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NATCHANON KALLAYA : TEMPERING OF SINTERED Fe-Mo-Si-C STEEL.
THESIS ADVISOR : ASST. PROF. SARUM BOONMEE, PhD. , 109 PP

Keyword: Tempering/Sintering/phase transformation/microstructure

This research focuses on the tempering response of metastable microstructures
in sintered Fe-Mo-Si-C steel. The steel was prepared by mixing pre-alloyed metal
powders Astaloy 85Mo (Fe-0.85wt%Mo) and Astaloy Mo (Fe-1.50wt%Mo) with silicon
carbide powders at 1.0% and 2.0% by weight. The mixture was sintered at 1280°C for
45 minutes in a vacuum furnace, followed by two cooling methods: furnace cooling
(0.1°C/s) and nitrogen gas cooling (5.4 °C/s). The microstructure was examined using
light microscopy and scanning electron microscopy, and hardness and tensile strength
were tested. The post-sintering microstructure was classified into two groups: A group
with a metastable microstructure consisting of austenite, martensite, and martensite-
austenite constituent. A group with a stable microstructure consisting of ferrite and
carbides. After tempering at 500, 550, and 600°C for 60 to 480 minutes, ferrite and
carbides were found in rapidly cooled sintered steels Fe-0.85Mo and Fe-1.50Mo with
1.0% SiC by weight. Thick bands of ferrite and carbides mixture were observed in
slowly cooled sintered steel Fe-1.50Mo with 2.0% SiC by weight. Additionally, ferrite,
carbides, and tempered martensite were seen in rapidly cooled sintered steels Fe-
0.85Mo and Fe-1.50Mo with 2.0%_SiC by weight. This resulted in increased tensile
strength and hardness, while the percentage elongation decreased due to the
precipitation of MsC carbides. In the group with ferrite and carbide microstructures, no
significant changes were observed after tempering. The changes in tensile strength and

hardness were within a narrow range compared to the sintered specimens.

r—

School of Metallurgical Engineering Student’s Signature ...... n { ..... PAY e

Academic Year 2023 Advisor’s Signature ...,




AnRnssuUsENIA

endnusiauiiuszauanudisaliedagais seanusuiiouazainueunsie

nnanel e ddui et et dlududnisuasn1saduauide 378920

NI1VVOUNITAMYAAS Laznguuananablld 7 Llansanlia1usnyl Awuziiuay
\ = I Aa
AINUYILLNTRDYAT

v & v ¢ a sl ¢ a a s A °
HYI8ANENT19198 A3.813U04 Yyl 019138 Ineninus Alalilenta wugdn
LIN1INsAny ausudsasuliauinen uazliaiudlsmdelunn 9 d1u sauluis
[ o o o a a s ! = a v = vo &
Wumadalunsviniverdnusianenluseninnis@nwilaznside auludenstiaduug
Tun1siBeuses anaudleeandeanasJUsuureing dnusaud 1159989
A = ¢ a = a a 6 1 v a v o I Aav
A34300AY 59A5 8191587 UTN¥INeTnus N UnIdee1ila Usednguive
walulagnszuiunisuandanns s audmaluladlaveuwaz Tanguianid Alianus Auinw
k% a = [ o a a v
nesulanginens otdunwamslunisunladymilunisandunsidy
Woslfuinismaluladnszuiumsudnianns (PMPT) audinaluladlansuazian
W@ (MTEC) NlvinnnueyiasizilunisidiniasdeniamiunisAnwinseilaseasig
Jana audivinena wazdneauazaniunsldiniesdioaunuidudniegaitegnauysal
Whvieslufnisimalulagnszviunisudndanne (PMPT) audwaluladlane
wazTanuviayd (MTEC) nn 9 AU NIY3ed1ulgaNuazaInkazliAbugiidmsunuidy
nwideuazinenidnusdisaqaisegauysal
VYBUBUANATOUATY LU 7 W 7 Uaztied 9 AepeAlaslawazativayulunn o Au

JuNIENId5IVeinug veveunuAunIaven 9 inuluegiegs

aigYUUN faen



win

UNAAGD (ATHVIIIY) ... e n

UNARGD (AVEVDINEI) oo eseoeeee e eeeeeee e %

AN TTUU TN It e A

BITTUBY e e 3

BTTUBIANT I, oo e %

AVTUBUTU oot oo Y

ANBTUNITYANYAIMAZAVID ..o e M
unil

T UMY L I DN e 1

SR U ATt o T 2

12 A0 UIEAIAYBIIUITE et 3

13 AULRATTHIMUITY oottt ceesiessssee s 4

1A UDULURUBIIIUIVY oot 4

15 USTBTAIAINZIITU e q

2 USHAt S5 aun ST UaS AT TR ITON. e 5

2.0 WAAN(EON). .o eeeeeeeeee o eeseeeee e 5

2.2 LANNAT (ST ersiierroreveeeeomaes s bttt e ettt eeeeeeeeeeeeeseeesssseeseseeeeseeenee s 5

221  WANNAIASUBY (Plain carbon StEEL) ..o, 5

222 WAANAIHEAL (ALOY StEEL) w.oovoveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e oo 6

2.2.2.1 wannduaus (Low alloy steel) oo 6

2.2.2.2 \wiannaHaugs (High alloy steel) ..o 7

2.3 wNuDaNnawa (Phase equilibrium diagram) ..............eseeerececececeeen 7

2.4 MSLUABULUAUNE (Phase transFOrMation) wo oo 8

241  msiUABUMUAAHE S UASALAR 9

242  MsUASUMUANHA T UL 10

243 MRS ULUANNATIUNSIUIIS e 13



3

#1508y (si0)

v

25 BVBWAVDISMNANTUIABNNGY . oo 14
251  BVENAVEISATAIHAROINOTIIO. ..o 15

252  BVENAVRISTAHARDORANUIUA. .o 15

253  UNUMURISIANALTTBvEWadeN SRR 16

2.6 n3zUIUNINLaNEINGING (Powder metallurgy). ... 16
2,61 MITHAUHIEAME oooovvecroeceeeccenen s 17

262 MVTEAMUTURIIONE oo 18

2.6.3  NIZUIUNITENUEN (SINTEMNG).... oo 19

2.6.4  Ua9usa 9 A NAFUTUIVIENNTN 21

2.6.6.1 QUNQTRAZLIAMITUINTN oo 21

2.6.4.2 USIFUAWSUNITSATUIU. oo 22

2.6.0.3 YUNAVBIHILAYIY ..o 22

2.6.0.8 YUAUBINILAWL.......coovoroeeececeeeeeennes e 23

2.6.0.5 FUWDFA (SUPPOIL)....rveeeeeeciiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeneene 24

2.6.4.6 UFTEINIFANSLUAWHIMTN. oo 24

2.6.5  NFLUIUNITANLUAWHIRTN v 24

2.7 TOURAUIL et b e 25
28 WATITUAGOL o e 27
A OMNTAMTUN T st ettt 36
31 MITEATEUBIATIZ oo 36
3.2 msé’m%ugﬂ%umu ................................................................................................ 38
33 MVTHINTN s 39
3.4 AITOURAUMIL s e 39
35 mssvysialadiensliinadamade oS asng ... 40
36 NIANYIATIETIIANIAGIENADIaNIIAUBIANATOULUUABINT . ......... 42
3.7 MINAFDUHHURTING ovvvvvrverreereereeeeeesesesssesssssssssseeeseesssssssssseese s 43
371 AIIVAABUADIUMTARTIR oo 43

3.7.2 ﬂ?iﬂflﬂaa‘Uﬂ']WﬂJLL‘%ﬂuﬁﬂﬂﬂ ................................................................... a4



#1508y (si0)

win

4 NANITIATIZAUOUARAZDRUTINA. ..o 45
4.1 ASHHEIAARNNET FEMO-SI-Corrrrrrrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeses e 45
411 WANSVAABUNTEDNULYBIZIEONT. oo 45

4.1.2  NIIANYIATIATNFANIA. oo 47

4.1.2.1 msfnwlassasisganiawmanndndusag 0.1 °C/s)......47

4.1.2.2 msfinwlassasisganiawmannanduding (5.4 °C/s).....53

4.2 MIoUAULNARNNATMINTIN FEMO-Si-Corrrrrrreoeeee oo eeeeeeeeeseee e 59
421  mMyeuAulngulATIE 990 ARNETOT. o 59

4.2.1.1 wannawndnidudigy FO8Mo1SIC way F15Mo1SiC....59
4.2.1.2 VANNAWNRNTNEUAIT STEMO2SICreeeesees 64
4.2.1.3 wiannandnidudngi Fo8Mo2SiC wag F15Mo2SiC....66
422  MyeUAUlWASIEERAn ATIERET. .o 73

4.2.2.1 WANNAMINTNE LIS SO8Mo1SIC S15Mo1SIC way

DUCMOZBIW.. "B .. ovovoevevenernensennnseeessacasens csenens 73

5 AFUNANTTNARD. .ooooooiiesres i 80
51 wail Ve Be A OBBMBE. . ... 80
511 MIRNWTNAANNET FEMO-Si-Corovre s 80

5.1.1.1 naulATea¥ 19980 ATTANANETET oo 80

5.1.1.2 NGulATIAF9ANNANIATET.o 80

512 MIoUAUIWANNAWNINTN FE-MO-SI-Corvrrerricrrcesicescnrens 81

5.1.2.1 niseuAulmannaNuiniiusenause
LR T R TAR B (213 T 81

5.1.2.2 mMysuAuliannamninAUsznaume

R G R LTS (AL oSO 81
5.1.2.3 aNSNavlUAUATUADNITOUAUMN oo 81
5.2 U BRAUDEUG oo 82

SN ITO MDD oo oo oo e 83



#1508y (si0)

t 24
U

AAKUIN
AAKWIN A, UNALAIBINTAEA AU WL LN LUSEAININISENY e 91
AMAKNUIN V. 19 AUEUBNAIIUIYINNTEDATY oo 107



=
MN1INN

2.1
2.2
3.1
3.2

A13UA1979

t 24
g
AUURUDIENTNADAUUTELNN SEEATATE ..o 18
ATUNA I TTITIA IV e 34
AUNALNLATVDIABNNAWNNLTN FEMO-SI-Corrreeroeoeoeeoeoeeeeoeoeeeeeoeeeeeeoeeeeeeee 36

B AUDITUINUABN AN VIISINTTI VTN e 41



2.2
2.3
24
2.5
2.6

2.7

2.8
2.9

2.10
2.11
2.12
2.13
2.14
2.15

2.16

2.17

%

d15uusd

Yy

R
ANUENNUSTEMINANLT LT aEpEazNSEnfveLuannadnfIa 9
IO UM LATU (BANANE CUIVE).....ooeeoeeeeeeeeee e 7
SR ULUANHAVDIDBAIIUIUR e eesees s 9
1ATIASIPANIAVDITTALRG ..o 10
wuammsintueunsalad suesiuuluiuaslarefutlug. e 11
LU EEUNAYTATUTIUFUAN. . 12
suielassasiagania (n) lnssasnsaninvesvesduiesiuulug
(v) 3 TEM vesduesiuulud () lassafreganialanesiuulud
Wag () U8 TEM UalalaaSbuULUA. ..o 12
Tassadganiavesnimulsdnidnvaganaiu (n) szuuanfmulyd
(lath martensite) wag (¥) WNUNISNULEA (plate Martensite). ... 13
SUBYBYAvR I AN AL TIANAA AN T TN TR UMUAINE. .o 17
SvSnavesansviaeAuTFafsITRAIML LN T U LI
NN TS AT NI oottt sess et 18

TUABUNITIATUFUTUULANZHINTIATUTUAILLLILNAY (Axial die pressing)......19

f10819NURAANUTENININTEUIUM TN s 20

JUA89INNERNANTIAUBEANATOULUUABINTIAVBAMANNATIHIUNITRNTN....... 20
I A a dy ! =

A0TULANY ) MAATUVBINALANETENINATTN VTN v 21

BNTNAVDIVUANIADUNNTUALAIUNUIUUUYBIHITATR e 23

=] I @ v a =
nsiSeuiisuanuudsivgamginiseuAulnves
< 1% 3 13 £
T R Lo G R it T g OO 26
& v N % v =

HaNIVAgRUNTSIREILULYaeSAndlumannaHKTn

Fe-0.50M0-0.15MN~(0.3-0.6) Cu.....oovvmrieriieiiiieriieeiceisciseieeieeieeiesees e 27

15983 99a01ANE8INNRBY SEM Yaslavienauinniln Fe-1.50Mo-xC

nensnadudad (n) msueuesay 0.45 (A) Asusuiesay 0.75

Turaenonsnsdudnsii (1) msuausovas 0.45 uay



2.18

2.19

2.20

2.21

222
2.23

2.24

2.25

3.1

3.2
3.3
3.4
3.5
3.6

BN

#1503 (si0)

win
() AITUDUTDURL 0.75 oo eeeeeeeeeseeeeeeeseeeseeees s eeeeseeeesees e eeeesseeeeesssee s 28
Tassasgamediinueianisdendlasiaiisesvdnndwadn
(M) Fe-0.85+4SiC thag (V) FE-1.50+4SIC ..ovvieoieeeeceeeeeeeeeeeee e 29
msLst'suaa%Sﬂaumﬂuﬁﬁmamﬂﬂé’aa@amsﬂ@LﬁﬂmsauLLUUdaQﬂiﬁm
figniianeisnuaresdUsznoudewmaia EDS vastualansua
Fe+0.8C+3SiC fiflvuansdamounslusuananediu
(n) 100 lalasiams (@) 50 Talasiums kag (@) 10 TUTATEIAT coovveeeeeeeese e 29
Tasaad1sganavesnoslndnwnuiin Fe-Mo-Mn-Si-C fifiu3analuduad
wansneiu Tnethntn 8l (n) ladiiuMo (1) 0.5Mo (A) 0.85Mo
LbAE (3) 1.50MO ettt raan 30
lassaiganmavesiauueisnddivesivulud
() ARV UAE () VBB 31
M5 UNUEAveULLURT 5 2TA 108 MULEr WAYABIY...oo oo 31
Tnssadnagamaveandin SA508 Gr.3 (n) Susureusudulyl uay
(4) FusuiikiuniseuAulwiigamaf 650 °C Wunan 10 UIR o 32
Usunaseeamuludnsdnefivasndsnendaniseuduliidunan 5 $alu
TIQAUADTAN T oo oo o 32
SviswavedluauRTuLazUSINuASUauTidsaran i endiniseuduli
(n) dnSnavedludvatiuvesmannansuaLiagay 0.35 way
(1) BNSNAVBIANSUBUVBUUANNANUAUAUNSBUAY 4.0 33
fhogrvemanildlunmswdentunuwain (n) welanes pre-alloyed
(Astaloy Mo) () ws@amaumstug (SiC powder)
WAZ (A) NIDIAGRABLIN (ZINC SLEAIALE). ... oo 37
R A AT R oL L 37
Lﬂ%"aaé’mﬁﬁugﬂﬁ?‘?umu .......................................................................................................... 37
é’ﬂwmz%mmmaaummmmgm MPIF 0. eeesee e 38
LATANASUNTTINTNUAZBURLLII oo eeseeeoen 39

TURNATZUIUANTNTNLAENITDURUN oo a0



€an
c
=D.

3.8

3.9

3.10

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

#1503 (si0)

v
A DINAAB UM NUUTDITINONG. ..o 41
AT DAV TUIIL et 42
(n) ndosganssanuulduas uaz (1) NdpIansIABLANATOULUUABINTA.......... 43
() LA3DINAADULIIAT Universal testing machine (Instron 8801)
(1) WS eaWAABUATILLTNMAIA (INstron Wolpert 930/25). ... 43
nansVRABUNIREIUwIesTdonduastunuminnduiadnbuiad. .. 46
NAMIMAFIUNSLAL LTS RendvastuumAnnduaadnbuiui. ... 46
sUdaudlassassganIaveaninnanndnidusiagn Fe-0.85Mo-0.7Si-0.3C
(S08Mo1SiC) PF; polygonal ferrite, and FC: ferrite carbide mixture........c.c......... 48

sUae SEM Flassadnaganiaveandnnd i wdniiusdadn Fe-0.85Mo-0.7Si-0.3C
(S08Mo1SiC) FC: ferrite carbide MIXTUre.......cccccveiiiiciccicicecececeececies 48
sUdondlassasnaganinveavanndunndniuiit Fe-1.50Mo-0.7Si-0.3C
(S15Mo1SiC) PF; polygonal ferrite, and FC: ferrite carbide mixture..................... 49
sUae SEM Alassasnaganinveanannd i wdnidusadn Fe-1.50Mo-0.7Si-0.3C
(S15Mo1SiC) FC: ferrite carbide MIXEUrE.........cccovriiiiiecieirciscecereecsecieeeieees 49
sUdoudlasiasnaganinveanannd ik niiniudadn Fe-0.85Mo-1.4Si-0.6C
(S08M02SIC) FC: ferrite carbide MIXEUre.........cccociuiie i 50
sUae SEM Flassainaganinveananndnwdniugdidn Fe-0.85Mo-1.4Si-0.6C
(S08Mo2SiC) FC: ferrite carbide MIXtUrE..........ccoooire, 50

sUdaudlassassganinveundnndnnntniudiadn Fe-1.50Mo-1.451-0.6C
(S15Mo2SiC) AF; ausferrite, Y; austenite, and O; ferrite. ..., 52
sUAe SEM Alaseasnaganinresmanndnnninidusgi Fe-1.50Mo-1.45i-0.6C

(S15Mo2SiC) AF; ausferrite, Y; austenite, Qi; ferrite,
and M/A; martensite austenite CONSTITUENT....c..oi et 52

sUdaudlassassganInreuninnanndnidusiaig Fe-0.85Mo-0.75i-0.3C

(FO8Mo1SiC) V5, filmy austenite, Qi; ferrite, and

M/A; martensite austenite constituent.........coooiviieceeeeeeeeeeeee e, 54



#1503 (si0)

2
NU1

€an
c
=D.

