUNATAY 1 UL
9 A Y o Y A
3. MIMUANAIZMTIFOU NeInuan1IzmMs 1FUNlinanedaI 1S TN1s0

o %

' Y ' 9 & A Aa 3 v @ A
9 ANV UNTAAN ANUTBU MTFUTLNOUNHIFUAT 1T Al MTUSUHTe



25

1 ] % @ a H
ﬂ?ﬂﬂ‘bﬂ?’)%ﬂﬁi%}\ﬂuﬂ\iﬂa1’3%3‘;D"Jflaﬂ@@ﬁ?ﬂ?iﬁﬂﬂi@qﬁ(ﬂi.ﬂuﬂﬂ'l HIUINAN

WAA LazANL, 2004)

o A av YR wa v = < y A a4
ﬂ\iuﬁll‘!\‘nujfﬂﬂvlﬂﬁﬂy']ﬁuﬂ@ﬂjWiJ?‘]’]UVHUﬂ’]ﬁﬁﬂﬁ3@%@@L1’Tﬁﬂﬂﬁ1!ﬂﬁﬂquﬂlﬂu D2

I ) Y a 4 Aaa = :%I I ] ] A o
LLZ’ISL‘Hﬁﬂﬂﬁ?uliﬁUNiﬂﬁmu‘ﬂfﬁﬂ 440C c}fwugﬂgﬂmmumuuazwuﬂiﬂmmumuuaﬂymz
H 9 [ 4

a A A A J ' I
%Nﬂixu@ﬂﬁﬁmumuﬂuﬂﬂmﬁ 25 UAALNAT TUT S UALUAT ﬁauw&gﬂﬁi‘ﬂinyﬂu

G

9 ] 4 a A

a a A 2 <3 <
NIANTTUDINTUNIUAHYINAN 5 UaaLUAT 817 20 UAaalNAT IﬂfJGIﬂN']ulﬁaﬂﬂﬁ}“ﬂiﬂﬂﬁﬂlﬂu

G

° 3 A a = 9y J < J Y o ]
ﬂﬂu’]ll‘IJGIf]_lLHNVI WNHU 1020 DAL UB T ﬂ?ﬂﬂTi‘]Ja@Ell,fluW?iu@”lﬂ’]ﬂllﬁ'lu’]uﬂu%’]ullﬂ

G

a

600 peruwaFed aauvyai ldouauluiguwgi 150 300 450 1az 600

£

9
puau Ihguvngil

Y EY
S 17

= o [ a2 < Y Ny Aa J aa o 2 A
NGRS IS mmuﬂimﬂfuammaﬂﬂm”liﬁuumimuwwmmmwmgﬂm‘lﬂﬁguumw
a = Y o ' = A a ~ '
gavnl 1050 eeruwaided uaniwnuu louan luigumngil 600 oA dauryn
F
a ~

H v 9
i ldeuau Iinguwgil 150 300 450 1az 600 peFIFATA MINUUINNIFUAUNINA 1)

wizouiauiianunouinlszum 0.8 luaseu naznageumsdnnsedlenseanaden
fiveeudar Tasnadeuusana 10 ag 50 Iy mm‘i”u%?qmnﬁauﬁmﬁﬂﬁqmﬁﬁﬂﬂ
ATNFOUMTUIUMEHSIIINMINATEUMs ANnsedIendesganssmiiEnaseunudes
n31a asavaen Tnssadgamanazaniud nmiusansasnnsdnuse ldnnmsat
ﬂiMmmﬁmﬁ’uﬁizwdwﬁmﬁ’ﬂﬁqmgﬁﬂﬂmwﬁwmmimaamm%ymmﬁmzﬂzmqﬁ

nagel lunazsoUVIMINATDL



3

=h.

un

(Y] J an
a9 Qﬂﬂﬁﬂ! HaZITNIINAADN

v

J A o A Aq Y =< @ = <3 Y
99 Qﬂﬂim UAZITAUUUNITNADDY Vl{lslf{li:lﬂ']iﬁﬂEwﬂﬁiﬁlﬂ'ﬁﬁﬂﬁﬁﬂmﬂﬁmaﬂﬂfﬂ
A A 1 I Y Y A a 4 an o 4 1 9
Lﬂﬁﬂﬂﬂ@ﬁ?ulﬂu!LagLﬁaﬂﬂﬁ']"lﬁﬁuﬂsﬁu@u'ﬁlﬂucﬂﬁﬂ !Lagﬂ??uﬁﬂwu‘ﬁﬁgﬂ'}']\?jﬂﬁﬁﬁﬁ'm
v o = < v 2 A o < A a
ﬂaﬂ']ﬂﬂ‘]J'E)@ﬁTﬂ']ﬁﬁﬂﬁ5@%@@&Wﬁﬂﬂﬁ1mﬂﬁ@ﬂ“ﬁuﬂﬂ’]ﬂﬁfl\?ﬂ"liclj‘]_lu“’l]\ulﬁgﬂ'ﬁﬂﬂﬂullw y

v 9 H
Twazidoalasnnswdalsznou ldreiuneuduaadlugli 3.1

Disc Pin
i i Y Y
D2 440C D2 440C
¥ ]
Machining and Grinding Machining and Grinding
¥ v
Heat Treatment Heat Treatment
Ar Atmosphere Ar Atmosphere
600°C 150,300,450,600"C
Tempering Tempering

i
Surface Roughness (Ra) 0.8 pm

X

Wear Testing of Pin on Disc

\]

Microstructure and Physical Analysis (SEM)

d' ~ as 0o Aw
qﬁj‘]J‘Vl 3.1 UHUMNISIUIVITNITNIINY



27

d Al
31 Jaauazunsamnlylumsidy
311 Jaghl¥lumsidy
< { < < 3 ' <
wianna g lumsAnpuilumanndudoge 2 vuguam laun  wmannd 13
a 4 aa < 9 A A 3 ' =t <3 Y
AtWINSMUEAN AIST 440C naziiannauasoslodu AISI D2 daunaumauaiveunannd)
Yy a J aa < Y A A 3 A ' 1 <
Fatinnsmusan uazmannduasesilodunaaaluaisiei 3.1 aaumnnuudduanin

nouauUNANNioutaaluased 3.2

A 1 = < Y Ny a 4 an < Y A A 3
MITNN 3.1 ET'JHNﬁNﬂNLﬂM"U@\HWﬁﬂﬂﬁ'l]liﬁuiﬂﬂilﬂuc]fﬁﬂ HAagviannNanNIoduDIgu

[ =~ J 2 o H o
TAIUNTUNINAY (Lﬂﬂi!“ﬁuﬁiﬂﬂUWWuﬂ)
Tane

%C %Cr %V %Mo %Si %Mn %Fe

440C(Disc) 1.35 15.91 0.06 0.45 0.43 0.48 Bal.
440C(Pin) 1.23 15.74 0.06 0.30 0.21 0.85 Bal.
D2(Disc) 1.48 11.96 0.24 0.85 0.17 0.32 Bal.
D2(Pin) 1.53 11.72 0.41 0.85 0.26 0.35 Bal.

~ ' < < YNy A s aa 3 Yy A oA '
AT NN 3.2 ﬂWﬂ’NiJLL"INGU’ENLWaﬂﬂﬁﬂiﬁuﬂﬂﬂimuqﬂﬁﬂ HagtannatnIoIuagu nousuyYy

NIANNTOU
<3
AU (HRC)
Tang —
1 2 3 ANUNAY

440C (As-received)(Disc) 19.50 18.20 19.30 19.00
440C (As-received)(Pin) 21.10 21.00 21.50 21.20
D2 (As-received)(Disc) 20.10 20.60 19.40 20.03
D2 (As-received)(Pin) 14.70 14.50 15.00 14.73




28

A J Y av
312 insesiie gunsamazansndiiildlumside
4 A 7= av ' 2 av Y
iwsesileuazginyainldlunsideenunsoniseenauiuneuvemsivy Ia
[ v 9 1 A A 4 ~
avluiade 3.1.2.1-3.1.2.6 daugiludaunsesonazgilnsainaaslugili 3.4
4 = J o o ~ £ '
3.12.1 nseleuazgilnsaldmSuwsonduaunoueugy

d’ A é (% A
ADEIUADUNIDN 1A

A £
ATV TUITU

A =
TN

I3 0ANATDUTIUNAUNIAUAL YD Tarie SPECTROLAB

A A < o [ = Qy 1
3.1.2.2 nsoslouaygUnssldmiuesusuaulusenivo gy
- IUMILUDNS (Tube Furnace)
- ufae15NoU 1Az Flow Meter
A A < o o =l Aa Qy 1 =
3.1.2.3 1n3ealanarglnsal dIMTVEI sNHIFUNIUADUMINAAOUNITAN
150

zﬂ' ) %
INIDNYITUYITTY

1] Y

- IASOATATUNUIUUNIYY
3 ¢
- A3ZAENTIEEUS 100 320 400 600 800 1000 1A 1200
A

- NAedganIIMmislanATo UL LIAIEE oY

4 g = Y =
- IA3eIaNANNDgIgans1 Taiia

IASDIHI 4 AN

) %,} v %’
gunsalyaiminlui
4 J o [ Y wa a
3.1.2.4 w3eddionazginsaldmiuia nadeuduiaFinauaz nadouns

=
anyIe

neimiesmatiles

Lﬂ%ﬁ]ﬂ’iﬂﬂ’ﬂlmfJ”I‘]Jﬁ’JLL‘]J‘]JGl,"]Sf)LLﬁQ

4 < a
!ﬂ%@ﬂﬂﬂﬁﬂﬁﬂ??ulﬂ]Q?Jﬁﬂ1ﬂllﬂﬂ'3ﬂlﬂ@§

4 a a 4
- IATRINBNAADUMIANHIOUVUNUBOUATA (Pin on Disc)
A A Aq Y A
3.1.2.5 insesilenlFainvdeuglunuanudeioniamenin
o a
- NAPIYANTIAU IFUAUUVENADS 10 Stereoscopic Microscope

a o 1
- ﬂﬁ}mfgaﬂﬁﬁﬁmaﬂm@ugm‘uﬁmﬂim (SEM/EDX)



29

3.1.2.6 ﬁTiLﬂﬂJﬂimuﬂWimiﬂMWUQTN
a 4
- lUNaLeanoanq
- Pz lau
3 aa o [ :g Y v Qy
- LﬂJﬂ“]fﬁﬂTﬁ]ﬁﬁTﬁiUﬂﬂﬂ'ﬂﬂJ“]ﬁuiﬁﬂﬂﬂfuﬂTu

- Mulasmumvan

(M) 1AT0INATRVAIMHANMUATI VD Tane COOYGERNIGN

SPECTROLAB

Q)] 1ATBIRYTHIUITIL () 1ATeIRYTHaMAINAY

51 3.2 1n5eelenazgunsain 14 umsise




30

(%) I UNWLLND

4 o 2L PR
(a) Lﬂ%wmmmuuuwyu (W) NTLAHNIYUDIANA

4 9 v a
(1) 15098 19ANNDgIgand Tyiln

4 Y] a Y
() inIeaiannurenuEuy l9a

{ 4 P Aa v [
517 3.2 1n5eailonazginsainldlumsive (o)



31

x < a
(A1) INTPINATOUANWLAINHAIA () ndeagans sl lFuasuUAaes 1o

a 4
UUVINNDI & Stereoscopic Microscope

4 a a 4
(A) INTDIHONAFDUMIANHUTBUVVNUOOUAAN (Pin on Disc)

{ 4 o { Aa o ]
517 3.2 m3esilonazginisinlalumsise (o)

3.2 TuneMuAZIBANHUNUIY

[

ao & v 2 o A av d ? dyd
IHQTH'JQEJHLL‘INGUHWOM(IMﬂWiﬂWLHHQTH’J%EJMH 5 VUADUAIUAD

3.2.1 ﬂ‘lﬁlﬂ%ﬂu%u\‘nu
o [ Y MY a J aa < Y A A g
u']lﬁﬁﬂﬂﬁ']uliﬁUMinilﬂucﬁﬁﬂ AISI 440C paztviannannIoduaiey AISI D2

@ 3 < ' ] (Y I

danazauglIiiluginse 2 upnBendmya (Pin) wazuruy (Dise) Tnovyalianyazil
1 1 4 a A a A 1 ' (%

HNINTINTZUR NI UAIUGgUINa1L 5 Hadwas 817 20 Jadwas diuunuaulianyus

Ao 9 1 4 a A a A [ A
NINNTEUDNNUAUATUFUINAN 25 WAANAT VU 5 Uaaluag m"lugﬂm 3.3

=



32

1l
] C o

|<—’| |<— 925 mm —P| T
95 mm
(M) (v)

(3

[ 9 v 9
57 3.3 Fuaunaaaugil (n) viya (Pin) 1oz (V) HHUIIW (Disc)
322 M3AURUNMIANNFoU
o Qy A 49! ~ Y 9 < A [
rnOuRmumMsTuglamvmneidesnisud llgundsazovdu v a4
v [ Y
ueraaluzdi 3.6 Fadsznov llMeseazidendsil
<3 < 9 Y A 14 Aaa ~
3.2.2.1 msyuudavannat lsaiumnsimudan AISI 440C uaaalugdi 3.4
o 1 < 9 Y a 4 aa
- hwrunumanad I atiunsmusan AISI 440C liounaansy
AULIAUANAIY (Stress-Relief Annealing) 1110 1LW LD DT 0¥
3 s A a A 3
vssomaluauiueisneu Taseungungl 650 oerusaFed 111
=1 3’; [ e < o = Aa
5221981 60 Wi vinuuldssduan lliguar lumsudeguigi
[ < o [ ]
595 DIANAIFHA A1IDATINITLHUAD 20 09A T AIFoAA 0T 114
F)
1Y) ] I v
nniudlaeslgudr lusimea

a

° ! ' 4 <3|
- dhwdunullgulddeunguungil 650 osruwaided iiunan 20

Q U

=
HUIN
] A a = 2 P
- DUUNUIIUNYUVIDY 1050 93yt e VIQUI'JL‘]JU§$EJ$HEI'I 60
~ g’/ o < @ A a 1w a 9y =<
UIN inﬂuummwumiummﬁ WU YUININUYUNHNYI DI
o k) . . . I ~
mmﬂgumahluimmumm (Liquid nitrogen) 111132821781 60 1N
9 1
- s lounnu vl (Tempering) 2 A59 Ngaingil 600 ove
= < [ = ' YIS o
e 1WuszezaIngIay 120 W Llazﬂaaﬂslmﬂumiummﬁ
Qy . ] = Y v 19 9 a =)
- OUYUFUNIUNYA (pin) IFURSINVUEUIY 1A IFgarigiiouan il

Ao <
150 300 450 tag 600 mmwmmﬁmuﬁﬂﬂugﬂﬂ 3.4 (v)



Sh'ess-lh;lief 1650°C

Tempering
600°C

+

60 min
-196°C
Liquid nitrogen

()

Si:es&Rehef

Tempering
| 50—600°C 150-600°C

Tempai‘:)ature °C N
e T

i

B

e

:

E

—f/EJ

Time( s)

60 min
-196°C
Liquid nitrogen

(V)

A <3 < 9 Y a 14 aa
E‘IJVI 34 m’a‘ﬂguuﬂmmaﬂﬂmllﬁﬁuumimw}fm AISI 440C

(M) HHUDIY (disc) t1ag (V) YA (pin)

< < Yy A A g
3222 m3guudarannanasesiiodiu D2
o ay 1 < 9 A A 3 A dy
- hFUOUIRIIIMANNA A oleIEY D2 AHuMITuguL
91U (Disc) 11910150 UAQ10@ 2 (Stress-Relief Annealing) & 4

2 o A a a <
U§§ﬂ1ﬂ1ﬂ1umﬂﬂuﬂﬁﬂﬂu IQEJ@‘]JVI@‘ENW{]ZJ 650 DIA YL T uJu

Q

Temperature °C
0
:
]
B
—
\ 4

33



34

= 3’; 1 Yy % = a
2821301 60 UIN mﬂuuﬂaaﬂclmaumclmmﬂum’qmwgm 595 931
= v 2 o = v O Y =
[t a Iﬂﬂ@ﬂﬁﬁni!ﬂu@n 20 ﬂﬂﬂ?t“ﬁﬁl“ﬁﬂﬁ@’ﬂ%’ﬂiﬂﬂ ATMNUU

o S o
mmwumﬁlummﬁ

v
= a

0 1 q Yy = <
- um1u"lﬂqu1maummwnu 400 peFuaIFed 1 uszezIa1 20

q U

= Y . A Al ~ a = 2 Y

wii nintnh liliugugiae liguvigll 650 eerwaidod ne’l3
=
20 119
] 1 = a = 9 [
- ouunuIUae Taudigungil 1020 osraFEAAIE8ATING
1 . I ) a a
IRanudou 10 osruaFeanouin Fudlunisiioodauil lasa
2 yy ~ Yy = ! 2w = a Y
wazine1d 60w MnuIsldeduar lueimarudsgugiivies
) I

waziildgudaelulasinumian (Liquid nitrogen) 11 usgoz17a1 60

P=|
N

o 1 A ?x}z d' a = ?x‘;
- v ldeunau I 2 ASe Ngamgil 600 eerisaiFod a5z
=1 g‘: = 1 Y3 %]
120 wnnuulaselmgualrlueime
Y v