4.12  Uie SEM Alassasnsganiaveaninndeniingudaig Fe-0.85Mo-0.7Si-0.3C

(FO8Mo1SiC) V5, filmy austenite, and M/A; martensite austenite constituent...54
4.13  sUfendlassainsganiavesminnauninduingy Fe-1.50Mo-0.75i-0.3C

(F15Mo1SiC) ¥; austenite, and O; ferrite, ... 55
4.14  5Uane SEM Alassaineganinveamanna i ndnidusiaigg Fe-1.50Mo-0.7Si-0.3C

(F15Mo1SiC) O; ferrite, and M/A; martensite austenite constituent................... 55
4.15  Ufendlassainsganiavesmidnnaunindusngy Fe-0.85Mo-1.45i-0.6C

(FOBMo2SiC) OL; martensite, and LB; lower bainite.........ocoeeeeeeeeeeeeeeeeee. 57
4.16  gUane SEM Alassaineganinveauanna i ndniiusiaigg Fe-0.85Mo-1.4Si-0.6C

(FOBMOZ2SIC) Ol MNAMENSIEE. oot 57
4.17  Ufendlassainsganiavesminnaunindusngy Fe-1.50Mo-1.45i-0.6C

(F15Mo2SiC) OU; martensite, and LB; lower bainite..........ccoeeeeveeeeeeeeeeee. 58
4.18  jUiw SEM Alassasnsganinveananndienilingusaig Fe-1.50Mo-1.4Si-0.6C

(FI5MO2SIC) OL; MNAItENSIEE.cuviuieeiereeeererereereeresseseeseesessesessessessessssessessenememssessnnesseens 58
419  NANIVAFRUALLIIIIVELNANNAT FOBMO1SIC (N) A1AINLTILSIETER

(1) AIALLTILTT 0 99ATIN (A) AFEBAZNITERGT Lag (1) A1AIIURDS. ... 60
420  WANIVAFBUAILLIILTIVOLMANNAT F15Mo1SIC (N) AIANLTILIIFIgIan

() AIANULTILTS B 9AAN (A) ANFBEAZNISERGD Ua (1) AT 60
421 lessa¥ganiAvestusuauiulil FOSMo1SIC (n) sUfonAvastumuaufuly

600°C- 60 W17l (1) 3Ushe SEM osdusuauAuli 500°C-240 il uay

(A) 5U18 SEM 109TUNUOURLINA 600°C-60 UM 61
422 TawaianiavestususuAuli F15Mo1SIC (n) sUpudvastusy
auAul 600°C-60 w7l (1) 3Uehe SEM vasdusueuAulyl 500°C-240 und

wae (A) 3Ue SEM v0atusTusuAulni 600°C-60 U 62
423 wadenzinsideuuvesisdiond (n) FOBMO1SIC U (¥) FISMO1SIC.............. 63

424 WANISNAABUAIULTIILITIVBANENNAT ST5MO2SIC (n) AIAINHLTILTIRIEIER



€an
c
=D.

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32
4.33

4.34

#1503 (si0)

v
(1) A1ANULTILTY B 9ATIN (A) ANFoBazNSERM WAz (1) AU .o 64
Trssas1aniavastusuauAuln S15Mo2SIC (n) UbpuATuLouAulY
600°C - 90 i (v) 3U1e SEM vastusuaufuln 500°C - 240 w1l
uae (A) U8 SEM v9usmuauduli 600°C = 90 UM 65
NAATIEANI SR UUUVBITIRONT STEMOZSIC. .o 66
NANIIVIAFUATIULTILTIVBURANNAT FOBMO2SIC (n) A1AUUTILTRegen
(1) AU Q4 AATIN (A) AFRBAZNISERRT Lag () AIAIIUMDS. ... 67
NANITVAFBUAULTILTIVOUNANNAT FL5MO2SIC () A1AINLTINTIRIgaEn
() AIANULTILTS B 9AATIN (A) ANFDEAZNIEAGD 1A (1) ATAIIUMDN. oo 67
Tnssadeganiaveavdnndiiiunsdond (n) Susueuduli FOSMo2SIC
600°C-60 W17l WAz (1) FuauUALLI F15MO2SIC 600°C-60 UM 69
sude SEM Tassadaganiamesiusueufulil FO8Mo2SiC
(n) gUdeidmeneswestunueuAuli 500°C - 240 w17
(v) U meegeetususuiulil 500°C - 240 il
uay (A) JUd1or&sengeesiuIOUALIN 600°C - 90 UM 70
sude SEM Tassasaganavesiunuaufulil F15Mo2Sic
(n) gUdeidsmensshuestunuaudulil 500°C - 240 Wi
(v) U seegeastususuiulil 500°C - 240 il
uay (A) sUd1eridsengevestusuauAulY 600°C = 120 U 71
WaALATIEANSLA UMY SadIoNd (1) FOBMO2SIC Uag (4) F15MO2SIC.............. 72
NANTINAAOUANLTILTIVBANANNET SOBMO1SIC (N) ANAINLTILTIRIEIER
(1) AIANULTILTT B 9AATIN (A) ANFDEAZNTEAGD WA (1) ATAITUMD. e 74

HANTSVIAABUAULTILTIVBUNANNET S15MO1SIC (N) AIAINLTILTIAIGIER

(1) AIAURTILTT 0 9AATIN (A) AFDBAZNTERRT LAY () AIAIIUWDL. ... 74



4.35

4.36

4.37

4.38

4.39

#1503 (si0)

lassasaganinvestunuaufuln S08Mo1SiC

(%

(n) UdondvosmuuaUALll  600°C- 120 unil
(¥) gUde SEM fdsvenesvestususudulil 550°C-150 il

uaz (A) UAne SEM swenesgeuestunusuAulni 600°C-120 Uii.............. 75

lassasaganinrestunuaufuln S15Mo1SiC

(%

(n) JUfendvastunuauAuln 600°C- 150 un¥
(¥) Ude SEM fdsvenesvestususudulil 550°C-150 il

e (A) 3Ua1e SEM MAeaavesduaIuauAulng 600°C-150 Wif.............. 76
NANITVAFBUAULTILTIVOUNANNET SO8MO2SIC () AIAINLTINTIRIGIEn
(1) AIAULTILTT 04 JAATIN (A) ANFDBAZNITERT Lag (1) AIAIIUMDS. ... 77

lnssadaganiaveananndioudiulil S08Mo2SiC
(n) sUfendvastunuauAuln  600°C-150 Wi
(¥) JUsne SEM Adswenssvestusiueudulil 550°C-150 unil

uaz (A) UAne SEM MdswensgeuesiunueuAulii 600°C-150 Ui............ 78
HAILATIENNTIALIUNTISIELNT (N) SO8MO1SIC (3) S15Mo1SIC

LLAZ (A1) SOBMOZSIC ..ot et et ettt et e e eeeeeeenen e 79



AHSS
AF
°C

Cr

DUB

EDS

Fe

FC

HRB

HSLA
JCPDS-ICDD

LB
Mn
Mo
MPIF
M/A
Ni
Nital
oM
Picral
PF

Si
SiC
SEM
TEM

AMBSUNYAANYAILATAILD

Advanced High Strength Steel

Ausferrite

Degree Celsius

Carbon

Chromium

Degenerate Upper Bainite

Energy Dispersive X-Ray Spectroscopy
Iron

Ferrite Carbide mixture

Hardness Rockwell B

High Strength Low Alloy

Joint Committee on Powder Diffraction Standards-The
International Centre for Diffraction Data
Lower Bainite

Manganese

Molybdenum

Macrophage Procoagulant Inducing Factor
Martensite-austenite constituent

Nikel

Nitric acid (HNO3) and alcohol

Optical Microscope

Picric acid (2,4,6-trinitrophenol) and alcohol
Polygonal Ferrite

Silicon

Silicon carbide

Scanning Electron Microscope

Transmission Electron Microscope



TRIP

UB
WF
XRD
Zn

a

i
S08Mo1SiC

S08Mo2SiC
S15Mo1SiC
S15Mo2SiC
FO8Mo1SiC
FO8Mo2SiC
F15Mo1SiC
F15Mo2SiC

AMasUNBAANYAlLAzAED (AD)

Transformation Induced Plasticity Steel
Time-temperature transformation
Upper Bainite

Widmanstatten Ferrite

X-Ray Diffraction

Zinc

Ferrite

Austenite

Slow-cooling Fe-0.85Mo-1SiC
Slow-cooling Fe-0.85Mo-2SiC
Slow-cooling Fe-1.50Mo-1SiC
Slow-cooling Fe-1.50Mo-2SiC
Fast-cooling Fe-0.85Mo-1SiC
Fast-cooling Fe-0.85Mo-2SiC
Fast-cooling Fe-1.50Mo-1SiC
Fast-cooling Fe-1.50Mo-2SiC



1.1 audrAgywazinunvasdyn

Hagtuuszmalngldiinisatuayunisifouasimuinszuiunisudndudunis
Amnssuamglulszmaiioanalddonsiidnain meuenussne dnndndunilsluan
ﬁ‘ﬁamﬁwlﬂhﬂuﬂizmumﬁqmﬁmmimw 7 1iesan An15LANsIMKEYN (alloy steel)
Tusnsdmimunzan vlildinanndfidanuudeuss wiler wagmumusenisianseu
lutlaguianudesniswauimanndiidanuudusuazanumvieigs Ae wannan
mwmv‘ﬁumqﬁuqa (Advanced high strength steel: AHSS) wuseanidunateyin ¥y
LMﬁﬂﬂé”lLWa@J (Duplex steel) Ltannan TRIP (Transformation Induced plasticity steel)
MANNENNTIMUTAN (martensitio) LJudy Tassadrsganiauuludliangludidunis
Tulassadrafiusnglumdnndt TRIP Ussnauieivudanuleslsduazeoamnuludasdig
TnofilaifinismnngneuvesnsludiAnd udadunandnainnisdsuuauwad gumn s
(low-temperature phase transformation) TnsendenszuIunsemuSeuilusauwaz
MsRusIHaNTIdRY uianTa (Mn) Faaeu (S) Asuay () sy

ogslsinmmdnndifluduavududiunan (Mo-steel) 1 und slumdnndid
msldausgraunsnans esnimanndiuduiti shgninlfldnuigamaiias Wesnn
Jumdnndi anuisnasriuud swsaldii g ungfigale (High-temperature strength)
uananiigediandAnurenisinnsou (Corrosion resistance) waznusian1sdnuse (Wear
resistance) yhlmanndluduatiilasuanuauladusgrsnndmunshluldanludud

v v v [y S

UNANUAIINTOU AIUUTILNITNAATUAIUAN ) NTdIUNaNIIUAUATY LU naugnUu

Y

(%
6

Woades Wudu wanndmnidnAiluauddy (Sintered Mo-Steel) Hn15TH9UNARTUAIUTN

—

v Y

fisusedudou wavauaianegs lnefinnuadeslutuneunisyuuds Jeallewldlunisude

'
=

= <@ dld 1 Y 174 a o % = = v
BUNMUNUYUINELR ﬂWJJ?JU'i’N%U%E]UIUUi@HﬂJ@J']ﬂ Vl’]IﬂMLUﬁQQUUEJ ATTANYILAT W UN

De

NIZUIUN1TN19laneINeIe (Powder metallurgy process) tNaYILELATUNITNANTUITY

I3 =1
LAANLNINUN



nsvuaumslanyineweildlunsnanumdnnainninussneudie 3 funoundn
1w nswasmslany 138nTugy mawandn (1] Tasidunszuaunismdniidanuseiies
¥lrldFunuluvsinaanndafsuiuszeznailunsudn venand laiinaandansdil
nafuluduitundedusnuaudu 4 WelidedensldausFonusindii wilans
W3oaaeyn (pre-alloyed powder) 14U Astaloy 85Mo (Fe-0.85wt%Mo) Astaloy Mo (Fe-
1.50 wt%Mo) Astaloy CrM (Fe-3.0Cr-0.5wt%Mo) v usu 4 saru1sasiuslanssana 1n
NanAURIUN b (Graphite) i asduunasaisueu vlwldmanndmnnin Fe-0.85Mo-xC
[2] %38 Fe-3.0Cr-0.5Mo-xC [3, 4] farduniddudoflunszuiunislansine nsdiarunse

mivAuesAlsznauniaalildoguiugn ag1slsinunisudavanndmndniielila

wa v a U Ao v aAw o = = A I3 a ) 2 o
AaudRnudeinsidadendidgyndesmilaa Ao ssrUsenouniaad [5] dnsin1sidudn
(6] wazaulunswindn [1, 7-10]

[y

AsuAMANNALKNTNATluAUATU T AeY lUaZlTs N sauNaranNanluduRTu iU

[
=

wnslwdvililasumannanninluauatuniianuudansegs [11] Usunadudufduiiini

puIinlddnduvewisalasd wulusnazursinulodiiudu fedinalnensineaud@mdang

=

wenandlasinisAunuuisernisunniivesrsdansuaisluaionumaias viliesmneuues

9 Y

14

FanaukarA1sUauaILTaRnsiinlunelumns ndvaundnls [12-14] Yu1FIn15nnasd

1Y

nsiAuksBanaunsluAnaniunslansnIdaaoen kiatdherarat wazagz [15] lan1s@nwn
nsiiudaneunsludadunilangnisanesd Fe-Cr-Mo Usnnglaseadisuulud i a
AruasBafiuiinndanouaniluddorar 1.0 uay 1.5 taetwiin Tutunuiidsnsbuings
1nN91 3.87 °C s wazlud 2021 Nithimethakul wazans [16] laAnwdvinavesluauaty
selassairganialumdnndimain Fe-Mo-Mn wandaneunnsludiisosay 4.0 Taevniin
wulassafrseeameflsdiivsynouseeoamuluduvuuiunionuaduiuivuianmeslsd
fusualududtuuinninfesas 0.85 lasvmin uagdsunaveseealoslsdiiuiu
douualuduidugsdu uasidrdglassadsvdnddngnanuluménndewmideafiniu
NILUIUNITRBAMNIUNBSI (austempering) a819l3AnIUN1TUTINYUoRRaw RS LA LGN
avvaeululangnaunninddn1fuunslnd Fe-Mo-Mn-C 194 Fe-0.5Mo-0.15Mn-1.2C
[17] ud Fe-1.5Mo-1.2C [18] §suanslassadrsganiafidudounis 4 uenaindfifies
Tassasraunludunduiivsnglulavienas Fe-1.5Mo-1.2C fufudlowSoudisumdninain

a laaa

fifl88AaU Fe-Mo-Mn-Si-C [16] wavnaniainiilaidaney Fe-Mo-Mn-C [17] lAseasns

] 14
a = = a

poaeslsAnintuiienainandnsnavessaraudaney WAUATN wesndatavaisuou

v lmuvanndminiin Fe-Mo-Mn-Si-C lasuaiuaulanaz@nwiiiaiiy



Wunudanninisiiudansuaistuaeainaliiinnisdudinisiinas lua

(3

Tumdnndnuuludf dannuudausegs 119-20 wazimdnndnuuludlianslus [21-24]
dnsmauiiiigannweariliiAnnisd eunsiiamsludldlumdnnd ifsanou
lduunillddinsAnvidvinavestaneunsludfinauiunslansnd Saassiilududic
US1muen (Fe-0.50Mo-0.15Mn) 71805101516 uia 3.6 °C/s [25] uandlsiifiulaseaing
Usznaumeimeslsduagdiutsznevuniimuleduazeosmuludiusinudanouaslud
Yoway 1.0 uag 2.0 lagtmiin deannsaduunmunissuundssianuuluives Zajac
Caballero uag Muller Iatdunsiyanuulud (granular bainite) Aauiwaisnduilasivulud
(degenerated upper bainite) (M&NNANHINT NATTEABU Mo-Mn-C TautAidenadia
oglsAmulassainsganiaUszneumediunaniiegluannziuaies wu ssawuluduas
indinuled Saduiadosnmnisanuouresesduszneviuaissmaniieauladmiv
msilldlunszuiunsfiguuniigs mseudulil (tempering) Tnevhluilunszurunisidl

a [ = Qy A < . o w 1%
QWHQVNWBUW@UiUUEQQUWNUWUSQT@Q%UQWUWNWUﬂWﬁﬁUu%ﬁ(Hardeﬂmg)uagﬂWQWQQWMLﬂu

v . o ¢ o A o 1Y) < A o § val =
AIANY (residual stress) TingUszasananiiiesnussauaundsluvueivinlidiaumies

£ '
=Y

g WenlassaiaganiainisiisunUawmnueamgiinnseumulil [26]
v o a < v ~ Ao Y = a ‘:l' aa '
AatunsnaaeinseuAulmdnna i ntniilasiasianate sNguminuaneng
fu Jediauuiaularazdneinisnevauesnondiussuvsslaseasrauulunliaslua
Wehdeyadlaludszendldlunisuilulden dwsuanwdded lavinsd@nwiwanndn
wnilnfnaudaneunislunsesay 1.0 way 2.0 Ingdmiln Aunamannssaases Astaloy
85Mo (Fe-0.85Mo) tag Astaloy Mo (Fe-1.50Mo) Tagldnisidusanigluwmn (0.1 °C/s) way
msusSaneufialulasiau (5.4 °C/s) melsusseniawuuagania wazvihniseuaul
fgungfl 500 550 way 600 °C 1UuszezIaT 60 — 480 w1l lasldn1sidudinigluwmn
) = P ] = 9 Y I3
MenainseuAuld Fatdufneinisnevdaussnenisouaulnveslassasraiuuludliaslua

AMelurdnnamnin Fe-Mo-Si-C

L

1.2 IngUsraAvaInisideY

Y

a d’J
JTUIYU

o

ngUsvasALiefinyinIsnevauedseniseufulnraundnndl Fe-Mo-Si-C

AlaannszuiumMsrinuasAnwinisdsuiUasvedasiasiqanianidmaseaudfigang



1.3 #UNAFINIUIY

1.3.1 gaumgiluaziianvesnisevauliviliiinnisidsundasvedlassainaganialy
WANNATNINEN Fe-Mo-Si-C
1.3.2 audfdanaveananndmnin Fe-Mo-Si-C iusznausmelassasesiaadesd

s ltanindudionnuniseuaulu
1.4  YIULIANISIY

1.4.1 Anw1nsTugUTUNUMENNATRIHTINAI8N YN AN INENIAIEN SNEY
Faroumsiuanundlany Astaloy Mo (Fe-1.50Mo) way Astaloy 85Mo (Fe-0.85Mo)
1.4.2 Anwdvsnavainiseudulidelasiasieganialumanndwinin Fe-Mo-Si-C

figaumail 500 550 uaw 600 °C WuszaziIAn 60 s 480 il
1.5  Usslevuniaainaslasu

1.5.1 Whlanazannsadiesginsguiumannadnuanndiieansailudssgnd
wazUSuUslunssuIunsnanla

1.5.2 @nwinspevaussreniseufulvesndnndminin Fe-Mo-Si-C wazldidu
FruteyalunmsueatesnIwninusou

1.5.3 Anw1dnsnavedudvathilumdnnauuindn Fe-Mo-Si-C



uni 2

USNAUITTUNTTURAZINUILNNYITD

2.1 wan (iron)

2 o = a Y v N H A o v v
wanilulaveiinvunlusssud lnenaluudinnuiiduaseutinig wedwdilng

1 < o 1% ¥ 1 < & ! 2 a o o I a [ ] 1
wiwdnagyibignaadvudmantu uswmaniinulaeialudnegluguduusidudulng
ilinedldnszuiunisoaaielilisuusmanifinnuuigns Tulagumdngniluldly
myasradugunsdieng 9 wnune esnauauURemsveanin 1wy anuaunsaluns

Ya v

& va I 1 < I £ ! 3 va a S a 13 & !