- DUYUFUNUNYA (pin) IFUIRSINVUAUIY LAgUUYTIN F1IaAg

v ] 9 i
AN 3.5 (1) M UAFFUNUHYAAIaAIluA15199 3.3



. Austenitizing
Sms-R?hef 1020°C
%ooling rate 60 min Heating rate Tempering
650°C 20°C/hr 630°C 10°C/min  600°C 600°C
+ 60min § 595°C 120min 120min
&) Furnace
QE Cooling
a
ge
E‘ Time(s)
H
_ 60 min
-196°C
Liquid nitrogen
(N
! Tang
Stress-Relief 1020°C
Annmlmé ) 30 min\ Heating rate Tempering
ooling rate 10°C/min
650°C  20°C/hr 650°C 150-600°C  150-600°C
n 60min §595°C i 120min 120min
400°
1 Furnace \ , . i
g Cooling T
g
o
E Time{s)
h
60mm
) -196°C
Liquid nitrogen
(V)

A < < Yy A A g
gﬂ% 3.5 mislg‘uummaﬂﬂmmiamawu AISI D2

(MUAUIU (disc) 1Ay (V) 1A (pin)

35



36

A A A 9 [ A a % ]
ATT NN 3.3 ﬁﬂnz&luﬂ"ﬁﬂﬂﬂuulWﬂJﬂQﬁigﬂﬂGl%ﬁlUﬂﬁﬂﬂﬁ’f)‘]J!LZWﬂﬁﬂ"l‘l’iuﬂslf’t’)ﬁﬂﬂ@’mﬂﬁ

YDIRNIINAADY
d' % ] Qy a [ a A
¥OA0H19TUIU Wiiniae gaungiimsouau vl
(°C)
< 9 Y a 4 Aaa
S-T150 wannd ¥ atunsmusan AISI 440C 150
S-T300 mannd 1 Fatiuunsmusan AISI 440C 300
S-T450 manna 1Fatinunsmusan AISI 440C 450
S-T600 manna 1Fatinunsmusan AISI 440C 600
< Yy A A g
D-T150 MANNA AT DI AISI D2 150
< Yy A A g
D-T300 MANNA AT DI AISI D2 300
3 y A A g
D-T450 MANNA AT AISI D2 450
3 y A A g
D-T600 MANNA AT BIIU AISI D2 600

a d
323 mMydmszdlasiaiigama
o Qy ) o Qy 4
WMFUNUNFIUNMTOUYULAD TATUNUAIINTLATHNTIWIDS 100 320 400
o ~ Yy Y o < Y Y A P aa qu¥

600 800 1000 1Az 1200 LazinazBeaalgrannala tazvannal 13 atiunsmusaalaiien
o . <] Y A A 3 v ¥ o . Y 2 a J
AANTA Viella’s lagivanna ooy D2 1511810 ansa Nital 10% 310U UIINATIEH

4
Taseaieganiadiendogansseninuunasaziou (Optical Microscope)

324  MINAgUANTATINAAZMINATIUMIANTTO
32.4.1 MIGITINAIDENFNTUMINAAOUMIANNTO
~ a 9 v Y a
- ETINHININVRALHL U HYA THIAINKETUAT (Ra) 0.8
9 A =~ @ ~ Aa 9 1 o
Tunsou Tasmsl1aTo3Re3178910 ReTNHITNUDILHUIULAZI
[ o 4 o 4
HHUIUUAZYYA 1 TAR01ATDITANTZATHNTIBILDS 100 320 400
600 800 1000 Lag 1200
o Qy g’/ 9 a 9 d‘
- MANNAZDIAFUNUNINNAAIIEITazAw0LY Iau laglHinT 03
Y A 9 a I =
a1ANUdgIgans1 Tstatumal 20 win
Y Y ' Y v Y Y
- hFununaruasaiminlueima uazsaiviinluiih e

4 Y E ) % 1
Lﬂ%fN"]ﬂ\i‘Lﬂﬁ‘HﬂLlUU 4 AU UN ‘W%}’ﬂil‘ﬂuﬁﬂﬂ"l



37

3.2.4.2 MsnaasUauIaFINg
[ < Qy F) A [ [ a 4
- 3ARNMULUIVIFUINIUAIUATDIIAANVUVINHAALLVINNDS
9)%,} o A o 9 a ~
Taglsiviinng 98.7 Haaunaz lgszeznarlumsna 10 3w
9y ¥
- AAAMUHIURIYDITUINUAIOAT DTAA NN LAY I e
#10 VEEGO INSTRUMENT INC.
3.2.43 MINAAOUMIANNTO
= P A L.
msnaaeunsannseuvyloaluaniiglSa1suasau (dry sliding
o a a o
condition) 3z IaeldyanaaeunuuNueouAan (Phoenix Tribology : T88)

BMINAdeUE1NBINIATTIU ASTM G99 naaeuniolausing 10 Hadu uaz

a

a o I y 4 ¥ @ [
50 Hasu iluszazn1a 1000 was wagiimsvgamoruiminuag iagumngil

U

Fomoes luadilariiamnnnaaouaieszez 200 400 600 800 LAZ 1000 IAT

v K

1 1 1 4 J
Lli\‘llaﬂﬂﬂ'lugﬂﬂuv]ﬂﬂ'l'f]ﬂ']\'iﬂﬂlﬁﬂ\?ﬁﬁ@ﬂﬂ'liﬂﬂﬁaﬂ?gljﬂﬂiﬁaﬂlcﬁaa (load

a

] v 1]
cell) IM3Tngungiuaalugli 3.6 MNHNHYALAZIHUIUNFIUMS

U

' Y
naaoy M¥aimiin

in30ingungl
Wya
mes ludidlariiam - .
Il
| B
8 mm I *

ERGY

A an o a =
gﬂ'ﬂ 3.6 'Jﬁﬂ']ﬁ')ﬂqmﬂaﬂcluﬂlmgﬂﬂﬁﬂﬂﬂ'li’ﬁﬂ?ﬁ'f]



38

d
3.25 ﬂ1553!ﬂi]%‘i"iﬂ)1Nlaﬂ‘ﬁ1ﬁﬂ1ﬁﬂ1ﬂﬂ1‘w

o ] Y 4 a a 4
3.2.5.1 u1ﬁuﬂlLﬂ%LLNumuﬁWTL!ﬂ13‘VIﬂﬁ@ﬂﬁ?ﬂlﬂ%ﬂﬂWUﬂﬂuﬂﬁﬂuﬁlﬁ

v

a L4 =2 ] o = dy A
Ulﬂ’)mﬂ%ﬂﬂﬁ’ﬁﬂﬂiﬂ“]ﬂ’r?ﬂiJ15ﬂﬂ'lu’Jmﬁ1ﬂim1¢]imfl’]ﬁﬁ]ﬂﬁﬂlﬁ18]’lﬂ

Y v

ﬁj’lﬂﬁllﬂﬁ

massloss, g

Volume loss, mm?® = - 3
density, g /cm

x1000 (3.1

v 2] o o J J
11!fﬂﬁrﬂﬂﬁ3”Iﬂﬁﬁﬂ“l’ii@ﬁ}@\iwa@@ﬂi"IWﬂ’JﬁJﬁiJWH‘ﬁigﬂﬁN
% £ d' = % le v d'
1!']’1’?1!ﬂﬂqmulﬁﬂblﬂﬂ'lﬂﬂﬁxﬁnﬂﬂ'ﬁVI@]ETE]“U%I’EN%HQWL!TTU?Z83‘1/]1\1‘1/]1/](5]’(30‘]J1u

1 % A v o
UARZIDUVDINITINATDY G?Q'J%'I’i'lﬂ'J'lil'ﬁll‘Wu‘ﬁﬂlﬂﬂlﬁjuﬁﬁﬁﬁ'liflﬁﬂﬂ'lllﬁ}ﬂ'lﬂ

<
quUNIIN 2

W, =w.x+C (3.2)

9y 1
1 o = =

Tay W, fie thwiinvesrunuiga@enainsnadol (mg)

A ? ~ =
X A9 STICNNINHRUANNATDUMIANNID (m)
A o = mg
W A®D 9RIINITANHID (—)
m

A 1 A 9
C A9 MANAUNITIAUAT

a 4 (
3252 MIAATIZHANMEENIONNINIENTNAIBNADIRANTIA 1HUE
a Ja d
HUVAADS 1D Stereoscopic Microscope ua3ﬂé’m§amiﬁumaﬂmammu

7990319 (Scanning Electron Microscope, SEM)



UNN 4

wansnaaeaazMsensena

41  yni
Y 2 I Y 9y a 4 aa <] Y
Taseadngamasunuannd 1Faiuinsmudan AISI - 440C  uazannad
A A J ' 9 P o 4 . s 4
1A99UBIEU D2 APUNMTOUFUNINANNTOU Usznouaromos 156 (Ferite) Haza1s lua
. =& Y ~ @ 9y @ 1 @
(Carbide) ¥31nsaadganiauaaslugii 4.1 uas 4.2 dnvazIaseaiwaana iz anny
o L 2 @ J Jd 1 ] J
mshduau ldyugidrensndcdadany mszmes lsdnoud oo uu ualassadig
Iy { o [ o s o wa a3 {1
vamail iz nazii il 1Fau ldmeiui suiludelfudjsnueantifuounaniiiiums
Aa 1 1 aw dyd 9 < A <3 FY 3‘, Y o 2
HaAR 199 Wneu Tuaatetielaguudwazeunu ivanndmsaesdsznnudnihduan
Ja d
liasraeninseaiieganinlngldndosganssmioanasoutuULLes (Optical microscope)
1 < 4 a a a
NAADUAINIINIT NATDUANNAIUNIUMSANHTORIBIATDINUBDUARNLIAZIATIZH AN

4 an 4
IOMIONNNBNINAIINADIYANTIAULVUAIWNA (Stereo Microscope) HAZNAOIJANTIAN

o

ad [ . d' =1 dy
BIANATOULUVADINI 1A (Scanning Electron Microscope) HINamsnaanai lanaail

42 Jassadrgamandamsevauvl
Tassafriganinvearannd 1fatinansmudan 440C uazmannauaiesiiodiu D2

sy v v A Ao Y o R v P s a .
ﬂllﬂﬂ']ﬂﬁ'ﬂ\ﬁ]']ﬂﬂ']i@ﬂﬂull“l/\l‘JJﬁﬂﬂmgﬂﬁWﬂﬂu“B\iﬂﬁ$ﬂ@Uﬂﬁﬂ ﬂ']ﬁvl‘ﬂﬂ‘]_lﬂllaw (Primary

a a

. J I8 . J J J .
Carbide) mﬁ"lmnﬁﬂﬂu (Secondary Carbide) wazmulosunsmulod (Tempered Martensite)

@

a =

o A A A U YA a 4 4
auaaslugli 4.3 uag 4.4 msovauliigumngil 150 osruvaiGoadawaliizunans lua

QU

navglvaannsydanszaen lilulassahramulesunsimuled smseuanlui 300
4
)

= S o Y a 4 a Aa 3 Y] A zg A ~
@dﬁ”lmfa!,%ﬂﬁﬂ‘inﬂ‘mﬂﬂﬂﬁ“l‘]Jﬂ AYHUIUIALANNTSIANTZIILNNNTINVYY mia‘Uﬂu“l‘V\l‘ﬂ 450

a

a a = ¢ S A A o s sa X
f’]\?ﬁ"l!,“]fﬁlc]ff]ﬁlﬂﬂﬂ'ﬁ@ﬂWﬁﬂsllf’lx‘]ﬂ'lillllﬂ 1NYNNIYNNITSIANTLINY T%‘iﬁmmmﬂumﬂmu

Y U

o [~ a < J
NWﬂW@ﬁNﬂ’Jifﬂuﬁ\‘]Lﬂmﬂ‘Llhl@%ﬂﬂﬁnﬂﬂﬁi’)\i@aﬂiiﬁﬁi’)mﬂﬂiﬂull‘ﬂ‘ﬂﬁ@ﬁﬂiWﬂ (SEM) a3uUN1g

a = a

A A a = 4 J a = 1
@UﬂuUlW‘VIQﬂ!‘Viﬂll 600 DI UBALBYT Lﬂﬂfﬂi@ﬂNaﬂ"lJi’JQﬂﬁUlﬂﬂﬂﬁﬂgﬂuiﬂLlﬁ%ﬁJﬂluWﬂiﬂiy

u q

=2 d Yy 1w o ~
ﬂﬂlwuulﬂﬂﬂ'm%ﬂﬁ]u @\‘lllﬂﬂ\‘](lugﬂ‘ﬂ 43 118 4.4



40

(M) ()

ﬂﬁ 4.1 Iﬂi\1ﬁiN‘t]aﬂ'lﬂ"llﬂxilﬁﬁﬂﬂa'l‘liﬁ'uullﬁmu%ﬂﬂ 440C Tugnmina
(ﬂﬂﬂiQﬁiNi}ﬁﬂWﬂ‘U'ﬂﬂlmumu (V) Iﬂi\iﬁi'l\ii]ﬁﬂ”lﬂ"]]@\iﬂljﬂ

(F Aowlos 154 az C fin A3 lud)

(M) v

JUn 4.2 TﬂiqﬁiNi]amﬂﬂlmmaﬂﬂmmiammﬂu D2 luannina
(M Iaseadegannvearuy (V) Inseadeganinvednya

I'd EA
(F Aol 156 waz C Av A3 lud)



517 4

U

Y < Y Ny a o aa A = 3
3 Iﬂi\?ﬁi']\i"l:].ﬁﬂ'lﬂell’ﬂQlﬂﬁﬂﬂa'luliﬁl‘!ilil'ﬁlﬂu‘ﬂfﬂﬂ 440C ‘Vlﬂﬁxillﬁl,ﬂu‘ﬁﬂalﬂ

Mendamsouau 1l 150 300 450 Az 600 pIFNLTAEF A

a

M Ao 1nsmulad, PC fio M3 ludilgugil tag SC Ao M3 luandeni)

U

41



51/91 4.4 Taseadeganinveamanndunsesiiodiu D2 findsladluvya

U

Mendamsounu 1l 150 300 450 Az 600 DIFNLTAF A

a

M Ao wnsmulad, PC fio M3 Tudilgugil way SC Ao M3 luandoni)

£



43

\
43 HaMANNUTS
< a 4 9 A a 9o’ o a ]
MNNANTNATOUANNUVIVVINNBT A Tag 1F153NNA1AEIMINAA 10 D lansy
a 1 v <3 Qy 3 a 4 Aaa
FzezA1IUMTNA 10 IUIN W‘]_l’Nﬂ"lﬂ’NNLLGU\‘]EUENGI)'L!ﬂulﬁaﬂﬂg"lll%}ﬁuuhﬁlﬂumﬁﬂ 440C
' o = A 2 g A , ' ] £ < RE)
ﬂauummm"lmwemmwgﬂlﬂumuﬂe 19.5 HRC ﬁ’)uﬂWﬂﬁﬁJlﬂlQﬂlﬂﬁ%ﬂ\ﬂﬂlﬁﬁﬂﬂﬁWVli
a 4 Aaa 1 ) = A o da! I A 1 <
AUUUITINUEHNA 440C ﬂauummm'lmwammmugﬂgﬂumﬂﬂa 21.1 HRC A1AMULLUIUDI
< Yy A A ' o = A 2 g ' <
WManNaUAIOINBLYIU D2 ﬂauummm"lmwammmugﬂgﬂumu 20.1 HRC UaZa1nuLLud
g y A A g ! ° = A o K g o
VBAUNANNAUATDIUDIYU D2 ﬂi’)‘L!‘L!13J1ﬂfl\1llﬁLWi’)uﬁJ"Iéng‘]JL‘]JUWL‘lﬂ 14.7 HRC tananaly
~
AT NN 4.1
o o < v & A < A 3 o ¥ A
ﬂ”lfJWﬁ\iﬁnﬂﬂ"liu"lL‘ViaﬂﬂaTVI\1ﬁi’)\i‘lﬂmll‘]Jij‘]JLHNLLﬁS@'}JﬂHUlV\IL‘]J‘Llﬁnl!i]u 2 AN
A g o a A I
§$8$L361ﬂ1581jﬂ1!]11/\|ﬂ5\1ﬁ82 ¥ 1249 qmwgmmu”lwyﬂu 150 300 450 uaz 600 931

= [ 3 Aw 9}3’4 tg A A a o £ 1 o
gLy ‘W‘U’Nﬂ"l‘ﬂ’ﬂllLHN‘VI3@1@1/]\114%@@'\1‘1]1!&%@1/‘1%15@1&%1@EJUWIEJiJﬂTJGD'HQTHﬂ@uunJTGIjU

< A a o J A ada X @ = A A ]
udaazevau vl nazdSunamesns luanaeginneturaseuau lihguuglaieg wun

U U

a Y a

A A ~ o 7 s a N < A A
ﬂ1§’E]°]Jﬂuul‘1/\|‘VlQm1riﬂil 150 23A LYl VIWI’WLﬂ@ﬂWiUhJﬂ q15]EJQlIGIJiH{S?ILﬁﬂ uazuﬂimm