Yusy audienuduwiman 1Wudu egrdlsinuaudignanwiuveamvdniulilastdn
Jedosdinisifusindu 9 wiedrelunisusuugsaudfivennin lnaanizog1989n1siRy
s & 0o g v & o va a Aok o & a . N
msvaulumdn vibimadniinuaudfdnanatu nfeunenisiiusianas (alloying) 8u 9

WetheiasuauTAnsunIuRen1sianseu [27, 28]
< oV
2.2 wannan (Steel)

Jumdniidannuudawssgs danumdeinnnniunanviadu q awnsadugy
Ienannuaneguuuy Feflenluldiuegaunswans wmanndleeilazivinnaumiveu

nanegeuninavaz 2.0 lneuuteanidu 2 Uszuan leun
2.2.1 wAnn&1A1suau (Plain carbon steel)

JumdnnaNdaruudauss (Strength) wazauwmien (Ductility) A@munse

a a s a | | a v = = ] v Y]
LWasULUaIRNINUTUIUAITUDUN Nall@%Iu%’NVl NI ‘\]Qﬁ']lniﬂLa@ﬂI%QWUELﬁLMNWSaNﬂU

£
v A

Snwauzauls Tnevluwannannaiarsuaualunsanuteseanidu 3 ¥ia Al

1) wmannaansueaus (Low carbon steel) iU3unamsusuegfisosas 0.05

- 0.25 lagutn ﬁﬂ’)']llLLSCZ‘NLLNLLﬁ%F’]’NNLLGﬁQIﬂQﬂﬂ Eﬁ']ll’]iﬂLL‘Uig‘UVl’]Qﬂﬁlg{a ﬁi’]ﬁ?gﬂ

2) .MannanA1susuUIulant (Medium carbon steel) USuNaIA S UBY
$o8az 0.25 — 0.50 lagtiniin 1AULTILTILALANLLTIINNIENAISUaEAN Taavialy

HenhlUguguienisi (Forging)



3) WiANNa1AUBUgs (High carbon steel) fiUSunaasususosazuinniy

Sovay 0.5 lnghmiin danuulanswasanuudgs vasdediuinnuuszas
2.2.2  wianndmau (Alloy steel)

duwmdnndriifinndusiguandig 4 ueninieainansueu wu lasides
wianila Fdeeu dniia wavddu Wudu nmsusanavadumanasdisuiulinuauds
AN 9 Yaanannan Wy autiniena andAnisiwan audinieedl WJusu wdnnawey
Tnerthldudasindnmswausaudaessind ulhierelildmdnndidaunmauivuaues

Frglimaligannawiuly egdlsinuminndmauaunsanusesndy 2 ¥l Al
2.2.2.1 \wannawaun (low alloy steel)

Jumdnnandvsunasianausiuudsliiuiosas 10.0 lnguimin

Tagvialufeufusiagnay 1wy voauns waenida 3areu 1Wudu lassasiganiaadie

v '
a o v

wiannaAFUBLEN ualAuLlwssnndmaziiiudniuandy wagludagiuiinisdiwun

[
Yo a

WANNAWaLs el

1) mﬁﬂﬂé’mawﬁmmLL%@LLiqqﬂ (High strength low alloy: HSLA)
Dulanenausrvdanid e fnsifusiguaui oufuugsant@idenalvas sl und evdin
anuiumudensiandeuliigatu Taeilufivsinamsuoudosar 0.05 - 0.25 Tngvintn
uaziismesdUsznaudu q liiudosay 2.0 Taevwiin dngmitluldeuluudiusosus way
Tassa1edy q iflosnninfusiguauazilfimdnanasuazadlidmion sifutuvos

ANULDILTS ANUAINADINIT LRI IFIUAMULDILTIADUINTINIR

2) wmanndgeaa (Dual phase) lunannanfdnswauiseann
wanndn HSLA Teeillassadnsganialssnauseinaaesnaiifinnnuudiazsouwananeiy
Loun weslsduasansmuledvsouluduasiiisalad winndvliaidanudungansine

Wagutumannaiy s HSLA iianunsaduguled

(%
o

3) MANNAIAINLTILTIZIT UGS (Advanced high strength steel:
AHSS) USunaensuauegfisesay 0.02 Wumanndnilautfdnaunnaaanmannaixay
vl nanfeliauudsgaduegiunnnieunsdanunieings Weswnlasiaiigania

Usgnaumeunsinules wuluduavesanuludniing 3adese1@anszuinnsgus dauaneg



PMNMENNANANITIY munzAununlddmsunissussaduszezinavnile wu waivseriles
Wudu

4) \ua nna 1 TRIP (Transformation induced plasticity steel)
[~ < Y A a % ~ 2 (v v
Jumdnndfindalaenszuiuniseugunieninuiou wWielilalassasrmandsenauimeia
woslsd wariiadu q uesruseneu wiu tuulud wnsmules wavesanuludasaig
Judu Inefeeamuludaidisdefivsunaiainiidesay 5.0 wWieliiin TRIP Effect A
Aseeamuludrimuinnisasuwdanduinsimulefidesnannusanisusn inlrguy

WannartaullANaL1T0luNSERf LAY ALLTILSARLLINTU
2.2.2.2 mé‘mné’wauga (High alloy steel)

& o v aa ::4' Iy} " v oo v & %
LUULV@ﬂﬂaWWQJﬁf]QNaNau ] FIUNAUNINNTINTDYAL 10 V]'ﬂﬁLﬂaﬂﬂaq

yiladiinuandfsiig o wugedu Wy audinismuniunenisianiey audRnisnusenns

a

= ) v o 14 13 E4 a dy o v ' & ] <3 1% 14
anunse Wusu '1/]']1‘1/1L‘Viaﬂﬂﬁ?‘ﬁﬂﬂﬂgﬂﬂﬁlﬂl‘ljﬂﬂﬂﬂLQ‘W']SLR]’]BQQN']WUU Wy wannanlsada

a a

(Stainless steel) vusiu gUA 2.1 Fliviudandnnd1anuud wsageadugegun 2148

mmwﬁaLmLLaammi%ﬁaquﬁaLﬁauﬁU TRIP HSLA wag DP-CP

E7 s o L e AV o | P~

Elongation, %
10 20 30 40 50 60

0 300 600 900 1200 1500
Tensile Strength, MPa

JUT 2.1 anuduiusseminanuuduswazSesaznistndvesmdnndsiianig q w3e

YUY LASU (Banana curve) [29]



23 uWupldunand (Phase Equilibrium Diagram)

n1sAnwILNugdauna (Phase Equilibrium Diagram) vouundniuaisuauslu
dviniu lnsanizod19Banszuiuns a egmanseveuannal lneliianioaisazaiy

¢ Ad v o &
sUaﬂLWNV]LﬂEJTUaQWQWQVLUu

poamulus (Austenite: Y) A 819582a18909UTVBIRTNLAZAITUDU TIAITUOY
anunsoavarglumanlaunisiosas 2.14 figamgll 1147 °C Tszuundniu face centered

cubic %58 FCC

waslsd (Ferrite: Q) fio a1sazangveulsvenndnuazaIsusu fR1suauaINITD
avanelduniianiiosiosaz 0.022 fgaungdll 727 °C Asvuundniuwuy body centered
cubic %30 BCC vl auodr1undosganssaduwvulduasaziiuiugvn daunidengs

AULTILTIAN

Fuulng (Cementite) Aa wdnAslusluansusznaulane senituvaniuasuay

a A = [ !
dgnane FesC HAITHLLUILLINEN heLUIY

Wisalad Ae lassasnsiuseningmansslosisduazgimanaeuulndifiaduain
Uin3engmaneediuvaelmanduiiatedsdn 9 mafetusiianissesaduiduway

g717 (Lamellar structure) ulaseadnenisinund s
2.4 nswaguwlasnad (Phase transformation)

mMswasuadonsiasundasedassaiisganielaeiinalanisiinly 3 Usziam
[30-32, 35] Ao 1. nalnflenfenisunlngluinisiasunlavesdrunaumaniLagsiuiu
wa 2. nalnfiondenisunsinatinnisia sundavesdrunauniaaiiuazsiuiue uay
3. nalndildondomsunslaensiamansadessuidewnainszesrinessnintosneuiinig
Wasuwlandnies Tnemluudimsiasumaasduiusfunisiasuulasdiunauniaad
vodlavefiondunsunailiundn Ssdenalaemsaelassaireqania nswdsumad 2 Sunou

=

A

1) nsiindamdea (Nucleation) tdunszuiunisisunadudusuniaan o
M3un31 92nale (Nuclei) vosalui TnednaztAinusIuUaULNSUNI BUSIUATa1SUaTIY

4N



2) malavesdinaded (Growth) ludisiivuavesdipdlofvuaindu waginani
gnuvuilagwlalnidnmdesdy Wenaswluibiinsuiivuelng@u Sedawadeaud

LFINAYDILNEN

nsidsuwlanavesesanulud seawmuludiduailiadosigumgdies

WiatAanisidusagyiliiianisia suwdaada lagvilduuseanlaidu 3 wuu As

mMsfudegretuinisalad nistfusivurunataisuulud waznisiiusiognesinisitin

Austenite (y)

wsmuled dagun 2.2

Slow cool
rapid quench
moderate cool

Pearlite Bainite

Martensite

(BCT phase diffusionless
transformation)

(o + FesC layers +
proeutectoid phase)

(o + elong. Fe;C
particles)

Ul 2.2 nswasuuvaamiavesesaimulus [30]
241 nswasuwlasnaduisalad

1ASIAT 1N LAAIINNITIUA sulnan 1Tend1 ginanee (Eutectoid
transformation) Ingazisuind uill gaumgdveunanagiuszuin 723 °C Wafdiviuim
A1sueuNINdsSeray 0.77 laumnidn iemdndaungiivilowdu A, useui 50 °C
I = 1 = = A A & o "y 13 o
wianasillassasinandu FCC viamaoaamuludidasuduiiasegiatreeanuludazii

Tnaan1suiseantdumeslsiuazdiuulng duassavesdiuulndaziinduusausuinsuy

o w Y 4

YULMAIVYIHIANSUBUALLAANITHNTUTIUAUNETUR AT A A US s a UL AANIT

a ¢ = a =3 & % a v A a ¢ o § v
JULAYAITUDU ‘\NLﬂ(ﬂLUULW@ﬂiW‘UU‘UUWUMQﬁ@QW}u ‘ZJEL!%L@EJ’JﬂULiJ@Lﬂ@LW@ﬂ’W]QZVHGLM

YR

s 1 a v o Y a a a = o‘d!’l Y o Y a a LYY
ﬂ?iU@Hﬁ’JULﬂUQﬂ“UUE}@ﬂI‘U ‘Vl’ﬂ‘ViLﬂﬂ‘lJ'JLﬂaEJﬁ‘ZJEN‘lILiJu‘LVlG]‘Uu‘LGW MlAAnn1sI38saaunu

seinaeslsduazduulng esanluvauzidusiaziinnisusudlrunauniaadlaeianie

o

Asusufienfenisuns aedumnddnsinisiduiafias agviliansusuldannsauwnslauin

wovlravvaaunaslsanaduiudmulndivuiadn Tunendudumniialassasrainsalas

a

neaumgillnaniuangmanegagyililalassasiuiisaladuuuneu (coarse pearlite) agals-

J
Amudninigaumalidininasiilalassaiaiisaladuuvaziden (fine pearlite) Aagui 2.3
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JUN 2.3 lassadganiaveadisalad [33]

¥ <

=~ o ) Y Ao a & % v ¥ )
YoNINNLAMSUMANNAMTUSUINASUBULBENINS Ry 0.77 taguvmin
A | < P s A  a a ' &, A A
wseaisenIuvinndilelugimanaed Wetinnisiasunasudseandu 2 nsdl As 1. N3
Ldinun3engmanesd Aowmanndnndaisveusininfesas 0.025 lneunin ileiin
2 W ° v a P AA a aaa = < Y Ao
nsiduiagyiiiinmaneslsinmun uaz 2. nsalfiinufisengwmanes fe wdnndnd
asueueglutiosay 0.025 - 0.077 Wawannaigniimuseuiigandndu A, uaziinidu

I g @ (Y a |1 o Y a o‘d' a

poamuludnmun Tuvaeldudiaugungiiniu A ilviAameslsdiusauveunsy
WHoruganglagmaneseoanuludazildswdumeslsdisnionesisdvidaidn
Wsgmaneeiaslsd (proeutectoid Ferrite) wnlunsdldmsumannanfidaisueuunni
Seway 0.77 leauwnin Lﬁaqmﬁgﬁlﬁuﬁaaqmu A A aT I ulnA U IMvauLnSUY
a.'/ I3 (Y =2 b‘d‘ & 1 a a a =3 o v v
JUNTENLEUAIIURY A, seawmuludnivaundsegaziinuinietginanay Jailiele

lassasenusenaume Tsywanes Fuulvduaziisalad
2.4.2 mswWdsusvaaaduuulud

s ¥ A a s o Yo < o ag
wulwddulassaiiiniinaneeamuluduandinieldgnsinisidudimg

| a ac ¢ o a s v o a d‘ a A A o
nimsiiaisalad lngmlumsiauuluddesandenisidsunanaguvgiag v3en1svi
langlidudreg19siasrauisgungddaefiviliiAmuuluduazasgung dlined

(isothermal) Tauunanasagunsivasunlasangamaiiaeiiiisuiuim (time-temperature

a

transformation diagram: diagram) ﬂ"’agﬂ‘m 2.4 nalnnisiiatuuludlaeialulidneuy
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adnefuiisalad fe \indedsanasinisvenesvesdnndoa Sawananstudivieslssly
nszvaumanuuludduaniinduiou mnduanineslsfsidnvueadoiduiudng
Augnatunsuvesesanulud lurausiierdumeslsdaveeedinaziinnisuisnisuay
druiuluiivausiudi ﬁqLﬁm%nmﬁﬁmmL%’uﬁumam’ﬁuauqaﬁﬂu%”]wmLW@s“L'ifﬁ

unseaianudutugeissesay 6.67 ainuauvesdiuulnady wazlilaiinn1svenefiuin

a X a = s v M Y ¢l a & 1 <, a
VU ﬂgﬂ'ﬁl,ﬂﬂLLO‘U‘ULQJu‘leﬂﬂﬂaaﬂ‘lﬂLiE]EJ s]IWEJV]'JITJLUUIUWV]Lﬂﬂ‘UULLUQ@@ﬂLUuﬂ@\‘]%u@

' v
a a =

Aegun 2.5 Ae gUiesivulud AelassadravuludMifatuluyvgumgdas was

lavesiuulud Aslassasravuludiintuluyisgungfinainia Asguil 2.6 sgrslsiang

A v

TanesiwuludfiAntuiidnvasduuiy (plate) Afidnvazadnofuanfinuled

(n)
700} >
.c i ¥
Austenite grains  poariite
6ool. Growth G
N large N° .
G, slow

Rate of nuclestion and growth —-

()
fos¢ |
FesC “:m-
- ———

Nucleus side £dge growth Austenite
nucleation 2
FesC

stringers

_—C-free
~ ferrite

&
¢ ennched ¥ \ n::I,efted

Upper Bainite. Pearlite
&)

Fcrnte
nuclcus Platelets fer‘r';te
FesC, FeauC i
( K Carbide bietle
| ppt.

Lower Bainite

0 Y

Coherenc SUpcrsawroud
ferrite

U7 7l 2.4 (n) ammmﬂmmﬂaLa%uLLaymimﬁ,mmmﬂumwammumﬂ 9 (V) WNUNINAT
Aawisalad (A) ununnnsiinduivesiuulud uag (1) wwunaimnisiialaiesiuu
lud [34]
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0\ i
Ae3 o
errite
& | i
~ pearlite
A S
3 P Widmanstatten ferrite
o S . —= me—_ UppEr
o bainite = "==="=="" painite
o “= lower
E MS % bainite
@ martensite
- >
log{time}

JUT 2.5 urunmgaumiineiiiieuiuia [33]

(/8 7. 0.2um)|

JUN 2.6 sUaelassaiegania (n) lassasisganiavesvesduiesiuulud (v) sua1e TEM

U 9

vosduwesiuulud (n) lassairaganialaviesivulud uag (1) sUae TEM ves

Tanaswulug [35]
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2.4.3 nsagunlasnaduunsmulad

[ o 1

1nsmuledidulaseasianiiinainnsidiusiaeg1asinsiveseoanuludse

val v I

msguivdeiinde lnedenlassadsinudediidunide A Marten iosinnisvinli
seamuludifuiaegmaiiiliernouvesmsvaulifinanfivmeiavipdeuiivdouns
tandainnsiniSeshueterneuvenndniidades (Deformation) welaswadrandnves
geawludfe FCC (face centered cubic) Wansifudaifnnisiuasuuvandumeslsd il
Tassadrawandu BCC (body centered cubic) laild Tnewaiziuiinveuusunannnniag
Lwaﬂiﬁﬂ’liﬂm‘ﬁmmiﬂagﬁﬁLﬁm@‘lﬂﬂim%’mwgﬂﬁﬁﬁm’jﬁ BCT (Body centered tetragonal)
feUsinaansuouiiganaziindalaiadudviuannvasidus Faildunsmuledidy
Tassaefifiennaudsgs eghdlsimumnfimiledgniEeniidulassairsiliadosmieldauna
\lesansesarvesaniveunelufifidminnituununsvougsgaveaeslsd Uuw
Yovazarududurainis vendaifuladodd i dmaneanuwd swesunsimuled
Tundnndiifvsnaenueumnitdesas 0.6 Tnetmin wnfmulediietuasiidnuasdu
58U (lath martensite) umniUsmnanisusuganinfesas 1.0 Tnsvuin unsinulusii
\AnTuasdidnuasiduusiu (plate martensite) pgnslsfimumnindnndfiviinumiveusy)

seinefesas 0.6 - 1.0 lagumidn sgnulasaianinuledvisaessiianauiu fdsguin 2.7

-~

-

*; .