U

'
a

A 2 aq X A < = d'
LWllGUu@]'ljJQmﬂauﬂlWﬂJmuﬂl@ﬁﬂWi@Uﬂu]‘lw&ﬂu 300 450 11ag 600 DAL AL I@EJ‘V] 600

a a

= o 4 = 1 Y < @ A ¥ A gt ¢
peruvaIFoams luanasgINUSuamn dwaldmanuudaasouanl 2 assiguugiil
<

a U Q

o ' @ ' 3 A Y o A a A 2
AAATANDY NBALIU mﬂ’nm!ﬁll\muuﬂuummmaqmﬁgﬂumiaUﬂu"lNQWH Hagiviuy

a A

i < {
5138 secondary hardening teaaniveNguuginsoudu 1 450 osruzaFoavoq

U

< Y o a A 2 < Y Ny Aa 4 aa 3 1) A A
AaNNAINIADIVUA lu@ﬁﬂWﬂ‘BuﬂWHLﬁaﬂﬂﬁfl,i?fumiﬂilﬂucﬁ@]ﬂ 440C 1agimannNalAIoduo
< Y o o v & 9 < A o qu s <
9w D2 larumsvimhiadudemsgudnlululasmuar mevh ldeoma ludnaredu

J 14 A 1 = v = =2 a .
ll15!,1/1uulcliﬁiﬂﬂﬂizmﬂ@lJﬂTiﬂUﬂuulw ﬂ1€lﬁﬂ\‘]ﬂ1ﬂﬂ13@ﬂﬂu1w%ﬁ!ﬂﬂ secondary hardening

Y
a a 1w

~ 2 ¥ o A = s s
LWﬂﬂlﬁﬂu%)ﬂﬂumﬂﬁiﬂmﬂﬂﬁGlﬂWﬁﬂéU’fNﬂﬁulﬂﬂn@]ﬂﬂm“lmuu

QU



44

80

20 - #440C mD2

60

HRC
ol
(e)
7] |
2] [
[ ]

[ [

40 -
30 A

Hardness

10 -

O T T T T
0 150 300 450 600 750

Tempering Temperature (°C)

~ 1 <= o a A < Y Ny a J Aaa
511 4.5 enuuduisuiuguvgilumsevau Iveurannd 1Fatiningmudan 440C

o y A A g
UAZIHANNAUATDINDLYU D2 VOINYA

A ! < A o v ¥ o < A
AT 1N 4.1 ﬂ?ﬂ’ﬂh!ﬁlﬂmaﬂ"lj@\‘uﬁaﬂﬂaWﬂﬁﬁﬂﬂﬂiZlﬂ‘ﬂﬂWﬂ‘ﬂﬁﬁﬂﬁﬂjﬂll"llxﬂlﬁ%’é)‘ljﬂullw

a9 Uszinnmsauga) gaungiouan vl Amanuudunde
(°0) (HRC)
Pin 150 58.3
300 54.8
miannd ¥ aiiy
o 450 54.5
WFINUEAN 440C
600 43.0
Disc 600 39.8
Pin 150 61.1
iy 4 oa a 300 57.1
annaunseiledy
450 55.0
D2
600 413

Disc 600 40.4




45

a =
4.4 USPTIAMUNVIZHZN N NATOU
Y v
ﬁaﬂfﬂ'lﬂm%fJﬂJclfu\ﬂu!Lagﬁﬁ\ﬂ‘ﬂﬂﬁ@‘]Jﬂ'JTN&IHM'VI'I“LJﬂ"lﬁﬁf‘lﬁﬁ@ﬁ}?ﬂlﬂ%@ﬂﬂﬂﬁ@ﬂ
a a J a o { a o
NUDBUATN Tﬂﬂi“fflllﬁﬁﬂﬂ 10 HIAU 2eZNWANATOU 1000  UAT LASUTINA 50 HIAY

9 [} tﬂy
T8YSNN 800 mm'lﬂwamu

d aa
441  wsadgamulunsaimsmageudiamannatlFatinansmusan 440C
Tuvmznageumsdnnsoalonsang 10 Hrau usudeaniuiimgelugg
' ] ] Y 9
Fudutazanauioszezn1s IDaNNNINTY HaIINUULTUTEANIUIZINGTN1IZAIN

v o 1 @ { @ 4 : <
(Steady State) ANUANWUTIZHINUTVTIAMUADTZOZNINNATOUUAAIAFUN 4.6 FarTiv

]
=

Y1 o @ A ] A a ~ 9y =
landmsunsainvyariumseuan liigungi 150 esruwaFoa idunsilveus uiea

Q

' A Y A ~ ad Y I (A = 1
muagqﬂmumﬁumi@mu"lviﬂqmwﬂn@w] L!ﬁﬂ\‘]sl‘ﬁL“I/il!’ﬂﬂWlLi\i!ﬁ'ElﬂﬂWH“ll@\‘iﬂﬂTi‘VIﬂ’(?f’fJ‘U

U

=

Y v
Hgeanngmsnadouivyariumsouau Tidregamngl 300 450 1az 600 or ATy
Tugreiidunswhidhganizasduds nuusudeanugangavoaaze
minadouinyariumsouau 1y 150 300 450 uaz 600 oA UTATId 0N 12.91 9.86 8.96
a o o w A = = A [ P~ =
naz 6.28 1adu awday yanmumseudu I 150 esrusaiFoa Arnnundegangane
' Aq Y Hq v a A A
58.3 HRC uaggmsnaaaui lgnyaunus udganiuganga 5990901009015 NAT0UV04
A A = an = o A o
vyanrumMseuan W 300 450 uaz 600 e AT RLUTUTsAMUMNTA aueaadly
~
M13197 4.2
= Y a J J 1 = A a dg!
lumsnaaeuMITnsealIeNIINA 50 UIAU WUNAWSATEANIUNAAYY

gaigavemazgmnaaeuinyarumseuan Til 150 300 450 uaz 600 s usAIFHTON

U q U

23.3123.11 20.86 2z 19.75 17AU aAEHULVOINTLAIIAIVRUFUNT M (amplitude) 3]

AgIgaLazMganuINNIIMINAToDAe1TINA 10 Hau einsafFeuieunumnim

Q Y

< 1 ' <

Y H v
HAINDIFUNUNTAINNUITIZINIGHAINNTNATOY VAT UTIAMUGING A 1Az

9 = a A a4 2
Llu3IullGUFJ\1!!5\1LﬁﬂﬂﬂTuaﬂa\?@1NQﬂlWQN1uﬂ’]ﬁ@ﬂﬂu]’lwmlwmﬂlu



20
18
16
14
12
10

Friction Force (N)

ON B~ O

46

= S-T150

S-T300

=—5-T450

= S-T600

| T T T |
200 400 600 800 1000

Sliding Distance (m)

v v 1 @ { 2
gﬂﬁ 4.6 ANVTUNUTITZH WS ATIANIUNUTSIZNWNNATOUF UMY

-

&

L

[

S

=]

=

=

2

o

£ 10

=
5
0

I 9 Y Aa o an A a o
maﬂﬂm"liﬁuumsmucvm 440C NN 10 UIAU

—S-T150
S-T300
——S-T450
] —5-T600
0 200 400 600 800
Sliding Distance (m)

{ v o 1 v { 2
gﬂ“ﬁ 4.7 ﬂ’ZﬂllﬁﬂJ’W‘L!‘ﬁi%‘l"i’ﬂ\illi\i!ﬁd‘fﬂﬂﬂ?uﬂﬂigEIZ‘I/INﬁ“VIﬂﬁE)UG]Su\ﬂu

<3 Yy Ny A 4 aa A A o
lﬁaﬂﬂﬁ'lhlﬁﬁuﬂﬂ15l‘|/lu“ﬁﬂﬂ 440C NuLIINA 50 UIAU



47

= IS Y < 4 d‘ A <
442 wsa@gamulunsaimaaeummannaunseslodiy D2
= < Yy A A I 9 A o
HAMINATOUNIANHIDVDANANNAUATDINDLEIUAILUTINA 10 UIAUUAA
Tugil# 4.10 Tagwuiws udeamuvesgmanaaeunvyariumseuau I 150 ossuaadod
Ny s X . A g o v Y Ao 9 X
urduns gy lugausn tagiainganizad udun lanyuzanauanos FuaY
1 ~ 1 = ~ ] 9
Yoagmsnageunyadumseuau I 300 450 az 600 eerusarBd Tug s niduns vl
49! 1 Y @ ] @ dy [~ Y ~
VP tazAoeanauIgan AR AFUIY yonnilduniu ldnszeznlums
F) 1 ~ [ A ~ =y d%
nadoU 200 WA idunsveIgMINadouNyaruMseuaL TW# 300 periamFoagdy
S 9 Ay A oA =
randos tazgurtordugmsnaaeuievdivlu 150 esuwadod
MINATOUNUTINA 50 UIAU WUNAWITITIAMUVDIPNATDUNYARNIUNT
puAu 117 150 ossmaFeaiinigaigai 25 AnT0IaINIAeANINATOUNMYARIUNITOU
Au 1l 300 450 1az 600 verUTAITE AaaasluAIT19N 4.2 FeAwsuTeanumasanaq
1 <
ANAINNNUTIN AR
A A = ' = Y 3 Y VY A
WennsannSeuiisuams udeanuainmsnadeualeanna 1 aty
4 aa [ 1< 9 A A 1 A = @ g’/ A o 1
MSMUFAANDINANNA AT BINBIEUNATDUNUTINARLGINUNT 10 1A 50 TWIAUNVIT U3

=) A a da! [ < 9 Z’, s Y [ 1 =
Lﬁﬂﬂﬂ?““ﬂlﬂﬂﬂluﬂ‘]JL‘HaﬂﬂaWﬂﬂﬁﬂﬂﬂizlﬂﬂﬂﬂﬂﬂmﬂmﬂu UAZAULTUFTYANTIUDIAAINTY

a A d' A da!
gauvglovuAu Irlvesryamuu



Friction Force (N)

Friction Force (N)

20

18

16

14

12

10 o R e ——D-T150
8 D-T300
6 ——D-T450
4 ——D-T600
2

04 . . . .