. ,=.4'{.'

e

it

M

X T e b
RY ~ 5 g =
A I S SRS TR

sU 2.7 1as9as199an1avesunsinulednianwaeanaiy (n) sswusunsmuled (ath

Y 9

e Wit

martensite) wag (u) uiunsinuled (plate martensite) [36]
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a a < 1%
2.5 awﬁwa%aaﬁmwaﬂumannm

Tneluudnmafusianauadlumannd iy mneifionsuiuussnuandis |
delsanunsamdnndwiatululdouldmutngusrasdiioms egndlsiammaiiusg
uawsing q desdndsieanldiefigatuduiu spaudlflumdnndredt wmngay dwaste
wiannawanasiuesnly (37, 38]

o A

A15ueU (Carbon: O) Wuseiduladeddgfigansediluman awnsasiudaiu
wanuazsuandu 9 nalitAnaisusznounislud Jeazdreiivantfnig 9 veumnannad
U AT ARAIunIuRentsdnuse Wudu arsueugndwunidusiniaunsasiy

I Y 12 U d' a 2 d‘ a | Y a
adesnmliduesamulud wideU3unuaisveuiiguiuluazneliifinnisanasves

ANUEANEUSULTERNANAUATANEVDILTIIAUY

= I = A Y 3 1 Y a I3

uenila (Manganese: Mn) llunilslusniansnsasisiuaisveuuaznelinais

Ludls HreviliynginanesivesUSinuasveulavaumgiaas iliaaisala duinauy
waginleslsfanas insuaziBenty IUANA1NTATUNTYULDS LANATNLTNT AL AN
13 v v = o = % 1 .

w4 lumanduiuanumilerszanas lngnluuusniaszuendiegaiuveuinsu (Grain

boundary)

e (Nickle: N tdusnluna ui g2 wadnuad esliuneeamulud
ldanunsasuduesvewinduasludls dreviligagmanesduesusuiunisuouway
gaumglanmasderadonmsiiaiisaladuinduazesisdanas yaaudidyveslinifafionts

MR ssazALLT LRLY eglivinlinnuwienanas

Tasidfiey (Chromium: Cr) iWusmeglunguiiadiosmnvesvlosisd amunsasiuiu

asuauliansluaniedisnines viliangimanseavesUTinAISUBUaRaILAL R NI
£ A 2 A = = v

YNANBUFITU LsALAINTaluNTYULT WenanlasdeuluuTuinusesas 30 - 60 9z

MIALATIAS198 U5 bSALUIIE kAAINUAIUNIURDNITAANTDUANTU

TuauAdn (Molybdenum: Mo) usimeglunguifinadesnwlmmeslsduieatu
lasudley wazsauduasuesunalminesludlds anusuaesasuauLasiinguml o 9n
gmAney WNANANIsatuNIsYULTallienauluduitulifuiesay 1.0 mnnaunInTuae

linuausalunisguudanas
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ganeu (Silicon: Si) ilusgilismiuniueu uwirgsmiumanndldiniy Faneu
Fodusmasivagiiuadosnlileslsd ueuudusdieslsilasanumiaanas
liisnn vasoriudwlsfinaiosnmlinsimuled uwinsuanddeeuludiunuigio
dsnaseUszaAninmsnundenlianas esanddnouiusgiannsosuiuoondiauls

Y
2.5.1 answavassnidanawaslse

siewaudlngannsaavaglafbuneslsd Ineanzsinlunquiatosnin

waslss azBarargliunn waannisazarevessiglundnineslsiazyilifinsiisuulas
va a 3 - v < Y 1 1 v s
auUABeanavewndn Wewnlassaiganiaveumannandlngszuseneumeimaslse

satudiamaslsdinsasuntasinlvauddlaesiuveananndanlasunlaslumuiy
2,52 dnswavassnidwanooaamulua

soamuludilumanddgronsougumanndl nszandRvesannenas

59

nseuyUtuazTuegiuAmdnyMzataramulud 1y YuIAveuNTY ANEANENe UTN
spanulud 1wy s1auaune 9 ludndiwanesadmuluinataysznis wu vilivuia
& 4 ¢ < a ¢ ) Y & a
fuvesesanuluduaual ngmaAneefLaranuiamaneuniudsulUas ludu duinan
aa | < v 1 A a . [ 4
nsideraeusiang 9 lumdnazansdillunsnegniuiidnanielukaniiv (Lattice) vl
fufdndmsuasvoulivesas umnenludrdanuiivesesanuludliuavas 9afisns
NM38ra1898IA1SUoUAIEAIranani oUumvessgNanlurd niiuTy uenaniusuia

I3 ::l' d' a el' Q' ag; 1 (%
ANTUBUNYAELNANDE AU ULUSININUITUIUUDIT NN NLVULYUNY

a a = <) Q{' i 1 ' a = 1% 3 Qll
Tnifauagusanidadusgieglunguateiistaiosnwliosanulud lney
wsniilaanunsaninduasveuneiinansuseneuasludlauasiing sonsangamgiives
nemAnaskazanUIImAsUauTgnganalileras agndlsfinuusinaesiinfauay

wasNaniiudu Oladanananisilasullasiunvaseaamulusuinin

IﬂiLﬁEJJJLﬂua’]ﬁlﬁlaEJIUﬂEiNLﬁNLﬂaﬁJiﬂ’]W“UBQLwaﬂ‘ﬁﬁ LALEINITATINAY
aduwinltiAnasluslad Tasidouvi v uiiunvesesamuluduavas Tngdunumiia
qmmﬁﬁqmgmﬂma am%mmmi‘uauﬁqmwﬂmaa LLazf\;mﬁﬁﬁuauammazmaqqﬁqm
Tumdnazanasdndie vasifonfudundiiuiivesesamuludfumsnasuiman (A,) Nanas

LU
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WavAdudusinlunquiiniadesnimmaslsd Tngazyzaonislasunlas
soawuludluiluisaladluseninansduds Fenadildgnmainuiunaueslsdnuiniu

yYonantdsanusasiunuasuaunalminmsiun lnnvedaudfnanenulaswdey

a J

2.53  UnumMvassIanaNnTanswasanistinaslud

swuaNfansaTIniuAsueuLarneliiinasluaviing1s 9 degvatgsis
Fausiarsgaziinnuannsalunisuiuaisusulanensesnuanseiuy Juegiuamuaudi
ln1gfiagsauAuaIsueu (Affinity) Inefinisdnsuaulined wuenida Tasiliou Weainu
Tdvddu i vdlen widey wagununniu Wunidwnaisaiiawnsesiuiu
s i Y a 14 o = A = Yo s Y oA
msuauLaznelina1sludanndsidusnlunduisadiosamlviumeslsd eniuiiie g

wusnila vausienfulsauaniliaunsasiuiuaisveuls laun 3aneu ezgliilen lnida

AaUWas wazlauaa

&
SLAlL, " g AP
P,Nb ™
lﬂ!ﬂllllﬂ!tlh‘ Ferrite Clﬂn! Cr: HQHB >
“G
e | SLAL SOV \I/A 7 . =7 “""C. Mn, Cr, Mo,
£ P . [ | sip Pearlite wi A p/Nb), B >
2 Deformation '_ :
@ e .. C,MnCr ALSIE
é‘ A ) Bainite = Carbide Precipitation
|E". M, (DP Steel) ‘ ‘.."."-.‘ in the Bainite Region
C, Mn, Si, cr' AI \\-‘.ﬂ___ @4’-
| ml*:m, Ni, Nb RA (TRIP) .‘_a
| | DP Steel Steel M, (RA (TRIP) Steel)
>
Time

JUN 2.8 sUBVENavesmNanidmasiongAnssunsiasuLUauna [39]
2.6 ASZUIUNTSNISIaREINYING (Powder metallurgy)

TangAnems [1] Ao Wuguuuunstugurunulansmienisendenssuiun1sminin
(Sintering) Fadimnuunnsi1aannszuIunsTusUlanglaeialy sredelauSeudanidvd

Wu arnsandnlaauningsluuSunaunn wazaiunsaldingavlaegeduetog1eiign
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Jeviliinszuaunislavensinendunszuaunmsidanuduaitunsiilldlunsndnguanu
T awalve MetlvunoundAyreInTzuIUNITlanzNIneIUsznaume 3 Junaunan Ae

nswaunslane MIdavugunslane waznswninadany Tladuineitosisaludl

1) NMSNENNILane: YUAVDINILANY VUIAVDINILANY TUAVDIANTUADAU I8N haY
3
ALY
2) M3dadugUndlany: AU Arvng JUTIBUNY uazylaualiu

3) Mswiinualane: 131 gungil AN UTIEINA Uazynreda

2.6.1 NISHEAUNILANS

HuduneuiifidesssinsyTuduog1eds Tnefitemssewinesil

1) saldudlavefiunsaudviewndeudne Tngldldvinswaln

2) sesinseilunmspdeudondansiinanaiauds nandeanisiliianis
Fuasiteuneuiluld

3) Tunsi U liulinelanzsunszuiunistoundansla o Adnsen
ataBasy esmnuilangvuadnuwazuwialng fannusanisenlimiduihungenisuen
YUINNUNIYNAINITAN

a1suaedu (lubricant) N1SWiNaIsWaed Y i edoin1sanALdsanIY
FEWINBUNIALAZAALITLAEANIUTENINSeUAIALas nTsLA L TnauiniduaisUszneu
911N stearate Y81 Al Zn Li Mg %138 Ca @15U52nau stearate dlanelgvadluianagnd 12 -
22 pgpeuAiuoy Tadganasumarniviliindnlddne uenanansusENoU stearate

P A Ada £ X Y] 2 v
ansvaedunfuaataslunstugundanglaun wax uaz cellulose udu

[

a a LCECH I & aa a < Yy oA a
EJ“V]ﬁ‘WﬁGUENﬂ'ﬁLG‘IﬂJ"’ZNﬂﬂLG\EJL?VﬂUN\?LVﬁﬂWNiWiu@QEUW 2.9 L‘Viuvaﬂ'J’]LlI@W]ll

Y 9

a s a

FIAALA BLINA NV IRAIIUNRUILUUNT U (green density) anasyiwsasulun1soamiu

(7 v
v a A

Mtlillosnderaiesniinnunuwiudesidluunsndiegluduanuidvihlvaunuiuwiy
NFUATRY BNVNAINAAUAINLTITINT Y LTINTUTH IR WA NTY A9 uNI5 LAY

ansvasausnniiululRuruLlLLarALLd US9BITUUMAL AL U



A15199 2.1 auURAveIaNsranauUsELNn Stearate [40-41]
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% Zinc Stearate

A mount of | Softening Melting Density
Name Oxide
oxide, % temp. °C temp. °C (g/cm?)
Zn Stearate | ZnO 14 100-120 130 1.09
Ca Stearate Cao 9 115-120 160 1.03
Li stearate Li,O 5 195-200 220 1.01
7.5 T
= Compaction
L - Pressure, MPa
E 7.0 1
L= 828
£ 6.8 b \
- \
g 414 \\-
o
a 0 F 207 |
g 5.5 {
O
50°: s
0 1 2 3

JUT 2.9 BVBNATeIEN TNARAUTIRARALLINABANUMUILUUNTUAIBL TN UNTEANUANANITY

(1]

2.6.2 M3aRYUFUNslang (powder compaction)

[
v =

N1380Y UJ

v

Unalanzidunisldnssannnisusnius analangii ol

ANUVUILIULNTY ikdlangeglusunswasuuianufean1s n158nTuguinalels

TnafifauusfidAgfe mnunuiwiy ewinanuvuiwiududifruanunmuazau s

AN 9] VOITUNUNLA

v

N198A7 ugURUUAINLLILAY (axial die pressing) IaevidluUsenaunae

SUOSWUT (upper punch) wag laeswug (lower punch) MnuIN ARSI UM laNE

wagkun (die) i mdudamnungusaveaduauifents Asun 2.10 tnefivunay

n38pfusUsialull 1. inmsiusdansidnlunmelukifiuifegseninsiudnsass 2. 3Ny

suwWesiudezgnindilungluwifiud 3. vhnsdaussiuainyisdiuuunazdiuans Taewdu
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ANS IALSIFUANNADINANIINT DUIINT LT NI1TOAIINNIAIULA LD 4. 1A RUTVINN1TAUY

FUNUTNDALAIDDNINBUALN

ejection

fill pressing compaction
position  position

JUT 2.10 Yumaun139nTuguduaulangnansendugumuuuiinu (Axial die pressing) [1]
2.6.3 nszuaUnswadn (Sintering)

nsunsdndunszuIumsiinn Ll s iveet uaunendaniseanslans
Tﬁlﬁgﬂﬁﬁmmmmﬁmmi Tngendenszuaunisivaufeutudunundaneyliianisung
vosogmauTEniteyniavassilany dsmaliinnisadnditusendiendans Heigamg
ﬁd'

neliiinn1snilndaduresndlansudazyiaianuwanaaiu lnenaludnldaumgin

Y

1 = = o L3 o
UINNINATINUIVDIANARULNAIFNY 50 (absolute melting temperature) 0.5T,> Tgntering

> T, vodlaneyiafinan

nalnuesn1sinin (sintering mechanism) Wielanggniibidivwiniinas
O a Yy & I ) A P Y] ' L da
unseadiiduinuaudnatsegluseavlulasiuns vielanlusunaasddnsdrununime
YSumsge ievimsiiadnualangagngrguaniuniiaunevilviiaainuaies lagns
nilndAusErIaNglaned wnnlnd uuduszuu vuziAnnisuidnuesudlanzasiinng
1 a 1 d' v v W 1 a < d' 1 c{'d Id’{
fewinaanuTINe o lWigeduiadiuseninmsdane Aadusesdousdeniivunlugdu

nalnn1saNemuIa71ARINNITENS IUAR UL YRILTe (solid state diffusion) WSoUMEUl
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WEUDIRAIDAUAANITANNLIAINNIT IRAMIBUSIANATT (capillary force) uananiiuig

‘U'N?i’l‘Ll’e]’Wﬂﬁ’]fJL‘ﬂu‘l’e]LLﬁ%Lﬁﬂﬂ'ﬁﬂ’l‘ULLﬂu‘U%L’mﬁ@ﬁNﬁﬂ

DI

Necks Pore size Fully
compact formed reduced sintered

JUN 2.11 fegrmsideudniuseninenssuiuniswndn [1]

nalnnisanemanalun1swanin (mass transfer mechanism) Lﬁas?jyumugﬂ
FliZouarvilindansiinnsdeusety nalnnswridnlduinsasndnuiiuisade
Msanfiufiinnsusnuasiuiiiveweunsy (grain boundary) Wungnisiaulnvensy
(grain growth) wazmndainmslianufeufuiunuedsaiewzylfinnmsanysuna
gwquamaqLﬁaqmﬂmwmﬁwwﬁumu aglsfinuanunsanUinsirinlanugauszasd
voiua Iun muiwrindiesoamsifiveuuduss Gafesnisemmunutiugslnedesd
nseenuuutuuteumldivuelngnindunuiidesnsilovawenisnniad avintu
LLazﬁ'ijumuﬁéfammﬁmamu,%qLmimaé’qm%ﬂmgﬂiwﬁmmﬁ Funuiadinduiued
Foamsarumsurostunuiiedlulden fdwdnndgndnduiunuiidesninmadniie

Winpuudausaduegnann feguil 2.12 wandlaseadnsganiaveuninna NN sHIKTn

U 2.12 E‘Uﬂ’]‘c’J"\ﬂﬂﬂaaﬁﬂaﬂi’iﬂu@Laﬂ(flﬁ’é)uLLU‘Uﬂ’e]\‘iﬂi’]ﬂ“UENLﬁaﬂﬂﬁﬂﬂmﬂuﬂ’ﬁLN’WNUH (6]

Y 1 = PPN ] I = [V V) P o =
gniagensdlnslanendsuiadunsinaudnsdudaiu weviniseiniln
v livuinuessesonnslrgau wnlanarlunisninuinnenslangagyinnisannun

Adegeralles aurhliiAngnsundanvaelawududegus 2.13 Fanndainnisiud

9
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stwaiondusrarnalifsifandangasfnnsnusiudunafofifivunalugnindu
23 msaatiuiinavewdanzannsoesueldsenalnnisareminalnenysmudnvas
TAUA NM1SE18IWNMNIAUTIIAD (surface transport) Wagn1sanewmAeauNIa (bulk transport)
TnourardnvaraIn15as1unlan1uLsatuLAd au (driving force) Y09n138184M1U7@

P99V AR SENAMUAUILUY (densification) #SaliliAnAla

point initial intermediate final
contact stage slage stage
I |

7~ pore .

% grain "
boundary

JUT 2.13 @nugsing 9 MAnTuveelangsenItensinawiin [1]

2.6.4 U338ang 9 NdsnanuIuaIuenin

a v

FuulangigANanA 18038 UIUNSIaNENINe 1T autRuANA19210

Y
¥

NILUIUNITALAY LRI NIUNIRATUN18lulATIas199a01A FedanasoauUfsg 9
vosunulaneainaalimias wu aud@nisualiia (electrical conductivity) aud@mdisna
(mechanical properties) @uUAn15uIAUTDU (thermal conductivity) Liusu Mellauta
AananTueg fiuUTauazrInveInsuNsluduy AsudlaBuaui NS Enazde
wiledgymaanandlidg@u ilssninnisiiadnagyilidsinasnsuanawmisnuvIwiy
Ny egslsiaunswndndadefidmadoanvfnenaiduegiswnn dadumnaiunse

A A Y ~ o v & S v i
muANvIaidenldguwuuMsEn sz auzi il suunundaunmlusiadunud

'
o

2

2.6.4.1 9URYIUAZLIANITHINTN
Jadedrdgdmsunszurunmswnidnidugungiuaziaildlu
MawWiln Nnguesiing (Fick Law’s) wungamgiuaziiainunndu vinbinisunsidulula

Ay Mawiud e uiugun)iligeagyililaanunuinyure st ununuiny
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pg19lsAnulonaruldns1NSiLIDIANNUILLLIEADY 9 anad BRTINTLANYDS

ANUILIY () anwnsamunalaannaunis 2.1

__ Ps—Pg o
¢ = [—] a1n759 2.1
Pt—Pg
b A dagnrsuinTuresn LI
Ps AB AIIMUMUUNAIN TS IETN
Pt A9 APUMUIULUNING Y]

Pg e ATV MUNOUN TSIAATN

dmdunszvaumsmnainuiliinatazisfivanumunuuliiy
Furluwwasfortunafnniuidaaiulifensivineunsuldiduiy woiinssusiaes
sUuvuifianuuand1eiu Ssanunuiuiuasdiistufesnfidacios q vuzivumngy
wifistusednsiiifistudenamiul fudwiunssuiumssdetunuanuslanglu
gnavnssy madenldnawiniiniivanzauuaraenndesiuaumgiashlilésunansiosi
Afeuudausegean 1esandBIAIUANAINALAAYEIANINUILULLAT YU ATBANTUT

~ = ! Ao ! =~ v aa
ﬂ?ﬁﬂﬂqﬁﬂﬂa@ﬂwaﬂ’]ﬂqmﬁqLLa%@ﬂJ‘VT@JN@@ﬂaWQ LW@I%@%U\TWUWNQQ«!J}WW

2.6.4.2 usenudmiunsondugy
nmsdnvugUieduladuddgyegieBlunszuiunismnin 1lesan

A5 IFLS IR UN AU AUAINA LSRN TINUNAR A UNTA AT UNSINTLUIUNNTHRTN DNviadadana

a

nsdenlunsdlvonsidonan U slnuiag o F3n15ldusedndusununduinlruslans

Y

S

2 '
a v U L% U = Gl 1 a

gneninn1sideusgnansilmiaiuiidulaiuun ntunsen 5 LY AatuileLsn

THuserulinsdndugvunnihlilagnsidiunundidudauin nafedeviinisuiniln

Adudanunnyilisiuuildunlasudasdiduiangauningy venaniuseiundndugy

Y

geagynliiinnsmasveduuiiosasdneig

2.6.4.3 YUIAVDINILAN

|
A aa a

Yuravedndlanztd udaTen 0o NS Wan onsLUIUNITLNINTN
I~ 1 q' d'd @ dd’i’ d'q d' 1 =1 [ 1 1 o Y a
\Uuegnags nalanendvuindanagdnuiniangndt uazilusatuaindt waauialng viliia

nalnn1sanemualaf NIy A UNULUULA LT LB E195IAL5 IS D LT AN Lo NI INITUIA

[

Tna) anaa1ugang 9 melunssuiunswnadnnuinussiuainaslangiidiud Anyduseig
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[
v w1

84luN19AANTZUIUNMITANAMUAUIULVBITUNUNINTN BNVIREITIBAIUANTLIATBINTY
Laililwgjauwiuly dsdudvsnaanvuinveswslanzdmanonginssuniswndnifuegiauin

= =3 J Aa @ v = v 1 v a
U 2.14 zmiuimslangniivuadndaunsamniinlinnunnuwiugaudldgamad
a1 wonantunsldnsuindnidedatuglazinlningnguiivumdndsdanalidns,

A5 AULAVDIATUMN

density, %
100

90

80

70

60

0
0 200 400 600 800 1000

temperature, °C
JUT 2.14 BvsnavesunndlanesiegumngiuarA I iuwiuYeInaidnia [1]

2.6.4.4 YUAVDINILAN

1) welavznaun1ena (admixing) LJunslanefiinainnis
HALNILANEUTAVTWALSMNANDY 9 A8N13LEIMINg Feazlifinnisunslusenineniskay
Y a dyd | o ! Y1 U ! Ll ¥ a a
Jofvowmalavesfinilfe iunazUszudaalddng awnsalsudiunaulade deduenaia
NSLENAILUTERINNITNARTUIY

2) WelangnauLuuwng (diffusion alloying) \un1sHauna
langaenisldauseurilisiainnisunsidigralans iy Jenreinnuadiaueutasinig

Y < 1 a v = 1J Aov v a Vo1

nszaumvedlavenaulueged veidudunsyuiunsndudouiianldaivas

3) walangNdnITNaNaNNUIMIaNTdaaoun (pre-alloying)
Junsnausinanamtinlunszuun1snanns Yeffelinuainaustaranauifniena
gondey vaideilanlianvaailasnndetordunivasulaneneunisudniasysuussdiunay

av v
wwillaenn
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4) nMsnauRslanguuuRanKay (hybrid alloying) Wunsih
walavessvilaunaurauiy Tefdanudangulunszuiunisude Taldy nszuiunis
FudounariseaniuudIunauvaslaveliuiug)

2.6.4.5 gnnasn (support)
nszvumassdntunuazgnsuuduned aeitiluiimsnadeu

v v v ¢ v

Jutuiioussgadhunnuuge dmsusdunesadedinseenuuulilievainieninais

v v
[ Y]

o v a [ Y 3 A o O Y o o f @ ! o w 1 = o o
MR uuAafutunesale VNU']ﬁﬁ]‘VIIGUVHSUUWE]iWﬂLUUﬁ?UﬁWﬂ@@UWQﬁUQﬂWﬁi‘U

= v

nszvIunswnin@desdutagiannsanuanudeuldfininduny wazdesliviliiians
Yulouiutunu aalunsidentddunesafimangauiumedisduanuiadudsdrdy dmsu
MmAjeilladenlddunesniliainunslud (Graphite) iWaswnvuaiuseuldasda 2,500 °C

waganunsaldaulaaneldamayiniea [42]

2.6.4.6 UssEINAMElummINTn
Iumu’?ﬁ]wﬁlﬁyVLﬁLﬁaﬂh}JUSﬁ‘Eﬂﬂ’]ﬁLLUUQ@@WﬂWﬁIUﬂﬂiLNWNﬁﬂ
Tnefianuduegi 1.28x10% wngUrama Wesannwanndndinulsenisiiauiisenge
saidesndunmswainaeldussmmannuduinFehlisauseiassmeldie Toud
Zn Mg Li Ca Ag uay Al wazannmsfidunasaianunsld Wefiusinueendiaunannde

aeluusseinimagyilivinugasenduunsiidnatedurisusuuausnled §evitnig

I3 v aa o‘d‘d
LWURITANGNA

2.6.5 nszUUNMIMElUARINLN
wsnninlfifierugugamaivaznanlumsmninsiudussenianiely
191 d’ww%’mm%’aﬁ%ﬁﬂmﬂ%’Lm'gULstqm (batch) taaanimmadinguiuuyaaiunsa
muauusstunelulduasdunsmnluszuvagginia fanungduniamiaingue
fifosnsanuvszdngs iWelildnanmia sgrslsinmvnzimihnsmadnaiunss
WU v SR neantdu 3 429 laun 1. ¥aeneulvaiiusou (pre-heat zone)
2. 9linuieu (hot zone) 3. ¥2an15Lfiusa (cooling zone)

1) Faneunistiruieududisiifionmaiiligein laeflinguszasdiile
fradndsluilou (contaminate) uwazansifinuse-sng 9 (binder, lubricant) LAYANAIIIL B
mMsuansinidesanidlerfiuannufeust1asiaiiiagyiliiAnmnududesnnanuieu
(thermal stress) vi3afinmsldussermauuuidatu (reduction) ileannisiinoonledfifinves

FUIU.
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2) 4290151 AUT UL T U 19 AU UITILALLAANITINANT NTY
Tl 131 LATUIIEINIAITINT NI SWAULAzgnldludIull
3) 9290158 Ul uraUa ol T U UG UFIT 1NN UFIVDIT WY

9xAUBgiuANADINISVR Y andegindu nsdindnndl nswdudinuansisiuvilile

Tpssassganiavesmanndsnsiuliosinnisnemiuveamasiig o

2.7 nsaudAulvl (tempering)

A v a Y < Y a <
n1seuAulidunszuiuntsnisauseulaefeuldiumanndinunisguuds
(hardening) LiteteUSuUssaudadenalingy tneilingussasananaanisusunnuauns

FEPINANULTILTILAZ AT 29998 U Lasnszuiunistazidunisinainusouiu

Y ° v Y] & o 8§ v
FYUINURINIEU A4 LL@%M‘U@&I@MWm‘JLEJumIViWimsz [43]

dSumannanmsus AU IUNA NNNETEINIYULTIEUIINYlATIE5 19980 1A
s f% A w < 1A = =g - = ° o
vosTmuleddadidnwuzudauddanuiusegs weudlvdaymil nmsevaulndgainanld
ieUsunaantRveansvuled dwalivsg@vsninlaesiuveunannduuntu nseuduly

(%

fanuUszmvianmugamgiuagseezia fadl

1) MseuAulniguniini (low-temperature tempering) ABN15MAIIUT DULA
Funulugigamnd 150 - 300 °C dingUszasAatioriganninuaignntgluduaiunag

3 8 v a Yo a4 A o A < & 1% A4 A o=
AITULLVIANAILANUBEY uamiﬂm‘ULﬂi@ﬂl@@@ QWUV]N']U?‘I’WSQ‘ULLSU\T Y/ RIAGRIBERRN RIS

2) nseuaulia o an A7U1unane (medium-temperature tempering) #9
mslianuSounisuauluynenmgl 300 - 500 °C fingUszasAlioUuaunan LT

=~ o ai Y <
LLASAITHLAUYT I@ﬂﬂqiﬂﬁ‘ULUaUuiﬂi\‘]ﬂﬁrlﬂf\‘}aﬂqﬂﬂ@%ﬁaﬂ

3) MsouAulifigungas (high-temperature tempering) Ao N15lviANTBULA

4

wulugngumgininndl 500 °C TinguszasAiieusulassasslviianumileiuiulay

e 2D

YdYANNAMULTILTIUISE Y

[ I3 o Y a 4 e‘d: 1 ) % Ly = d" a

Aenaan1syundvibiiaausnuled g elimungazinluldnuiug fieseind

ANUAUAIA1SgedsdasiliauAuly TagUnAAITNANTUIDINATINLAAIAITULD WA UTU

gaumaiimseuaulnl ssegnafuunganlunisevfuliinanndlaeinluazeg 30 - 45 wnil
a o

Inefidnvazvesdunsmanuud wilsuivaamgdlunisevaulvsuninndl 4 vila
U
Y

2.15

2e
=)
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Usznni 1 nulundnndansusunastndnnanausi A1AuLTIanas

\legaungiiniseudulngadu Turasnanuwmile gy

Uszunnii 2 Wudnwasinulumannaaiasiiauseinnadaisuauliunais

waziinsidesguanUIuna1ediege InesIaRaufiunIuN1TanaweInuLlRInnsouAule

' v
a a =

Usziandl 3 WudnwasiAetulumdnndiaieadiofuiiusinaumiveud
nansisganazinindesmuandsuaviineliiAansnnaznouvesasludseninaniseuduly
Tutsinamgdusssunis wu Tududtdu Tasdlen 2uden Wudu Tnenendansyundein
vasvdossamuludniding laeidednmsoudulilurisgamgdl 500 - 600 °C s1AHamMaT

Tussamuluddudiduarsuauiadunslualad tazanusuiuaisusulussamulud

iligaumgigavinelunisiiauismulesd M ndunnainiteamgives Wedudviliie

q
v , “

1 1= = dy :.II [ 3 s 1 a L4
wsmulealvaivy Armnuwddeauannieansiudiazansinuledlg lnesenusingnisal

a

o < a .
U NIYURTMABHA (secondary hardening)

q

UszLAni 4 1ANUAANUARINUUSLANT 3 WANE1NNUNUSUIUYDIANSUDUN

° 1 ° v 2 A a X [ & ' ' a
£ ‘Vﬂi‘ﬁﬂ'ﬂllLLGUQ‘V]Lﬂﬂ“UUQ'WEJV]ﬁQﬂ']i@U@UVLWVLlIQQLV]']UiSLﬂVW] 3

Hardness

o
-
-
o

Tempering temperature
Tempering parameter, T(C + log t)

JUT 2.15 maSeuiisuanuudsiuaamgiinisevfulvveandnndiaisuounazindnnd-

NEu [43]



27

2.8  9UILNNYIVDY

3 2021 Srijampan wazane [17] Wednwaiaasluddiiadulumdnndminin
ATOMET 4001 (Fe-0.50Mo-0.15Mn) Lamé”;auﬂﬂw&ﬁ%@aaz 0.30 0.45 0.60 0.75 0.90 1.05
waz 1.20 Tnethmin Tnenumslusurienuasaslusndrafuiiviinamsvendosas 0.30
- 0.60 uenanillafinislémaiianistansadsdnileandsnavenilewsn (Fe) Aivang
Tunansnagounsiaeuuress didnd vildnudagamesmsludeiasms q lundnndd

NN AT ALAUT 9T

1200

¢ =M,C_|
030C po‘lisl':ed @

1000
045C polished g |

MIA

060C polished @

©

@ 030C deep-etched g |

* (d) ]|

\
S 045C deep-etched
x (¢) k

@ 060C deep-etched
S |

90 100

800 -

600 -

Intensity (Counts)

400

200 ~

2theta (deg.)

SUTl 2.16 namsnaaeUMsEEIULYesSsdBndlumAnndsmTn Fe-0.50Mo-0.15Mn-(0.3-
0.6)C [17]

9 2021 Wanalerkngam wagamg [18] laAnu18ns wavesonsn1sidudinas
anududuvesnrsueulumdnndsnin Fe-1.5MoxC wniinfigamgil 1280 °C uaz
T¥8nsnsBusa 0.1 uaz 5.4 °C/s fisnsnsbusaginuineslsivaisiasunasesway
woslsAuazasluafivusinaamiveudosas 0.3 vasfivsinunsuoudovas 0.75 vauay
wlaslsiuarmslusiinuasiBentuuarliumnguleslsivarsmasn shsniaduiui
Uszneudievenamleslsduaranslus wavdnnuasidond uioUsunanduouiiatu

UDIUSIUASUBUSREAY 0.75 tagnvin
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" Proeutectoid ferrite

e nggrcgalcg :

t

Upper bainite

JUN 2.17 Tassasnaganiafiangainnaed SEM vedlavenainnin Fe-1.50Mo-xC 18091
MUt (n) Msuausoay 0.45 (A) Asuausasay 0.75 Tuuuedns

A9fusLS (1) Asuausesas 0.45 way (1) ANSUIUSaLay 0.75 [18]

U 2015 Kiatdherarat uazaug [15] l@@nwILnannauINdn Fe-Cr-Mo-Si-C #iae
Msiudaneuaislunseas 0.5 1.0 way 1.5 lngumin naununslans Astaloy CrM Lay
wninfigamall 1280 °C 1Wuaan 45 wndl 1dnsn1siduss 3 vlia fie 0.12 3.87 uay 5.62

oC/s nwulassasrauuludlsasluniusunudansuaslunsosas 1.0 wag 1.5 lneunin

1Y

fensmsiBusi 3.87 uay 5.62 °C/s

U 2018 Ruangchai wagaug [44] la@nwinsiinddnounslunlumannduneadn

Fe-Mo-Si-C Tneltndlanenidaaass Fe-0.85Mo kag Fe-1.50 naufudanauasunnssuas

=

4.0 Wedwiin figaungdl 1250 °C wwnan 45 wil udasnigluenn wulpssadandne
wianvaswten Felldnvazianivaadansnaunininiisenin lase@d1eady (bull’s eye)

Usgnaumeeun1ade (black particle) aauseumeinaslsiuazgnasusnasssielasasned

as Y a a A a

I3 oA 13 13 a a ao = o Y a
LUININAD LWimlﬁﬁ]LLagLUUIUW LarA88nENaYIUTUNUINAUATNLANI UV IAUS U uY s

lwuludiuuIavin A A LT IS IR LYY
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4SiC way (v) Fe-1.50+4SiC [44]

U 2020 Araya uazamy [14] lavinnsAnuuand1ve9ue3anaunns lunlumaniun
wiln Toeldnslavedasy 2 ¥ia Ao Laandnuians uay 2. nandnuiavsnauunsindsosay
0.8 Tngtiwiin uaziluiisnsddaounisluddauifenas 0 - 50 Tasiiunssas 1.0 T
5'mﬁ’ﬂLLazmuqumimeﬁﬂﬁqmmﬁ 1100 1150 1200 Uag 1250 °C Wuiteun1Adianey
arfludiFuinsunndadaudgamngd 1100 °C Tasfiddneuazunsitluluumindinn

vuziReaiumaniazunsidiuiluuinaveuveteyunaddneu ogrelsinueyniaiidvuie

=

nagnadvdodisaunslid luragieuninddneuaisludnivunlngazdmaaniodu

UNATRABUDY

10KY/) X2,300  10unt 0001 LPIMS2

JUN 2.19 Msunsvesddneumsluafiaieainndes SEM Ngniiasizvis1nuazedusznay

fuwmAlA EDS va33unUlanenay Fe+0.8C+3SiC NTvuNnNIRanauA1siun

LANE19NUY (1)100 Tulasuns @) 50 tulaswss waz (@) 10 lulasiuss [14]
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5U# 2.20 Tnssadrsganinvesnaslndnmnin Fe-Mo-Mn-Si-C Sanaludutiumnsnaiu
Taenhwiin ¢l (n) ladiiuMo (¥) 0.5Mo (@) 0.85Mo wa (1) 1.50Mo [16]

U 2021 95wsna wazame [16] lAnwinavesluiuituselasiasieganiauay
auUAdanavasnaulndnnintn Fe-Mo-Mn-Si-C Aden1stANNIganauAsludseeas 4.0
Tasdwiin nanfuwavdnifusinaluduituunnsnaiulsznoudae 1. Mo-free 2. Fe-
0.5Mo-0.15Mn 3. Fe0.85Mo-0.15Mn W@y 4. Fe-1.5Mo-0.15Mn wazlu i ni g aing
1250 °C vJwiaan 45 wiil wazUaeebidusgrsdinieluimn lassasrsganindiulng
Usgnausneeynindsniigndeuseusmemeslsduaziiisalas uaziluaudtiugauianisunud
fuvadlassadiavuilfmeslsduazdiudsznovvesnsmuleduazresanuludviesonii

TassasravuluslEmslud FaunanaliiunuLdans i L

U 2021 ei3diiug wazemz [25] Anwinaven1siuddneumsiuddmiumannd

< a

WAKTIN Fe-0.5Mo-0.15Mn wastuintinfiaamnd 1250 °C lasldufalulasiauvinlmdusn

q U
'
3

F0151157 3.6 °C/s nuUITaRUATSlUANSaas 1.0 waz 2.0 laguiniin vilwAnn1siaeu
ANSLAANISANALNBUYBIASIUA YNt ARLUUDRNWeS LS LUTAS luAwazdIuUTENaUYDY

wgmulesuazooanulus udesuunmiu Zajac [45], Maller [46] waz Caballero [47]
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Tassatravaniiie nsuafiuulud (granular bainite) Aauiweisnduivesivulud uay Ay
welsnlanesiuulud

T 2005 Zajac uavany [45] livinnsdnulassairsamauuludifinnududoulu
WMANNE1AIINRT SIS wazlduunlaseadrauuludi ussnousowiuneslsduas
druusznovvesesaludnsisidaiveugamiesnfmulsdunavouuiu fdoiFen
Aauaismduiasiuulud 9103 2.24 (@) wuiwinaiiduseamuludnsdsuuutauuns
%ﬁu‘%nmﬁm%mulsdﬁazLﬁamagjmﬂu Tudl 2020 Maller wazaeg [46] 1hvin1531MUN
Tassassvesuulud Tnsuanslifiutannuuanarsvesiuserindiauuasnslilosivulud
wardUesiuuludiind uiiusnavoureuiueslsflnsnuinfivoun Huweslsivas
Aauoismuuludaziidinusznovvesnfimilesdesamuludegluvaziiveuusumeslsd

yaseuiUasivuluiazuansdsdiuulng

a

JUN 2.21 Tassaseganiavesiiauuetsnavilasiuulun (n) Addsvenss wag

(v) Masweegs [45]

Granular Degenerated Upper Upper Bainite
Bainite (GB) Bainite (DUB) (uB)
r"vg‘xv""/w“’ ‘ I
J\M
=Y /
Carbon-rich Bainitic Martensite/ Bainitic Cementite Bainitic
2" Phase Ferrite Austenite (MA) Ferrite Ferrite
Lower Bainite Degenerated Lower
(LB) Bainite (DLB)
\ s\ \ \\a A
> P g & 2
S N 2
7 & 2
e
\g - S
A \ VA
Bainitic Cementite Bainitic Martensite/
Ferrite Ferrite  Austenite (MA)

U7 2.22 M3duunvlinvesuuludna 5 ¥lia Ing Muller uaznne [46]
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9 2016 Yan uazanz [48] Id@nwin151d euaaisvesesamnuludluszniig
nszvumMsevAUlilueundn SA508 Gr.3 wuiteeamuludasisldiAnnsdenaaisidu
ufinuleduazivuludfioamginisoudulnl 230 waz 400 °C muddy eenslsAnnu
gnumginisoudulil 650 °C Usngaflusiuviasna (long rod carbide) uagieflss Favialsi

ANUNUNUABBIINTZUNNANAY

%) gy
Longrod carbides

P

/

JUM 2.23 Tassaieganiaveandn SA508 Gr.3 (n) Furuneueufull uay (v) Fuauiy

nseuAulnigamgil 650 °C Wunan 10 Wil [48]

U 2017 Chen wazane [49] ld@nwimsidovaatsveseaamulusasdislumdnndn
GCr15 fifimainuisidaouiisosas 1.3 lnsdmidn nuiinsoufulniigumgf 300 oC
Huan 96 $7lus Fsnmaavdessamulusrdiadudndiudosay 18 luvaziiniseuduln
Gunan 5 d2lus figuugdl 400 450 way 500 °C seawnludnsisiidndiuanaaiiogamai

Wi Aagun 2.24

35
{ (@
304 R‘[ 15
1
. 254
2
S 204
‘E <
£ 154
(7]
)
é I
109 \
] I
5 L
L T
L
O L) - L) u| L) d L e L) T L)
250 300 350 400 450 500

Temperature (°C)

U7 2.24 Usinaeeanuludasisivaanaenievdniseuulidunal 5 9alus Neamgl

Y

A9 9 [49]
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a a

U 1997 Kwon uazany [50] Anwman1siusiawauiidnasenisyuulaiegives

widnndATluduATN nuihvinaruduiureduduftungawrihlinmsfianisanazneu

a 13

¢ a I vy a X S I3 Y Aa |a a aou v
ﬂ']ﬂ‘U@V!G]EJﬂlILLa%ﬂT]llLLEUQEU@\TLVaﬂﬂaWLWQJGUU u@ﬂﬂ']ﬂUIULVaﬂﬂa']Vlll‘Uill']mIila‘Uﬂu@Jﬁaﬁ