0 200 400 600 800 1000

Sliding Distance (m)

g1 4.8 anwdmiusszniasudoamuiuszezneinaaey

2 3 P A A I ~ a o
FUINUUANNAUATOINDLYU D2 NiLIING 10 UIAU

0 T ‘ T T T

0 200 400 600 800

Sliding Distance (m)

4 v o 1 o H
31N 4.9 ANudRUTIE W ATIAMUNUIZIENRNNATD

2 < y A Az ~ A o
FUNUUAANNAUATOIUDLEIU D2 NLIINA 50 UINU

48



49

A ' = < v & Sy 9
ATNN 4.2 ﬂT!LiQLﬂ'EJﬂVHM‘U@QL‘Hﬁﬂﬂa"l‘VNﬁ’f)\i‘]JﬁgLﬂ‘ﬂ‘ﬂulﬂmﬂﬂﬁﬂﬂﬁﬂ‘ﬂ

15909 (N) Forethaiua USUFIANIU (N)

S-T150 12.91
S-T300 9.86
S-T450 8.96
S-T600 6.28

10
D-T150 9.85
D-T300 10.15
D-T450 8.45
D-T600 7.45
S-T150 23.31
S-T300 23.11
S-T450 20.86
S-T600 19.75

50
D-T150 23.72
D-T300 23.19
D-T450 20.69
D-T600 20.66

45 Pmnasiigayds’y volume loss
WeNsanaNua Sz nInlSesgaude (Volume Loss) fuszozmalums

< a 4 aa I~
nadoy  (Sliding Distance) UBIYANINAADUHANNA 13 AN MUTAAUAZIANNA]

=

A A 2 ad 2 Y A o ' = A A 49!
mﬁmmwuwLﬂu%mmmumﬂmmm 10 11ag 50 HIAU W‘]J’JTIJTJJWI?VIQﬂJULﬁfJUI‘]JLWMGUM
<3

Aq P A A J Y Y a 4
AuTZezn N ¥ lumsnagou %1ﬂ§‘].]1/l 4.10 g 4.12 mawmmmgmwaﬂﬂm"lsaumni

A A

aAa 1 = A ~ 1 A A
NULBHOA W‘U’J"ﬁfﬁiﬂ@ﬁﬂ']'iﬁﬂﬁ’i’ﬁ)‘ﬂq\iﬂﬁjﬂﬂﬂﬂﬂﬁﬂﬂﬁﬂﬂﬂﬁﬂﬂWTuﬂ']ﬁf]‘]Jﬂuu],V‘IVl 600 93F

U

a a = A a A A IS
[EGIC TG Llagﬂiinﬂﬁﬂ’]ﬁﬁﬂﬁﬁﬂmﬂ’]aﬂa\?@]'luqmﬁgil@ﬂﬂuulﬂﬂ]@ﬂﬁa!ﬂﬂaﬂaﬂlﬂu 450 300

= 1 1 <3 9 A A ]S IS o =} v A = =
i1ag 150 a3ssalye e ﬁ?uﬂlﬂﬁﬂq&llﬁaﬂﬂa’llﬂﬁ@ﬂﬂﬂ!ﬂu‘ﬂﬂaﬂHﬂlZLﬂﬂ?ﬂu@@ﬂﬁN’mﬁﬂWﬁﬁﬂ

] v
= =

vsoNgeiiga Avvesgmanageuivyariumsovau i 600 eeruwaiFoa tazanainiy

gavaievau lWvesnyananas 450 300 1A 150 DIRUYALTE

Q U a



Volume Loss (mm?)

0 200 400 600

Sliding Distance (m)

= o v J = v A
ETJ‘VI 4.10 ﬂ'JW‘JJﬁ'ZJWH‘ﬁi%W’J1Qﬂ?3J"I@]§ﬂ1§’dﬂ‘l’iSﬂﬂﬂi$8$ﬂ1ﬂﬂ1muﬂ15ﬂﬂﬁﬂﬂ

——5-T150
—&8-5-T300
=&—5-T450
=e=5-T600
=—D-T150
=—D-T300
==D-T450
===D-T600

< Y NY A 2 aa < y A A g
ﬂlﬂﬁ!ﬁaﬂﬂﬁﬂiﬁuﬂﬂﬂimum@]ﬂ 440C LaziviannNataI oy D2

Yy 1
FUNUNUNLTINA 10 HIAY

50



:

25
—4—S-T150
~ 20 A ==-S-T300
g —4—5-T450
g 15 - ==S-T600
=
> 10 ——D-T150
% == D-T300
» 5 - —d—D-T450
e D -T600
0 —
0 200 400 600 800 1000
Sliding Distance (m)
()
0.45
0.4 —4—S-T150
c’ﬂg 0.35 —=—-S-T300
E 03
» =t S-T450
E 0.25
g 0.2 =¢—D-T150
Z 015
S 01 —=—D-T300
0.05 =#—D-T450
0 T T T T
0 200 400 600 800 1000
Sliding Distance (m)
(v)
Ui 4.11 audimiuiseninelsinasmsannseunaszeziildlumsnagou

< YNy A 7 aa < Yy A A g
ﬂlﬂﬁlﬁﬁﬂﬂﬁﬂiﬁuﬂﬂﬁmu“ﬁﬂﬂ 440C LAZIaNNAUATDINDEYU D2

Y H y
%HQTUﬁuﬂﬁui\iﬂﬂ 10 UIAU (D) JIUNNTUIU

() veneg (n) Tasmruaraf3uasguds 0-0.45 mm’

51



Volume Loss (mm?)

0 200 400 600

Sliding Distance (m)

A o v J J =2 o A
gﬂ‘ﬂ 4.12 ﬂ’ﬂll’diJ‘WMTJi%‘H’JN’]ﬁZJW]Sﬂﬁﬁﬂ“ﬁii’)ﬂ‘].l!’m"ﬁ%ﬂg‘i/li%hluﬂ"liﬂﬂﬁﬂ‘ﬂ

800

——S5-T150
=&—-5-T300
—4—5-T450
=>=5-T600
=—D-T150
=#—D-T300
=#—=D-T450

==D-T600

< Yy a s Aaa 3 - = T
ﬂlﬁ]ﬂ!ﬁaﬂﬂﬂ’lulﬁﬁuﬂﬂ'ﬁlﬂucﬂﬁﬂ 440C LazviannNataI oy D2

Y H
FUNUNUNLTINA 50 HIAY

52



3

il

7

Volume Loss (mm?)

Volume Loss (mm?)
O P, N W b~ 01 O N ©©

0 200 400 600 800
Sliding Distance (m)

(M)

0 200 400 600 800

Sliding Distance (m)

(V)

v o 1 = o ~
4.13 ﬂ'J'lﬁJﬁiJWU‘ﬁﬁgﬂ'ﬂ\iﬂaiiJWWiﬂ'ﬁﬁﬂﬁiflﬂUljﬁWﬁgﬂgﬂi%}QlUﬂWiﬂﬂﬁﬂU

——S5-T150
=8-5-T300
—&—5-T450
=>=S-T600
=4—D-T150
=—D-T300
==D-T450
==D-T600

=6—35-T150

=—-S5-T300

=&—S5-T450

=4—D-T150

=#—D-T300

=#=D-T450

o Y NY A 2 aa I3 Yy A A g
ﬂlﬂﬂlﬂaﬂﬂaﬂiﬁuﬂﬂﬁmu%ﬁﬂ 440C LAZIanNAUATDINDYIU D2

y H Y
FUNUNYANLIINA 50 UIAU (n) JINNNFUI

) voneg (n) Tasmruasafsuasguas 0-8 mm’