Y

Ay 4.0 nUIMUSUIAISUaUSaay 0.2 Hdndiumnund iy udsdesay 10 Tuvuzi

USunaiansuausesas 0.4 Tdndiunnuuwdwiuduliiessaay 5

@

=}
-
o

™ )

é 60 F

Ts50 %

w

] G50 -

=} =}

o o

540 E

= 40

30 30
AQ(HRe)
1.2 |- GSSED0.2C(42.4) (this work)
1.0 - AdadA 0.3C(52.0) (ref.14)
3‘ 3’ GEEEE) 0.4C(83.0) (ref.13
T
m
£
] 0.8 AQ(HRe)
- Engg(jgr(u)
AdddA SMa(80)
046 Il 1 1 i 1 0 e L 1 n 1
100 200 300 400 500 600 700 450 500 X 550 El\l)o 650 700
Aging Temp. (°C) Aging Temp. (°C)

JUT 2.25 BvsnavesluauituuazUsumasUsudmanon Ll evaINseuAuly
(n) Bvdwaveslududtiuveswninndirsueusosay 0.35 uaz (v) Bvswaves

3 @ ¥ a a v Y
ASUDUABLRANNalNAUATLSoUaY 4.0
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M1391 2.2 agdaddeiiineldes

oo R N AT 9RINSLEUGD y
AViNN539Y %in QEIVHIHINUN 45581076 L. lA59a3199a01A
o NUN(UIN) (°C/s)
(°C)
: Fe-3Cr-0.5Mo + 0.12, 3.87, v <
Kiatdherarat | 1280 vallL a5 wuludlsmslua
2015 (0.5 -15)5ic >62 (3.87 uav5.62 °C/s)
Fe+ (0.0 - 5.0) SIC ) )
Araya 1100, 1150, L. unsvA+neslsn+
Fe+ 0.8C + Ar+H,5% 60 Wudluen L,
2020 1200, 1250 \isalad
(0.0 - 5.0) SiC
Nithimethakul . . p .
S015 Fe + 45iC drulsznounnsmuled
Fe- (0.50, 0.85, 1.50) 2220 R % 0.1 wageoamnulug
Mo-0.15Mn + 4SiC (0.85-1.50wt%Mo)
Ruangchai  Fe-(0.85 - 1.50) Mo ungliei twaslas
So18 .+ asic 1250 Vacuum 45 0.1 isalad wunlug

6 6
wazunsnulya

be



M3 2.2 AFURAT

MA09 (M)

e - A g FEET Sasnisiuen .
A3 ¥iln . UFFYINA - lassasnagania
wiln (°C) HUn (°C/s )
(W19)
Wannalerkngam  ra_1 50Mo + (0.3 — suostuuludiinsfusuga
1280 Vacuum 45 0.1,54
2021 12) C 54 OC/S
Srijampan Fe-0.50Mo-0.15Mn + Auueisnddivasiuulud
2021 (1.0 - 4.0) Sic 1250 RN 45 3.6 Aruuatsalanesiuulug
nsuauulud
Srijampan Fe-0.50Mo-0.15Mn + Vacuum ) L
1280 45 0.1 wiaslssuazaslunuiingng o
2022 (0.3-1.20)C
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uni 3
A5N15A L HUIUINY

JUNBUNITNAFDIUTLNBUAILNITHAS JUT UINUAIYATLUIUNITNILANLNIINY
Ingfidunaundneall naundlany N13TuUTLNIUMILNNTER NMTKINEN NTUT UL
' = ° = a A | & P o & ' a
drunilsldvinmsesvaulniigumgiuaziiadig q wazduneugavinedidununoweuauln

wagnaseuAulnlalUAnwsiinvesna lassainagania uwasvegeuandfdiena diolull
o &
NINANYUIIUY

3.1 AISssUNSlany

lngthndlaven3daases Fe-0.85Mo Wag Fe-1.50Mo 7dvu1nvasaunIangagluy

'
o w =

20 - 180 lulasiuns wag 45 - 212 lulasiuns Mua1au 9 alanunes Us1anawuy
laBuseileu (rregular shape) naufuns@aneuasluandvuinlugae 20 - 38 lulasiums
7ASo8ay 1.0 way 2.0 lneuinin lneing1svaeausiladendiiewsn (Zinc Stearate; ZnSt)
Soeay 1.0 laeumidn warynnsuaul il iInuAI8LAS BINENAITIS NI B AINTN 3.2
I3 a A o 2 [ v Aa a o ‘:4'
Wuszeziian 60 Ui WaynSNanasatad19y N INaN NN @ UNELN1LAT LEAIAIR1T19T)
3.1 TngSanumiveunlasuilliedansunisluagniilyaaiemiiawvindu Si: C = 0.7: 0.3

o

edndiusoray 1 Wesdudlaeuminfignuay

A1 3.1 AUNALNILATIVDUARANNANHINTIN Fe-Mo-Si-C

daunauniuail (wt.%)

%Mo %Si %C %Fe
08Mo1SiC 0.84 0.7 0.3 balance
08Mo2SiC 0.83 1.4 0.6 balance
15Mo1SiC 1.49 0.7 0.3 balance
15Mo2SiC 1.47 1.4 0.6 balance




A7 ™
_

JUN 3.1 dregvemanililunisinsudunumndn (n) nalave pre-alloyed (Astaloy

Mo) (¥) nsGidmauA1slug (SiC powder) wag (A) HITIRAFELIN (Zinc stearate)

¥ [
= a

JUN 3.3 1AT998ATUSUTUIY

U
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3.2 N39nTugUIUIY

thuslaneiunmananudalutuguieiniasdauuulensodin figuf 3.3 dousei
400 MPa Tnglusifusiduanudsusradmiunaaeunssianuannsgiu MPIF standard 10
Tneflauiadegy 3.4 Werhunistugudenisdanda dmueliusuniudaumuiuu 6.5
nfudegAUIAREUAINAS §eaunsaruinldmuudnnisuesendAdaa (Archimedes'
principle) Fefidunsulunsmeararnumuuiudusnudeld Foimdnuiautedunu
nusewndastsiidmnuasBennadon 3 dumis mnduhiununiudandnddudie

JuiinAulatuln antuiluawiunelaaunisy 3.1

Ps = ——— Py aunTil 3.1
Tnef

m, = 18U uNUNYIlueINIg wily N3y
My, = HI8V0FUNUATIWL ne AU
P, = ANUVWULYDNN Ve nSusBgnuUIARgUALINS

P = ANUVBITUNUMBE W MiE NTUABINUANLURAURS

597

-8.71
[ 45 572
sl

N & g r——

o-——— 4046 ——=]  R25.40

8085

o 89.64

JUT 3.4 SnuafununAgeUAINIIATEIL MPIF 10
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3.3 A1SAREN

iuunIuigenayyinmalagldanudiueinianigluin 1.28x10° wngdiana
Tngazudadupsunelumgaaneeendu 3 939 lowa 1. saalimnuseulufgamail 600
peAngaded wavauiald 60 uM teidnarsvaedunigluduaiu 2. iauseuluss
gaungil 1280 asewaided wavouniabiiluaan 45 wiil WeliiAnnswindnvesduau

I < o [ < A ' vl [ 1 ¥

3. Tumsunisiduiiwigeseanidu 2 sUuuu Ao msUaeslvidunuduiiegietinigluem
wazn1sduiegemnsnenissautalulasiau N, Wluaeluengeainia vilisns
N5t 8 UM UANA1IAUAD 0.1 °C/s wag 5.4 °C/s Aua1nu JUN 3.6 wanstufinnis

NFTUIUNTEINTN F9987 1A lAvnfi9819TUIUNINITIN 3.2

U 3.5 wndnsumnndnuazauaul

CaNl

3.4 n1sauAuln

16208198 Waud H1un1SRgn 7 lun1sidusa 2 Jukuu WisuAulnly
Wy IN AN gangll 500 550 waz 600 °C viatunnsneiu wazUaselidusinigluen

P8enIINITEUE 0.1 °C/s
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Sintering and tempering diagram
1400

1280 °C, 45 min.
1200 -

[t
<
(=]
(=]
1

500- 600 °C, 60 - 480 min
800 - 600 OC,

I

|

|

|

|

|

delubricant |
600 - :
|

|

|

I

|

|

|

5.4°C/s
Cooled in
furnace

Temperature (°C)

400 -

200 -
45min

SUN 3.6 nsvIumMsninuazniseumulvl

< 4

3.5 nsssyrilamanien1slemalianisiaealunvassaaand

WavaunanillasIas1aNanAnaneaTy satuilavflag 19t uusiegelunaaau
MEAMUAEIULIDISEDNT Feaunsotieszysiaveunalsd dadiegisdiuaundnndid
N1UNNSNTNIAT LA 1319 0.8 Tadwwns 817 1.0 wuiwss anduiludnnlens sa1we
N5189RANUALLIEA LUBS 120 — 400 WAEYINNITHHSEUAIBE T UINUAIGLNATANISAANTA
a < . A o o a ¢ & & o v & ' Y] aa I3
13980 (Deep etching) [51] tWBA1IALNT AGVOILUANT VNl A UL19d YU dvunaldn

(%

o & & ~ & &
Talaudedu lnedvunaunal

o & o ' | a 5 A Y v oy 3
1) msum’lum@SJNLleﬂumiaza’lUﬂi@lumﬂNamm%mmwm%umﬂaz 40 1JuLan

40 U
2) anvduwsluansazatensalalasrassanauuInu Ut usasas 50 tJuLian
5 U

3) 319028UAL19LaL U LYY UNTUINUARE 1Y INAdBUTULAS BINAABU
NM5LA B UUYRISIELONG (X-ray diffractometer) Ingldunasnnidaduneins (Copper

source) I3UATIVAOUNYIYU 30 — 100 837 7RI52 0.02 B9AFIUNT



A5 3.2 YUAVDITUNULAENNAINENSINITININTN

a1

drunaun1wall (wt.%)

afiaduau | msduin
%Mo %Si %C %Fe
S08Mo1SIC i 0.84 0.7 03| balance
S08M02SiC i 0.83 1.4 06| balance
S15Mo1SiC iy 1.49 0.7 0.3 balance
S15Mo2SiC il 1.47 1.4 0.6 Balance
FO8Mo1SiC 5 0.84 0.7 0.3 balance
FO8Mo2SiC 52 0.83 1.4 0.6 balance
F15Mo1SiC 52 1.49 0.7 0.3 balance
F15Mo2SiC 2 1.47 1.4 0.6 Balance

U 3.7 LASDINAABUNSREMUUYDISIADND




a2

3.6 N1sANEIlATIAII9RanIARend a9y anIsAliuulduaILaznNa 99

JansIiBilanasauluudaInsIn
TuppunswIsaiunuiienonmlasiainsanausznausg

1) thunuluTusiZoudesdy (mounting)

2) thiunuiilgludavenudensense Buduiiiued 120, 180, 240, 400, 600, 800,
1200, 1500, 2500 wag 4000 MUAISIU

3) dpaviBunuuindnraindienstumesfidawn 6, 3 uaz 1 lilaswns AUETU

JUT 3.8 LAT0eUniInTB Uy

De

INUUATIVABUIATIATNYANIAMIBNTLUIUNTNUANAINTY 2 T adl

1) Mitgnnlassaiieganiafigninnieusiglunea (Nital) Nlaannisnaunsaly
ninuaziefianeanegen Nianuuduiesay 2 nduilidrenmaiendedlaseaing

qanekuuldiaiasndesganiadidnaseunuudonsin fegun 3.9

2) msmennlassasieganiamemaianisdeud lagldnszuiunisdend 2 Juneu

1Y

fatlisunNIsiANTaumgNAsea (Picral) NAANAISNANNIANASALAZLENALDANDIDE AN
1

4 } 4

8y 4 Laguw1nun [52] wasdauA R 180150 LA s ULUAN b UT A LN G Nau iU

—
o éf

1J1usansusiaanlessunmnuutusaga 5 lngu1unin F9inlmindngienenwaysa

9
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woslsd wulud esamuluduazunsinuled drensarenainiiundsganssaudidnaseu

U ba

U7 3.9 (n) ndasganssmiuuulduas uaz (v) ndesganssmididnasouluudosnsin

(n) ()

JUT 3.10 ip3eamageuaNUmLang (n) LASEIMABULTIAY Universal testing machine

(Instron 8801) (1) LASeINAFBUATINKTNMAA (Instron Wolpert 930/25)
3.7 nMvagauauUAlieng

< =
3.7.1  AINAADUAIMULLUILLIIAY



aq

NAFDUAILLATBY Instron Universal testing machine 100 Alatiidu nadeu
AIUNIATFIUVBS MPIF standard 42 LWt 911A1AIULT I45IA 98398 A (ultimate tensile
strength) AMUKTIRTIAT 4 9AATIN (yield’s strength) wazSowaznisiasa (Elongation)

Y8a¥an MensiiiiegsdNaNaY 3 FRE
3.7.2  MSNAFUAINLTINNAIA (Macrohardness)

lnenisldiinawuuSenniadaina B (Rockwell B; HRB) Ad8usenaL3 usu
10 Alan$uuse audia 100 Alanfuuse JUnTINauUIn 1/16 97 w30 1.588 Hadluns

LAENAFBUAIVURAITUIIUAIDE RS 6 9



uni 4

HaN15LATIZVTaYaLAZaAUIIENA

1 @) ] v =1 |3 1%
ANHANITNAABILUIDBNUU 2 d3U UTeNBUAI8 1. NTRINUNUANNAT Fe-Mo-

Si-C way 2. nsavAulilassasauuludldansluslumannaieinin Fe-Mo-Si-C
<@ v = .
4.1 ManNNaILINUN Fe-Mo-Si-C
4.1.1 WANISNAFBUNSAYIUUVDISIF NS

HANSININT A NAa 1T U291 (0.1 C/s) Fe-Mo-Si-C lnaldwelansy
W3oaavunviln Astaloy 85Mo uag Astaloy Mo wauiudianeunisiunsesas 1.0 uay 2.0
Tneumdn wuinfinsifudsaeuasluddesas 1.0 nueslsduazaslusadn MsC
Tngusngtieyadnsdanuannsgiu JCPDS-ICDD (PDF) finungias 04-004-7473 wag 01-089-
2722 AU LATNISIRNTARDUASUATISBEAY 2.0 WUTNTiNANSNAREUM AUV
£33 ng7iwnna1atu Tnenanisaases Astaloy 85Mo (Fe-0.85wt%Mo) wuilaslsd uas
anslud MoC wuienfufuduanuiidnisisganeumslusdesay 1.0 luraeifientiu Astaloy
Mo (Fe-1.50wt%Mo) wuLnes bsruageaanulud lngd1989vnu1a1av 98-000-0259 uay

98-000-0258 pudsy Faguil 4.1

AN DNaNNaLEURNS (5.4 C/s) Fe-Mo-Si-C AnsLAudamaua1sius

[

Souay 1.0 way 2.0 lnvunundn nudyyiaaveslsitazesdmuludiidanuduliunang

[

Malurdnnauintniusunaluduitudesay 0.85 way 1.50 laguinudn Lieeainnisiius
1 < ) Vo & = XY d' [~ cl' [ 1 ]
a1et197IA57 vibidmvesanuluddinmauniesgdsgui 4.2 uasilundunadnliusing

dyaravasnsludvialannuanisneaey FeoraludninanUsunaddneuiigauinne

MlmAnN15I 8915 ANAS UL UTUIUNTI NS UF 819590157



* ] |

S$15Mo2SiC

"
= | sosmozsic .o
= ®
S ®e | e .0J| oo h
o W P
S’
E’ S15Mo1SiC
wn
oo 0
Bl lte®ecece | o oo foee )
: sl Biepgiira
oy

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
2-Theta (Deg.)

JUT 4.1 nan1snadounIsiaeluLYedsidienduasturumannduainndust

|m
* y-Fe W o-Fe
*
|
F15Mo2SiC
|
* |
K * ) Qe
- B
= | FosMozsic *
= *
8 * *
A
>
=" [F15Mo1sic
2
& *
=
o
FO8Mo1SiC
st i Wl L msnin e St IS B A 4 5 e Y 5
30 35 40 45 50 55 60 65 70 75 80 8 90 95 100
2-Theta (Deg.)

a & v o s Y I3 Y % & o &
EUW 4.2 NaN1SVN@UNTITEAYIUUYDITIELD NYUDITUIN UL NN LN INUNLE URN LI
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4.1.2 nsAnelaseEsnegania

4.1.2.1 msAnenlassadeganiamannanduiati (0.1 °C/s)

msfinwlasassganiamendesganssmivuuldiainuinnannad
wnfindudadn Fe-0.85Mo uay Fe-1.50Mo naufudanounsludiesas 1.0 lngvivin
Tnssadeiiiunsdond 3U7 4.3 uar 4.5 muddu Usinguinadiuiidumaduiinauas
fluidenn vaurgudl 4.4 wee 4.6 Usingamfigniadensauazusinndligndadiensa
Lzﬁ"a?Lﬂswﬁimqa%mamﬂﬁaﬂa'nUisﬂaué’aawﬁmwgﬂiﬁmmaLM?EJ&J (polygonal ferrite;
PF) AouSiiam ufidenn wazvinadvinaadurideusnd fn1siud suutasla
LUUEIARBYA (eutectoid phase transformation) uaﬂmﬂﬁgﬂﬁ 4.5 Wog 4.6 wansdeiiud
gniadensaveaneslsd wazdrui bignindionsnvesailud 4eusandsnan
Junarannisiieanudueslsadnmuann (Widmanstitten ferrite) wagnisaang s
vespoamuluduauvuniiogseninaunumloslsiinumainn vivlinaroduvessansening
oslsifuaislus (Ferrite-carbide mixture; FO) 4 9U5 1t LAAN150UE sunUasing
wuugmaneeisenitgulesivulud (upper bainite) I@sé’ﬂwmzﬁuaamﬂuﬁﬁlﬁmﬁﬁuﬁgﬂi’m
LUl (needle-liked) wazansluduaununauiumeslssd aunalnnsiinduilasiuulud
wuvaeatumou [53] uazindnnd unadnbudadn Fe-0.85Mo naufudansuaislus
Yoay 2 Tagvmidn U 4.7 Usinguinaukuduniuazuinuuaviiinma Weiisud

[ ¥ A

JU01891NNd 039 anTIAUSLANATOULUUABINTIA NUTIUT I gninalensa A
wudiinleslsduazusnailignindlensafeaslud Jalldnvusadieiduwazusinng
msluainauiumeslsnaigy 4.8 wiliusinguanieslsdvaramasy liesainuuim
s a e < a Ao v = 1ol 0§ YV a
AsUauNgetiafosay 0.6 o1 lulsunanlndlfsngmansevse ogNangmaneas viliin

a A a = ¢ a
ﬂ’]ﬁﬂ/iﬁﬂLaE’Nﬂ’ﬁLﬂ@NﬁﬂLW@ﬂi@ﬁaqﬁlLﬁﬁﬂﬂJ

(4

dy ) d' [ 1 I3 <@ ¥ @
yananiidundanniteeanuludwoununlutnanna i unagi
. <) Y 1 aglld a a aa A 1 a ¢ = LY
Fe-Mo-Si-C 1Jus U099 S navesdanauiidnanaadasn invesaadmulud Weieunu
lasaaseganinveanannaduiatilidineu Fe-1.50Mo-0.45C MUsENaUAILVRINAY
WaslsAiuAS lUATRARLIULUBLT A UUVDUWHUYDINDS LSATNLAAT UL 89910 N1SAANERIUD Y

poaUluALAUUNS [18]
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E‘U 4.3 iﬂﬂaﬂmﬂiﬂﬂﬁﬁﬁlaﬂﬁﬂ‘ﬂ@\?L‘Waﬂﬂa’WLN'IN‘L!ﬂLEI‘IJG]')‘U'] Fe-0.85M0o-0.7Si-0.3C
(S08Mo1SiC) PF; polygonal ferrite, and FC: ferrite carbide mixture

U7l 4.4 sUhe SEM Alassaireganieveamdnndsnuiinidusiadi Fe-0.85Mo-0.75i-0.3C
(S08Mo1SiC) FC: ferrite carbide mixture
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JUT 4.5 Judandlassasnaaniaveamannansiniinidudiadn Fe-1.50Mo-0.75i-0.3C

(S15Mo1SiC) PF; polygonal ferrite, and FC: ferrite carbide mixture

5UT 4.6 U SEM dlassaireganieveamdnndnuiinifusiadn Fe-1.50Mo-0.75i-0.3C
(S15Mo15SiC) FC: ferrite carbide mixture
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sU# 4.7 jUdendlassainsganinvesmanndniniusadn Fe-0.85Mo-1.45-0.6C
(S08M02SiC) FC: ferrite carbide mixture

5U7l 4.8 3Ude SEM dlassaireganimveamdnndnuiinidusadn Fe-0.85Mo-1.45i-0.6C
(S08Mo2SiC) FC: ferrite carbide mixture



51

1 <@ < v =3 < v v aa 3
agalsimumannannnidniduditn Fe-1.50 nauddnauaisiua
Jeway 2.0 Weviin1snsiaasulasiasieniemailanisdeudiilaseasnaganinusenousiey

oA A v v o o = ! o = A o a ¢
LLN‘UﬁLWa@\TﬂaUﬂUﬂ‘ULLNuasU']'JVlﬂigﬂr]EJagﬂqEJ&[,‘ULﬂiu AasUN 4.9 LﬂJE]‘Vnﬂ'ﬁ'JLﬂT]Z'ViL‘V]EJUEU

WU ldgninnsaumeasamubug

Y

a

7l 4.10 nuinsnafigninnseudefuiivonsleslsduasfud
Friundnnd S15Mo2SiC Usznaudaelassainagania 2 vin Ae wKuvetoDANLLAY
wuvaaeslsd dusenlasadreniiniin seamaslse dnnulassadawieainelumanngs
finunszuIuNsoRamLLIes (austempering) Inslassainaganinlsznaufoesamulud

mﬁ’lqﬁﬁﬂﬁuauqq (C-enriched retained austenite) waziuuianuaslss [55]

doFouiiisulassaiiganiaveandnndiduiati S08Mo2sic
way S15Mo2SiC fivsunaluduitudesay 0.85 Tngtumin wulassadreidseneudae
wulddnueslsduazaisludadreduunsneg aureuwkuunidinmeslsdviolanin
Suesivuludedslsfnuiid uenfidusialuduitugeduieiosas 1.50 Tagvmin

sooanulug

¥

wueeawuludlisusna1anaes (blocky) wazadnedldu (filmy) [55] Yl

Y

i
melulassasisesalosisdinnuiaissionnias Faonaiannluduatuiguilie

=
U
milﬁaumilﬁﬂLv\la{limazLﬁi‘mlaﬁiuswdwmslﬁuﬁaLLazamqquﬁ  YANITHIULAN
snulad Favilrnswasussamuludidunislusvnzifusiasegsaianduldlaein
Ju [56-57] uaﬂmﬂﬁimaa%"mﬁ;amﬂsummﬁﬂﬂﬁnﬁuéfw&’h S15Mo1SiC HUSuuTaRDULAY
ANSUBUNSAEAY 0.7 waz 0.3 laguinidn aiua1nu Usenaumieinas bsawuunalgmasukay
FUasivulud wanslimiuiinisiiudarsunisluansssas 1.0 laguindn luaiuise
A a v o 1Y) = v o A3 W v ~ = ~ )
PANBLINITANALNDUVDIANS LUA I AINSULMANNAWEETN ML UHT1 WaSeuieuiu
WANNANEUFIT S15Mo2SIC Nilnsiiudanauaislunsesay 2.0 Tngundn vinluiusuia
aa 6 v g Y] '3 1
UYBITARDUKATANTUBUSTOEAZ 1.4 kay 0.6 Inerhniin Usngeeanuluiwazdiulsznauves
saanuluduasuismuleddalunaandsuiuresdaasuiiganevinliaiuisold ou

NIANALNBUVDIANS LUA LA LA NNAWRNTNNLEUGAITN [54]
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JUT 4.9 JUdandlassasnaaninveamannanHniinidudiafn Fe-1.50Mo-1.451-0.6C

(S15Mo2SiC) AF; ausferrite, ¥; austenite, and Q; ferrite

sU#l 4.10 JUdne SEM Flassaiaganiavesvdnndmiadinduind Fe-1.50Mo-1.45i-0.6C

(S15Mo2SiC) AF; ausferrite, Y; austenite, Q; ferrite, and M/A; martensite

austenite constituent
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4.1.2.2 m3AnelASIEEIganIAMANNELEURLST (5.4 °C/s)

wanna NI udnsq Fe-0.85Mo way Fe-1.50Mo WauA g
Fameumsludsosas 1.0 lag Wevihnisnsaaeulassaiamemadanisdendnulasaing
qaniavszneusisuinni fafdeunar@nagou finedanadivouvesusuuas
fudiuidnuazadondndunn JU7 4.11 uar 4.13 lensrvaeunislindosqansim
Bidnnsounuvdeansanulassairiganiadsznoudeufigniandeuidnums duuiuuas
Ligndanseudnuvasidunavuisuazidundos deguil 4.12 uay 4.14 9nnsiasen
SUGoNAT 4.11 woe 4.13 wuluinuiuiiddiseusazinnagoufeuiuuuifnimesld
(ferrite lath) Uasmadudemfinuleduazinzaiadadunisssamulud deuina
uwleslsdasnadesivuinaiigndanseulug i 4.12 uaz 4.14 Tuvnzi v
dndsznevvesnimuleduaresamuludlunimaeandesiuuinadlignianou fuy
lA59a3193an01AvRnANNALNIHTN FOBMO1SIC Uag F15Mo1SIC Usenausgunuves
wuddneslsduazdulsznevvennsimileduazeeamulud degnindindulassairende
11 Mauueisnsuiediuulud dednammszuunisesdoiulud [45-47] nsUsingues
drulsznavvesnsmuleduazeaanuludidunisuansdenisiiunssuiunisyuudesag
A5EUAUANSIHARTN (sinter hardening) N34 AT wYetduUsEnoUveInsInuled uay
soamluddlifiudsnaidenismnaznouniludlusaute seeamuludidesnuaresns
Bushegaming lneluudraniniuldifiosnmsnmamgd (sothermal) 1iigmn

1o < [57]

WuNUdunadrnannakinidnifudqsrvda FOSMo1SiC way

F15Mo1SiC NHUS1Nuve93anausasay 0.7 warAsuausagay 0.3 neulnidn Usenaunie

Tassasnsganianidianuadiedumdnndindnfidusativila S15Mo2SiC AfivTinauves

FaMDUSosar 1.4 uarAsuausaaz 0.6 laguntn FeA1nIdunanInNUsSuIUYI@aRADUY
o‘d' 1 Y a dl 3 Vo1 =] I~ LY} 1 Y @

ANS lUANAINA T AANISADUNITANASNDUVDIATS IUS W98 iN1SLHURMBE1NT1ARIY way

v Y

WU U AU UMANNATNINT NLEUAITY S08Mo2SIC AaUSuNaluauRtuSesas 0.85
Tae11udn Usenauslsmasisawazasiug liiudausunaluduaduiidnsnasenisiaou
A15LARLATIAS19AINATITUREINY FatUTID19Na N IANTNAURTLLALRARUAIS UM TINARD

A5taauUNIs RIS lUALUANNALNINTN Fe-Mo-Si-C
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JUT 4.11 JUdendlassasneaninredvanna e inidusiaig Fe-0.85Mo-0.7Si-0.3C

(FO8Mo1SiC) V5 filmy austenite, QL; ferrite, and M/A; martensite austenite

constituent

U7 4.12 gUdne SEM Alassadaganiaveavanndmiadiniiuiag Fe-0.85Mo-0.75-0.3C

Y 9

(FO8Mo1SiC) V5 filmy austenite, and M/A; martensite austenite constituent
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JUT 4.13 Judendlassasieganinveavanndeningusiaig Fe-1.50Mo-0.75i-0.3C

(F15Mo1SiC) ¥; austenite, and Qi; ferrite,

U7l 4.14 5Udne SEM Alassadaganiavesvdnndmiadinduiag Fe-1.50Mo-0.75-0.3C

Y 9
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Abstract. Silicon carbide was emploved as a source of silicon amd carbon to produce sintered silicon steels,
affering the advantages of silicon addition. This work explored the efects of low S0 contents of 1.0 and 2.0 wt %
an kssintered and as-tempersd microstructures and mechanical properties of sintered silicon steels. The
experimental sintered steels were produced fom mictures of presalloved Feel 500 and 560 powder. The
mixtures were compacted to tensile bars, sintered at 1553 K for 2.7 ks, and cooled at 900 Kfs with Nz Sintered
specimeens were tempered at 573 K and held for different times. The microst mctures and mechanical properties
af the sintered amd tempered specimens were charscterized. [t was revealed that the sintered silioonebeariog
steels showed low temperature phase transformations under cooling at 9.0 K. The sintered steel produced by
LOwt % SiC addition had degenerate upper bainite microstructure and its tempered microstructure was upper
bainite. The sintered steel produced by 2.0 wt % 50 addition had a microstructure consisting of bainitic-ferrite
Plates, martensite plates, and anstenite blocks. Its tempered microstmucture was upper bainite. The tempered
microstructures resembled those of sintered Sisfree Fea)lo=(" steels. Tempered specimens exhibited tensile

strength higher but elongation lower than sintered ones attribuated to carbide precipitation strengthening.

Keywords: sintering / phase tmamsformation [ tempering [/ carbide precipitation [ microstrocture

1 Introduction

Microstructures amd mechanbeal properties of sintered
gteels depend on several parameters, such as carbon (C)
content [1], eooling rate [2]. alloy chemistry [3], and
sintering condition [4-7]. Traditional sintered steels are
produced by sintering mixtures of iron (Fe)-base powders
added with designed amounts of graphite powder, as the
souree of allvwing O element. However, recently sintered
steels can be produced wsing gilicon carbide (SiC) powder as
a souree of sillcon and carbon.

Silicon earbide (SiC) can react with Fe of Fe-based
materials through bi-material contact [8] and particle
contact [f-11] at high temperatures, this reaction leads to
the decomposition of SIC and the diffusion of 51 and C
atons into Fe or Fe-based matrices. When SiC amonnts of
4050wt % were added to pure Fe powder, the micro-
structures of sintered allovs consist of black particles

* pamanil: ruangdténtec.or.th

enveloped with ferrite bands and pearlite nodoles [12,13).
Since the black particles comprised SIC residue core and
graphite shell the overall microstrocture of sintered Si-
bearing Fe-Mo-C alloys was similar to a ferritie-pearlitic
ductile iron (DT) [14]. The black particles were identified as
turhostratie  graphite nodules [15). The presence of
turbostrathe graphite nodules, which could redwce Friction
coefficient, In metal matrix led to the discovery of in-situ
self-lubricating compdsites | 16—19].

The 510 addition dees not only lead to the formation of
D1 miceostructure in sintered alloys but also canse the
change of matrix dependent on sintered alloy clemistry.
The change of matrix in slowly-cooled sintered 40wt %
SiC-added allovs was reported when the metal powder was
changed from Fe to Fe-Mo-Mn as that the pearlive was still
the dominant micrestructural component while ansferrite,
comprised alternating bainitie-ferrite and austenite laths/
plates normally obtained from an awstempered ductile iron
[ADI), was surprisingly examine in sintered Mo-Si-C alloys
with molybdenm volume of = 0.85 wt % [30]. The faction
of auwsferrite increased by adding Mo, The formation of
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Table 1. Nominal compositions of fast-cooled sintered stesls.

Sintered steal Added SIC (wi %)

Nominal somposition (wi %)

C
FMolSiC 1.0 .3
Fhlo03C [1X1] 0.3
FMo2SiC 20 0.6
FMolGC 00 (.G

Si Mo Fe

0.7 1.49 Balance
0.0 1.50 Balanee
1.4 147 Balanee
0.0 1.5 Balanee

aunsferrite wasn't investigated in slowly cooled sintered
graphite-added Fe-Mo-(Mn}C allovs, such as Fe-0.5Mo-
0.1580-1.2C |21 and Fe-l.5Mo-1.3C [22] alloys, whose
microstructure showed complexed microstructures inelad-
ing of proeutectold carbide, abnormal ferrite, degenerate
pearlite, lamellar pearlive, upper bainite, and inverse
bainite. Moveover, inverse bainite s the only microstroe-
tural feature of fast-cooled Fe-1.50o-1.2C alloy [22]. When
the microstructiures of sintersd Si-bearing Mo-AMo-C' and
Si-free Mo-Mn-C steel are compared, the formation of
ansferrite in the former sintered alloy seems to suggest the
aynergy effect of alloving Si, Mo, Mo, and C. With further
Investigations, when sintered Si-bearing Mo-C steels were
added with proper amounts of copper (Cu) [23] or nickel
(M1} and Cu [EJl. the low-temperature phase transforma-
thon products, ausferrite and martensite, formed even
under slow continuows cooling. This indicates that the
promaotive effect of anstenite forming elements {Cu and Ni}
an the formation of low-temperature phase transformatbon
prodicts.

According to the literature [16,17] given abowve, the
amall SiC amonnt addition can lead to complate SiC
decomposition and the diffusion of its elements into Fe or
Fe-based structure, resulting in complete dissolution of Si
and O in sintered steel matrix. The incorporation of
alloying Si element to Fe or Fe-based powder matrix via
SIC addition ean possibly provide the S benefit on carbide
suppression in high strength bainitie steels [25,26] and
carbide-free  bainitie (CFE) steels [27-30]. Recently,
alntered Si-bearing Mi-Mo-C steel with different amounts
of S0 ranging 1.0, 2.0, 30 and 40wt %, was produced
under the Ne cooling at a rate of 3.6 K /4, showed different
quenched stee] microstructures depending on added 510
content [31]. The nitrogen-cooled sintered Si-bearing
Mo=Mup-C stee] exhibits promising mechanical properties.
However, thelr mictestrisetines contain metastable con-
stitwents, such as austenite and martensive. The thermal
stability of these metastable components 18 of interest for
potential applications at elevated temperatures.

D to preliminary research, the amount of 1020wt %
SiC added showed eomplete decomposition amd made hard
phases oecur in the microstructune of Fe-3o sintered stoel.
The amount of carbon decomposed from S1C 1020wt % s
commpacable to 03 we.% and 0.6 wt %, sespectively. That is
consistent with steel parts in industrial prodwction, most of
which contain no more than 0L6% carbon by welght. In this
work, sintered Si-bearing Mo-C steals were produced using
mixtures of pre-alloyved Fe-1.50 Mo powder amd different
allicon carbide contents of 1.0and 2 0wt %. Fast cooling at a
rate of ®OK /&, which s possible to obtain by nitrogen

purging in an industrial vacoum fornaee, was condoeted.
Under such production conditions, the hard phases leading to
sinter hardening are expected. The as-sintered Si-bearing Fe-
M- steels were then subjected to tempering at 8T3K at
wariones times, followed by furnsce cooling. This work focises
on examining the alterations in  microstructure  and
mechanical properties after ternpering,

2 Experimental procedure
2.1 Materials

Two sets of experimental fast-cooled specimen Si-bearing
Fe=Mho-C and Si-free Fe-Mo-C alloys were prodieced from
powder mixtures of pre-alloyed Fe-1.50 Mo powder and
different SIC contents of 1.0 and 20wt or different
carbon () contents of 0.3 and 0.6 wt.%. The fast-rooled
sintered Si-free Fe-Mo-O alloys were used as meference
allovs for investigating the effect of alloving Si element.
The nominal sintered alloy compositions are given in
Table 1. The pre-alloyed Fe-1.50 Mo powder with sbeve
analvais of 12% of 150-250 i, 55% of 45150 pm, and 305
of <45 pm was supplied from Higands of Sweden. The SiC
powder with size smaller than 38 pm was obtained from
Sigma-Aldrich chemistry of USA. Zine stearate with
amonnt of L0wt % was added into the mixtores to
facilitate cold compaction. The mbdng process of powder
misetures was carvied out using a cone mixer for 3.6 ka. The
mixtures were eold compacted to tensile bar shape
according to MPIF 10 standands with green density of
6.5 Mg/m®. The green parts are sintered at a temperature
of 1553 K for 2.7 ks in the vacunm furnace at pressuee of
1.28 % 1075 MPa and cooled down with nitrogen gas (N.) at
a rate of D.0K /5 to room temperature,

The as-sintered Si-bearing Fe-Mo-C alloy specimens
were then subjected to tempering at 373K for various
durations ranging from 3.6 to 288 ks under a vacunm
atmosplere. The density of the green, sintered, and
tempered specimens was measured according to MPIF
stamdard 42 The combined profile for sintering and
tempering ls given in Figune 1.

2.2 Characterization

The specimen microstructures were investigated by using
both optical mbcroscopy (OM) and scanning electron
mibcroscopy (SEM). The apecimen preparation involved the
following processes, such as cutting, mounting, grinding,
polishing, and etehing. The sample was initially ground
using SHC paper with griv sizes (1302500 grit). The sample
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Fig. 1. Magram represestimg sintering and tempering cycles.

rm]i.-:tﬁng was rrl.'l'l;::ll'llll.“.l. on a flannel disk '|L-si.u|:',' diamond
powders with gizes of 6, 3, and 1 pm, respectively. The
polished sample was etched with 2% nital to reveal its
mibcrostrueture.

Color metallographic staining technigue was used to
identify different phases, such as ferrite, austenite, and
martenaite. In this study, the specimens were subjected to
color etehing for microstructural investigation [32). Firstly,
the sample was etched with a 4% plerie acid solution for 5.
Then, it was etched with a 5% sodium metabisulfive
[ NagS:0s) solution in distilled water, and the microstroe-
ture was examined using an OM.