53



54

(Y = < Y NY A [ aa < 1'%
4.6 ﬂﬂiﬁnﬁﬁﬂ‘i"iif’)“lﬁ’)x‘lﬁ‘iﬁﬂﬂﬁ‘niﬁ'uiﬁﬂi!‘nu“ﬁﬂﬂ 440C tagtviannan
A A g
nI03NdLEeY D2
1NN 4.14 FIAAIBATING TNUTOVOINYAUAZUNUITUYDINTNATOUAII YD
< Yy MY A J aa A Y a o < Y1 o =2
manna 1Fatiuunimuganinadeudeusang 10 Haau wiuldsasimsdnnsovesnya
] J A 49! d‘ a A d' A da!
Tunaazgmsnaaeuinngeuizosaugurgi lumsovunu Tlimuiu
~ o = 1 1 A = [ =
M13797 4.3 UAAIBATINTANNTDUBIANATD VAL tBNTeINEVINIINIANNID
< 9 g}z ~ 9 A o 1 A ~ = o
yourannasaesszinnilfusana 10 drau wunmsevau T 150 osruraiFea oas
= <3 Y Y a J aa I A a o 1 o =~
msanwsovesnyalumannd1 1¥atinmnsmusanilu 0.0026 Hadnsuaswas onsIMsaTn
3| A a o 1 1 J { ] {
Wsoveilu 0.1458 HadnSuasiwas drugnadeunvyaiiunisouau Wi 600 oer
[ I A a o 1 o I~
waFea onTIMIANMIeVoIMYAITIY 0.1457 Haaniuaomas oAs 1M TnHIoved Y
A a o 1 [ o =® I 9 A A d A A
0.2536 HaaNTUABINAT TUAIUBATINMIANNTDVBINYANANNAUATDINBITUNHIUNTO AL
{ I A a o 1 1% I
19 150 eerusaiFomilu 0.001 Hadnsuavwas HazdasIMsannsouesauiu 0.0158
A a o 1 = = A =~ @ = I
naansuaowas uazlunsaimsouau Wi 600 esrusaidoa ons1msdnnsevosnyaiily
a a o 1 @ A a o 1 < Y
0.0383 aan5uABINAT HAZBATINITANNTOVDIDIN 0.0670 FaanTunomas i laa1das
= < YNy A 4 aa ' < Yy A A g ¥ A A
msanusoveananna 3 atiunimusangenivourannaunsoiiodunimsouan lui
guuNALazgl
a =2 o = <3 v 3 dq 9 S PR
WosedaTIMsanuseveuannamidedlsznnilgusalunmsna 50 Hadu
[y =< 49! oA 9 Aa o ~ o J [
WUBATINI TNHIOGIVUN NN IFUTINA 10 HIdU 91037 4.15 FaTlunsmlunanaaidns

a A v =

A ' <3 ' 2 2 '
msdnnsevesnyangurginiseuau a1 wulanisasimsdnusonngaiuedis
o =2 & a 2 v v W = ' A I
Fau Fuiluldluiamaderdunudasimsdnnsevewnuav uazlugih 4.17 Junswl
o = < Yy A A g ) o =

9N 1INITNHITDVDINYAUAZVIUVOUNANNANATOINDIIU Taauud T1NY0I0nI1MIANNT0

ds@’ 1 =) v A = < 9 Y a 14 Aaa
qwuwummﬂflmwﬂummmaﬂﬂm"l'iﬁuumﬁmwvm



Wear Rate (mg/m)

0.25

0.15

0.05 -

Wear Rate (mg/m)

0.3

0.2

0.1

S-T150 S-T-300

317 4.14 6ATIMIANNTOVOINYAUALIUVBIFNITNATOVAIE

S-T450

S-T600

H Pin

Disc

I a aa Aa o
vouranna IFatiuunsmudan 440C usana 10 1du

NILEZNA 1000 LUAT

0.7

0.6 -
0.5 1
0.4 1
0.3 -
0.2 -

0.1 1
0 —

S-T150 S-T300

S-T450

S-T600

H Pin

Disc

JU7 4.15 6T IMIANNTOUVDINYALATIUVOIANTNATDUAI)

I~ a 4 aa Aa o
VOUNANNA 15 atinaNs MUTAA 440C 11590A 50 LAY

NILeTN19 800 AT

55



Wear Rate (mg/m)

Wear Rate (mg/m)

0.08

0.06

0.04

0.02

37 4.16 6ATIMIANHTOVBINYALATIIUVOIGNTNATDUAI)

0.25

0.2

0.15

0.1

0.05

D-T150 D-T300

D-T450

D-T600

3 Y A A I a o
VDUNANNAUATDINDIYU D2 1TINA 10 UIAU

NILeTN9 1000 LUAT

D-T150 D-T300

317 4.17 605 1MIANNIDVOINYAUALIUVBIFNINATOUAIC

D-T450

D-T600

o Yy A A g A o
HANNAUATDINDYU D2 LTINA 50 UIAU

NIZeTN9 800 WIAT

H Pin

Disc

E Pin

Disc

56



(% <] ? a [
131N 4.3 @ﬂﬁ?ﬂ?ﬁﬁﬂﬁﬁ’l’]EU’EN!fH?Iﬂﬂﬁl'WlQﬁﬂ\i%ﬂﬂﬂ?ﬂﬁ@ﬂﬂ?ﬂﬂ'ﬁﬂﬂﬁ@Uﬂ"liﬁﬂ‘ﬁﬁ’ﬂ

57

133nA (N) Ial f Wear rate (mg/m)
Pin Disc
S-T150 0.0026 0.1458
S-T300 0.0030 0.1832
S-T450 0.0033 0.1952
10 S-T600 0.1457 0.2536
D-T150 0.0010 0.0158
D-T300 0.0015 0.0424
D-T450 0.0027 0.0571
D-T600 0.0383 0.0670
S-T150 0.0065 0.2647
S-T300 0.0248 0.4388
S-T450 0.0729 0.5615
50 S-T600 0.3982 0.6662
D-T150 0.0033 0.0727
D-T300 0.0090 0.0990
D-T450 0.0147 0.1124
D-T600 0.1568 0.2067
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Dry Sliding Wear Characteristics of AISI440C
Martensitic Stainless Steel

Dararat Arparjirasakul', Tapany Patcharawit', and Usanee Kitkamthorn '

Abstract—Dry sliding wear characteristics of AISI440C
martensitic stainless steels was investigated by pin-on-disc testing.
Pin and disc samples were austenitized at 1050°C for 40 minutes and
quenched by flowing room temperature Ar gas. Samples were sub-
zero treated in liquid nitrogen for 60 minutes. All discs were double
tempered at 600°C whereas pins were double tempered at 150-600°C
for 2 hours. Microstructures were examined by SEM. Hardness
values were measured and pin-on-disc tests were carried out. Results
showed that microstructure after tempering consisted of tempered
martensite, primary carbide, and secondary carbides. Numbers of
secondary carbides were larger at higher tempering temperature.
AISI440C exhibited resistance to tempering at 450°C. Highest wear
rate was found in the tests where pin and disc subjected to the same
tempering temperature at 600°C. When pin was tempered at lower
temperature, wear rate became lower. Worn surface revealed abrasive
wear in pin and disc tempered at high temperature and adhesion wear
in pin and disc tempered at lower temperature.

Keywords— Tempering, Wear, Stainless steel, Pin-on-disc

I. INTRODUCTION

In all industries, any improvement of service life of tool
materials is on demand. Martensitic stainless steels are

widely used as tool and die parts. AISI 440C is a high
chromium and carbon martensitic stainless steel. Therefore, it
has good hardenability and highest quenched hardness
compared  with  other martensitic  stainless  steels.
Microstructure of AISI 440C in annealed condition consists of
ferrite matrix and disperse primary and eutectic carbides such
as M;C; and MxnCs. To improve hardness and wear
resistance, the steel is usually subjected to quenching and
tempering. Microstructure  after  quenching comprises
martensite, retained austenite and non-dissolve carbide [1].
Retained austenite is considered to be deleterious since it can
cause distortion during service. The existence of retained
austenite after quenching is a result of high amount of carbon
and alloying elements in austenite, which lower the martensite
finished temperature below room temperature [2-5]. Double
or mulitiple tempering is carried out usually at 400-550°C for
2 hours in order to reduce amount of retained austenite and to
reduce internal stress caused by martensitic transformation
after quenching and first tempering. Alternatively, sub-zero
treatment is the other method to reduce retained austenite prior

Dararat Arparjirasakul', Tapany Patcharawit', and Usanee Kitkamthom 'are
with the School of Metallurgical Engineering, Institute of Engineering,
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to tempering. Quenched steel is immersed into a medium at
temperature below 0°C, which allows further martensitic
transformation [6].

For tool and die parts, wear resistance is one of the most
important characteristic of materials. Microstructure and
hardness of materials play major roles on wear resistance.
Therefore, the objective of this work was to investigate the
effect of tempering temperature on microstructure, hardness,
and wear resistance of AISI440C

II. EXPERIMENTAL PROCEDURES

A Materials Preparation

The steel selected for this study is AISI440C martensitic
stainless steel. The as-received steel is in annealed condition.
Table 1 shows the chemical compositions of as-received
AISI440C steel bars having slightly different chemical
compositions. Pins and discs dimensions shown in Fig.l
were machined from ¢I8 mm and ¢30 mm round bars,
respectively.

TABLE1
CHEMICAL COMPOSITIONS OF MARTENSITIC STAINLESS STEELS.

Steels Chemical composition {wt. %)
C Cr Vv Mo Si Mn Fe
440C (Disc) 1.35 1591 0.06 045 043 048 Bal
440C (Pin) 1.23 15.74  0.06 0.30 0.21 085 Bal
20imin

4
T

—

fe—s @225 mm ——+|
5 min
(a} &}

Fig. 1 Dimensions of pin and disc.
B.Heat Treatment

Pins and discs were subjected to austenitization at 1050°C
for 40 minutes in a tube furnace with an Ar protective
atmosphere and then quenching by placing the hot samples
into another room temperature tube furnace. 5 liter/minute of
Ar was flowed into the room temperature tube furnace to cool
the samples. All quenched samples were sub-zero treated in
liquid nitrogen for 60 minutes. Pin samples were double
tempered at 150, 300, 450, and 600°C for 120 minutes each.
All disc samples were double tempered at 600°C for 2 hours.
Details of the heat treatment process are shown in Fig.2.
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Fig. 2 Thermal treatment of AISI440C in this study

C.Microstructural Characterization

The metallographic specimens were prepared by grinding to
1200 grit, mechanical polishing using 0.3 pm alumina, and
etching using 10%nital. The microstructures were observed
using Jeol JSM 7800F scanning electron microscope equipped
with Oxford energy-dispersive X-Ray spectrometer. In case of
X-ray diffraction sample preparation, specimens were
grounded, polished, and etched similar to metallographic
specimen preparation. These specimens were repolished and
re-etched for 3 times before final polishing in order to remove
the surface deformation layer. Determination of martensite,
retained austenite, and carbide was carried out using the
Bruker-D8 Advance X-Ray diffracttometer with CuK,
radiation operating at 40 kV and 40 mA.

D.Hardness and Wear Testing

Bulk hardness values were measured by Rockwell hardness
testing. Wear lests were carried out under dry sliding
condition using pin-on-disc apparatus (following ASTM G99
[7]). Sample roughness was controlled to be 0.8 um. Test
loads were 10 N and 50 N. Friction forces were recording by
the load cell unit and wear tests were continued using sliding
speed of 0.5 m/s until the wear distance were 200, 400, 600,
800, and 1.000 m. Samples were weighed on a 4-digit Mettler
Toledo ML204. Volume loss values of pin and discs samples
were calculated from the following equation :

massloss, g
density,g / e’

Volumeloss, mm® = x 1000 (1)

Wear rates were calculated from the average of ratio
between volume loss upon sliding distance at every 200 m of
sliding distance. Furthermore, worn surfaces after wear tests
and wear debris generated during the tests were investigated
using stereo microscope and SEM, respectively. Table II is
the summary of pin and disc couples.

TABLEII
PIN AND DISC COUPLES
Wear test schemes TI50  T300 T450  Te00
Pin tempering temperature (°C) 150 300 450 600
Disc tempering temperature (°C) 600 600 600 600

II. RESULTS AND DISCUSSION

A, Microstructures

Microstructures examined by optical and scanning electron
microscopy techniques are shown in Fig. 3 and 4. Primary
carbide (PC) can be revealed by both techniques whereas
secondary carbides can only be seen clearly in SEM
micrographs. Primary carbides are large and their shapes are
irregular. Secondary carbides (SC) are smaller and spherical.
The distribution of SC is uniform but there is a different in
size of SC, especially in the samples which were tempered at
higher temperature.

XRD patterns of as-quenched sample showed that the
microstructure  consisted of some undissolved carbides,
martensite, and very small amount of retained austenite.
Peaks of primary carbides are corresponded to M,C; (M=Fe,
Cr, Mo, V) [8]. Retained austenite peaks diminished in the
patterns. These were due to the sub-zero treatment. Several
peaks of carbide appeared after tempering.

B. Hardness and Wear Characteristics

Fig. 5 is the plot of hardness versus tempering temperatures.
It can be seen that secondary hardening was not pronounced.
This was due to the sub-zero treatment. Retained austenite
existed after quenching further transformed into martensite
when immersed into liquid nitrogen. Resistance to softening
when tempering at about 450°C was caused by the formation
of very fine secondary carbides having coherency with
tempered martensite matrix. Tempering at 600°C led to faster
growth of carbide. The population and sizes of secondary
carbide of carbide are large. The latter resulted in coherency
loss between carbide and matrix and thus strengthening was
not effective.

Friction forces during the test were recorded and plotted as
shown in Fig. 6. At the beginning of the tests the friction
forces increased abruptly and then decreased to a steady state.
Steady-state friction force was higher in the case of wear test
with lower tempering temperature pin.  Table III listed the
friction coefficient of each tests. Volume loss values of pins
and disc were calculated and their wear rates versus tempering
temperature of pins were plotted in Fig.7. It can be seen
clearly that pins subjected to high tempering temperature
caused high volume loss values and high wear rates. Since
discs were all the same hardness (about of about 42 HRC)
obtained from double tempering at 600°C, therefore in all
wear test schemes hardness values of discs were equal to or
lower than those of pins depending on pin tempering
temperature. The highest wear rates were found in the test
where both pin and disc were tempered at 600°C. The higher
hardness of pins did not caused higher wear rate comparing to
the lower hardness pins.




78

E: o
g
& i
: §
S gl ¢ gueg cc e | % tcmperivg @600
\ o
X I 4
& e ¢ CEI\ e c h 1] o erpering@]50C
g1 .
] cg| e o A
x 3 F3 ; & ®

w n
TTheta (Coupdes) TwoThetaThts) AL-7.54080

Fig. 4 X-ray diffraction pattern obtained from as-quenched, 150°C

tempered,

carbides).

and 600°C tempered samples (o or o -martensite, C —

70

m.
~50 4
g0 1 =
%30 1

(HRC

20

Hardne:

10 4

0 150 300 450 600 750
Tempering Temperature (<C)

Fig. 5 Hardness versus tempering temperature

=
&
W
=
=
=
=
=
E- ]
=
=
4
2
. ;
0 200 400 600 300
Sliding Distance (m)

35

30
[
=25
£ b
£ !
[: & TR
£ 15 '
=
£ 10
=

[} 200 100 600
Sliding Distance (m)

800

—TI150
— 1300
——T450

T600

—_—TI150
—T300
1150

Te00

Fig. 6 Friction force versus sliding distance using 10 N loading and

50 N loading




79

TABLE III
FRICTION COEFFICIENTS OF EACH TEST
Load T150 T300 T450 T600
10N 1.25 0.95 0.86 0.59
SON 0.45 0.42 0.40 0.37

Examples of worn surfaces of pin from the test using 10 N
loading are shown in Fig. 8. In the case of wear testing using
150°C tempered pin, wear mechanisms was likely to be
adhesive wear and in the case of wear testing using 600°C
tempered pin, large groove caused by ploughing were found.
The latter was a characteristic of abrasive wear. Fig.9 shows
wear debris collected during the test. The sizes of debris
became larger when tests were performed with pin subjected
to higher tempering temperature. Martensite is a metastable
phase, which can transform into ferrite and carbide if exposed
to high temperature for long time. During tempering at high
temperature, carbon atoms diffuse out of martensite and
formed carbides. Martensite then became close to ferrite.
Therefore, the higher the tempering temperature the closer to
ferrite is. The latter phase has lower yield strength and thus
easier to be cut or deformed plastically.

10N

et

(5o

S
.

‘Wear Rate (Ing/m)
lC) f=)
S

0.05 A

0.00

T150 T-300 T450 T600
0.70

50N
0.50 - mPin

Dise
0.30 A

Wear Rate (mg/m)

0.20 A

0.10

0.00 - .

T150 T300 T450

T600

Fig. 7 Wear rate of Pin and Disc of Martensitic stainless steel
440C at load 10 N and 50 N

Fig. 9 Wear debris collected during wear test under 10 N loading.

IV. CONCLUSION

Microstructure of AISI440C after quenching, sub-zero
reating, and double tempering consisted of tempered
martensite, primary carbides, and secondary carbides. The
number and size of secondary carbides increased with
tempering temperature. Wear rate of AISI440C increased with
an increase of pin tempering temperature. In the test where
pin and disc had the same hardness of about 42 HRC due to
double tempering at 600°C, the highest wear rate was found.
In the tests where pins had higher hardness than 42 HRC as a
result of lower tempering lemperature, wear rates become
lower. The higher hardness of pins did not cause severe wear
on the softer discs.
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