The crystalline structure was ldentified by M-ray
diffraction analysis. The smooth surface samples were
prepared by grinding them with silicon carbide paper.
Starting with 130 grits and finishing with 400 grits. To

Improve the signal-to-nolse ratho or increase the clarity of

the carbide peaks. It s pecessary to remove the ferrons
matrbe uging the deep-etehed method. There were two
steps In the process. Fist, an etching process was
conducted at room temperature wsing a 0% nitrie ackd
solution in water for 40s. Next, the cleaning process was
comdwcted using a 500 hydrochlorie acid solution in water
for 5s |23]. In this research, the samples have been analyzed
by umsing an s-ray diffractometer (Rigaka, TTRAX III,
18 kW) with Cu-Kea radiation (k= 1.5406 .-'n]. The sample
wasd set to a scan range of 3P to 1007 with a step angle of
0027 and a speed of 00057 /5.

2.3 Mechanical properties

Tensile properties of sintered steel specimens were tested
according to the ASTAM ESM standard at a speed of
Bidpmfs and at room temperature by oan Instron
Universal Test Machine, Three specimens were tested
for each condition. The Rockwell hardness B acale of the
experimental specimens was measured using a Wilson5T6
hardness tester with a load of 100 kgl Three different
Indentations were examined to obtain a mean value.

3 Results

3.1 Characterization of sintered and tempered
FMolSiC steel

The microstructure of the as-sintered FMolSiC steel
comprised white laths with dark islands on white lath
boundaries (Fig. 2a). The tinted OM image revealed that
the microstructure comprised white and light brown Laths
with dark brown lslands on lath bonndaries and some white
crystals on lath boundarkes (Fig. 2h). When observed under
SEAM. the microstructure comprised etclwesd and unetclved
laths (Fig. 2c). The XRD characterization revealed strong
peaks of body-centered cuble (bee) erystal structure of
a-ferrite and weak peaks of face-centered eubie (foc) ervstal
structure of yaustenite (Fig. 2d).

The interpretation of colors in tinted OM image given
by De et al. [32], was used to identify the color constituents
in the tinted OM image (Fig. 2b). It was revealed that the
light blue and light brown laths were ferrite laths, dark
brown laths were martensite laths, and white crystals were
anstenite crystals. The ferrite lath in the tinted OM image
(Fig. 2b) corresponded to the etched laths in SEM image
(Fig. 2c) while the martensite lath and awstenite crystal in
the eolor OM image (Fig. 2b) corresponded to unetclved
laths. Because the mdesestrocture of the as-sintered
FMolSIC steel comprised laths of ferrite amd martensite-
mstenite (MA) constituents, its mierostructural feature
was entified as degenerate wpper balnite (D7) based on
the bainite nomenelatures provided by Zajac et al. [33] and
Miiller en al. [21)-

The formation of DUB feature or specially the AMA
constitnent on ferrite lath boundary in the as-zintered
FMol5iC steel indicates that sinter hardening is obtained.
The formation of MA constituent suggests that the carbide
precipitation in the austenite bands between ferrite laths s
poatpoaed during the DUE transformation, in which ferrite
laths grow Into parent anstenite matrix. The advantage of
alloying Si element on carbide precipitation suppression s
commonly employed for producing carbide-free bainitie




96

4 N. Kallaya et al.: Metall. Res. Technol. Vol, No (2024)

um
| ——

Fig. 2. Characterization of asssintered FMolSiC steel; (a) OM image. (b) tinted OM image, (c) SEM image, and (d) XRD Pattern.

(CFB) steels [27-30]. The added Si content in CFB steels
must be s ient to suppress carbide precipitation
Although the threshold amount of Si for making CFB
steels can be varied depending on the steel composition, the
Si content of 1.2 wt.% was able to make a CFB steel [35].
However, the added Si content in sintered FMolSiC is only
0.7 wt.%. Thus, it is donbtful that the formation of DUB
feature depends on only Si content or on combined effect of
Si content and fast cooling rate.

To confirm the Si role on the existence of MA
constituent in the as-sintered Si-bearing FMolSIiC steel
the fast-cooled sintered Si-free FMo03C (Fe-1.50M0-0.3C)
steel was produced and its microstructure was compared
that of the as-sintered Si-bearing FMolSiC steel. Figure 3
shows the characterization sesults of the sintered Si-free
FMo03C steel. This steel had a micrestricture consisting of
ferrite laths and dark inter-lath particles (Fig. 3a). The low
magnification SEM characterization revealed ferrite + car-
bide (FC) mixtures on ferrite lath boundaries (Fig. 3b).
Under high magnification SEM. the FC mixtures showed
two different features. such as (i) degenerate feature, in
which carbide particles aligned along the ferrite lath
growth direction and (ii) cooperative feature, in which
cooperative FC mixtures aligned with inclined angle to
ferrite lath growth direction (Fig. 3¢). The XRD

*
o * * &
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Twe-theta (deg)

characterization revealed strong peaks of a-ferrite and
weak peaks of orthorhombic erystal structure of MyC
carbide (Fig. 3d). The characterization results confirm that
no MA constituent exists in the sintered Si-free FMol3C
steel. The existence of FC mixtures indicates that austenite
decomposes into ferrite and carbide products. Mechanical
properties of the fast cooled sintered Si-free FMo03C steel
included tensile strength of 450MPa. yvield strength of
200 MPa, elongation of 3.5%. and hardness of 35 HRB.
According to the SEM image of the sintered Si-free
FMo03C steel given in Figure 3c, both degenerate and
cooperative features can be identified as upper bainite
(UB). As given by Yinet al. [36], UB forms in at least two
stages: the formatton of ferrite laths and the transformation
of interlath ‘austenite bands to FC mixtures. The thin
anstenite bands undergo a degenerate entectold transfor-
mation. while the thick ones underngo a more cooperative
growth mechanism, resulting in a entectoid colony, often
with cementite platelets. The transformation from austen-
ite to FC mixture under fast cooling indicates low stability
of anstenite. Regarding the effect of alloying Si element, the
addition of St content of as low as 0.7 wt.% leads to the
existence of MA constituent in the sintered Si-bearing
FMolSiC steel at room temperature. The effect of LOwt. %
SiC addition on the existence of MA constituent in the




97

N. Kallaya et al: Metall. Res. Technol. Vol. No (2024)

T Ax

() E o T R

» » a8

“ W W oW S TOTE WMo W B e
Twe-thets (deg)

Fig. 3. Chamcterization of assintered FMoO3C steel: (a) OM image, (b, ¢) SEM images, and (d) XRD pattern.

sintered Si-bearing FMolC steel (this work) also confinus
the existence of MA constituent in the fast-cooled sintered
07S103C  steel, produced from pre-alloy Fe-0.50Mo-
0.15Mn + L0 wt.% SiC powder mixture [31].

The micrestructure of tempered FAMolSiC steel (Fig. 4)
showed close similarity to that of as-sintered FMoO3C steel
(Fig. 3). The tempered FAMolSIC steed microstructure had
light brown ferrite laths and bluish black inter-lath
particles (Fig. 4a). The low magnification SEM hnage
could not resolve the bluish black Inter-lath particles
(Fig. 4b). With high magnification SEM observation, the
inter-lath particles were revealed as FC mixtures (Fig. 4c).
The XRD characterization revealed strong peaks of
a-ferrite and weak peaks of the orthorhombic crystal
structure of M3C carbide, whereas the weak peaks of
y-austenite disappeared (Fig. 4d)

The microstructural feature of ternpered FAMolSIC steel
(Fig. 4¢) can be interpreted as the final decomposition
products of MA constituents on ferrite lath boundaries of
DUB structure occurring during heating and tempering
holding. Up on heating and tempering holding. several
tempering reactions occur. As reported in the work of Yan
et al_ [37] and Chen et al. [35], the remaining austenite in
Si-bearing steel changed to martensite and bainite during
tempering at 503K and 673K respectively, Meanwhile,
ferrite and long rod carbides coexist at 923 K.

Similarly, it was reported that carbon partitioning from
martensite to austenite occurred between 523 and G673 K,
cementite precipitated inside martensitic and at MA
boundary contact at 673K, and a pearlite-like structure
started to prove after tempering at 773K [39). Zhang et al.
|40} has vecently provided an explanation of the martensite
decomposition during low-temperature tempering, reveal-
ing a series of reactions. In the first step, metastable
-carbide precipitates preferentially on dislocations, while
in the second stage. structural modification caused by
carbon clustering begins. After that, it proceeds to the
further decomposition of the retained austenite and the
precipitation of cementite and y-carbide in the second and
third phases, respectively.

It is interesting to note here that the same
microstruetural feature can be obtained in different
sintered steels produced under different heat treatment
rontes. The microstructural development in the fast-
cooled sintered Si-free FMo03C steel, attributed to the
phase transformations during continuonsly fast cooling,
results in microstructural features similar to that of
tempered FMolSIiC steel, attributed to the decomposi-
tion of metastable MA constituents. Due to microstrue-
tural feature similarity of the microstructural

development in tempered FMolSIC steel (Fig. 4¢) can
be implied to follow the UB formation mechanism given
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Fig. 4. Characterization of tempered FMolSiC steel: (n) tinted OM image of a specimen tempered for 7.2 ks, (b) SEM image of a
specimen tempered for 3.6 ks, (¢) SEM image of a specimen tempered for 7.2 ks, and (d) XRD pattern of a specimen tempered for 7.2 ks,

above, ie., the thin MA laths of DUB transform to
degenerate FC mixtures on ferrite lath boundaries and
the thick DUB MA laths transforms to cooperative FC
mixtures on ferrite lath boundaries.

3.2 Mechanical property of sintered and tempered
FMo1SiC steel

Tensile strength (Fig. 5a), vield strength (Fig. 5b), and
hardness (Fig. 5d) increased sharply whereas elongation
value (Fig. 5¢) decreased abruptly from the as-sintered to
the 3.6 ks-tempered specimen. With prolonged tempering
thnes (from 3.6 to 28.8 ks). the changes of tensile strength,
yield strength, elongation, and hardness were nsignificant.
The change of DUB microstructnze in the as-sintered
FMolSiC steel (Fig. 2¢) to UB microstrociure of the 7.2 ks
tempered specimen (Fig. dc) results in abrapt inereases of
tensile strength. yield strength, and hardness and abrupt
decrease of elongation. This indicates the decomposition of
MA laths of DUB microstructure to form FC mixtures of
UB microstructure leads to carbide precipitation harden-
ing. The insignificant changes of tensile strength, yield
strength. elongation, and hardness for prolonged tempering
times of between 3.6 to 28.5 ks indicate the stability of UB
microstructure at 873K,

The decrease of elongation value from 4.5 to 1.9%
(Fig. 5¢) can be attributed directly to the decomposition of
MA constituents to interlath cementite. This embrittle-
ment 8 commonly observed in tempering within the
tempered martensite embrittlement (TME) regime [41).
The MA decomposition also means the decrease of
austenite fraction, as indicated by the XRD pattern given
in Figure 4d. It is commonly known that the presence of
retained austenite with proper stability [12-44] can
increase ductility of steels by transformation-induced
plasticity (TRIP) effect. by which austenite transforms
to martensite during forming resulting in  ductility
enhancement [15—147]. The consequence of prolonged high
temperature tempering, performed on the as-sintered
FMolSiC steel, lncludes carbide precipitation strengthen-
ing. indicated by Figures 5a and 5b, and ductility loss,
indicated by Figure 5c. The tempered specimen exhibits
common strength-ductility trade off.

3.3 Characterization of sintered and tempered
FMo2SiC steel

The microstructure of the as-sintered FMo2SiC steel
comprised brown plates distributed in white matrix
(Fig. Ga). The tinted OM image revealed that the
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Fig. 5. The change of mechanical properties of fastecooled sintered and tempered FMolSiC steel with respect to tempering times
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microstructure comprised blue and brown plates distrib-
uted in light brown background (Fig. 6b). The color
interpretation revealed that the blues plates were bainitic
ferrite plates, the brown plates were martensite plates, and
the light brown background comprised austenite blocks.
When observed under SEM; the microstructure comprised
deep-etched plates and light-etehed plates on unetched
blocks (Fig. 6ic). Strong a-ferrite and moderate a-austenite
peaks were detected by XRD analysis (Fig. 6d).

The experimental results suggest that the as-sintered
FMo2SiC steel microstructure comprises bainitic ferrite
plates, martensite plates and anstenite blocks. There is no
doubt that sinter hardening is fully obtained in this
sintered steel. When compared with the as-sintered
FMolSiC steel microstructure. it is found that the amounts
of metastable products including martensite plates and
anstenite blocks in the as-sintered FMo2SIC steel increase

with increasing added SiC content. The increased fraction
of austenite blocks. as lndicated by the moderate XRD
peaks of y-austenite (Fig. Gd) indicates the combined role of
high €' and Si contents on anstenite stabilization.
Regarding the role of alloyving C element, the minfmum
C concentration required on austenite stabilization varies
depending en cheawlcal composition. According to the
investigation by Huyghe et al. [48], with 0.2C-1.41Si-
231\ n seeel, final carbon content in austenite of about
0.7-0.8 wt.% was sufficient to retain anstenite at ambient
temperature. A higher C concentration of 1.15wt.% was
required in a CMnSiAl steel [49]. Under the assumption of
complete dissolution of Si from SIC in austenite of the as-
sintered FMo2SiC, the C concentration of 0.6wt.% is
considered as too low for austenite stabilization. However,
C enrichment in retained austenite is possible due to carbon
partitioning during phase transformations. The carbon
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Fig. 6. Characterization of assintered FMo28iC steel; (a) OM image, (b) tinted OM fmage. and (c) SEM image, and (d) XRD

Pattern.

partitioning from transformation products to adjacent
untransformed austenite regions is associated elther with
bainitic ferrite transformation |50.51] or with martensitic
transformation [52.53]. The carbon partitioning due to
phase transformations i3 expected to canse austenite O
enrichment and stabilization.

Regarding the influence of the alloying Si element, the
suppression of carbide precipitation by dissolved Si atoms
can result in carbon saturation in untransformed anstenite.
However, careful consideration I8 required in assessing the
role of Si in carbide precipitation suppression. Some
research works [54-56] have revealed evidence of carbide
precipitation occurring during partitioning despite the
addition of Si. conventionally believed to suppress
carbide precipitation. The conditions for carbide precipi-
tation or suppression are detailed by Kozeschnik et al. [57].
Another role of Si is associated with carbon partitioning. As
indicated by Kim et al [38]. at the atomic level, the
addition of silicon promotes the partitioning of carbon from
martensite into austenite, leading to a buildup of carbon
observed at the edge of the austenite grain. Both roles of Si
contribute to the stabilization of austenite.

To emphasize the role of high Si content on the
existence of austenite and martensite in the as-sintered
FMo2SiC steel, the fast cooled sintered Si-free FMoDGC

(Fe-1.50Mo-0.6C) steel was produced and its microstrue-
ture was compared that of the as-=sintered Si-bearing
FMo2SiC steel. Figure 7 shows characterization results of
the sintered Sifree FMoDGC steel. This steel had a
wicrostructure consisting of ferrite laths and dark inter-
lath particles (Figs. 7a and 7b). Under high magnification
SEM. the inter-lath particles were revealed as ferrite +
carbide (FC) mixtures (Fig. 7c). The XRD characteriza-
tion revealed strong peaks of a-ferrite and weak peaks of
orthorhombic erystal stracture of MyC carbide (Fig. 7d).
According to the microstenctural feature, consisting of
ferrite laths with degenerate FC mixtures on ferrite lath
boundaries, given in (Figs. 7b and 7c¢), the microstructure
of the fast cooled sintered Si-free FMoOGC steel is full of UB
stracture. Without Si content, the retention of MA
constituents ks not observed in the fast cooled sintered
Skfree FMo06C steel. Mechanical properties of the fast
cooled sintered Si-free FMoO6C steel included tensile
strength of 550 MPa, yvield strength of 3830 MPa, elongation
of 3.0%, and hardness of 55 HRB.

The color OM image of the 3.6 ks-tempered FMo2SiC
steel (Fig. 8a) showed clear evidence of microstructural
degradation, compared to the color OM image of the
as-sintered FMo2SiC steel (Fig. 6b). Carbide precipitation
on martensite plate boundaries and anstenite block




101

N. Kallaya et al: Metall. Res. Technol. Vol, No (2024)

Fig. 7. Characterization of the asssintered FMol6C steel;

decomposition were observed under SEM in the 3.6 ks-
tempered FMo2SiC steel (Fig. 8b). Under the prolonged
tempering for 7.2 (Fig. 8c) and 288 (Fig. 8d) ks, the
microstructures comprised UB structure (Fig. 8b). The
XRD characterization of the 7.2 ks-tempered FMo2SiC
steel revealed strong peaks of a-ferrite and weak peaks of
M;C carbide, whereas the weak peaks of y-austenite
completely disappeared (Fig. Se).

It is noticed that the micrestructures of the 288 ks-
tempered FMo2SiC steel (Fig. &) and the as-sintered
FMo06C steel (Fig. 7¢) have a common featwre of UB
structure. This means that the low temperature phase
transformation produets, including bainitic ferrite plates,
martensite plates and austenite blocks decompose to ferrite
laths with degenerate FC mixtares on ferrite lath
boundaries. The presence of UB feature in the 258 ks-
tempered FMo2SiC steel (Fig. 8d) indieates that the
microstructural development in prolonged high tempera-
ture tempering s far beyond that of quenching and
partitioning (Q&P) steels, which are commonly heat-
treated at Jower temperatures and shorter period [59-61).

B M a KN RN YN
Two-thets (dey)

(a) OM image, (b, c) SEM image, and (d) XRD pattern

3.4 Mechanical property of sintered and tempered
FMo2SiC steel

According to experimental findings, the mechanical
characteristics of the tempered FMo2SiC steel including
tensile strength (Fig. 9a) and yield swength (Fig. 9b)
increased sharply whereas hardness (Fig. 9d) and elonga-
tion value (Fig. 9¢) decreased abruptly after tempering for
3.6 ks. With prolonged tempering times (from 7.2 to 28.8
ks), the changes in tensile strength showed values swung
within a narrow range around the values of the
corresponding as-sintered specimens and yield strength
showed a slight decreasing trend while hardness and
elongation change were insignificant.

The peak of tensile strength was observed at 7.2 ks of
temnpering (Fig. 9a). The peak strength was certainly
attributed to carbide precipitation within ferrite plates
and on ferrite plate boundaries (Figs. 8b—3d). The XRD
peaks of MaC carbide in the 7.2 ks-tempered specimen
(Fig. 8¢) confirmed the formation of transformation products
(ferrite + M3C) from martensite plates and austenite blocks.
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Fig. 8. Chamacterization of tempered FMo2SiC steel: (a) tinted OM image of a specimen tempered for 3.6 ks, (b) SEM image of a
specimen tempered for 3.6 ks, (c) SEM image of aspecimen tempered for 7.2 ks, (d) SEM image of a specimen tempered for 28.8 ks, and

(e) XRD pattern of a specimen tempered for 7.2 ks.

The as-sintered FMo2SiC steel (Fig. 9) showed tensile
and yield strengths higher but elongation lower than those
of the as-sintered FMolSiC steel (Fig. 5). It s obvions that
the higher strength of the former sintered steel is attributed
to microstructural components of bainitic ferrite and
martensite plates. Although the as-sintered FMo2SiC steel
has higher austenite fraction. as indicated by moderate

XRD peaks of austenite (Fig. 6id) it has low elongation
value. This means that the TRIP effect in this sintered steel
is not dependent on austenite amount. The C concentra-
tion, morphology, and environment of retained anstenite
are the remaining factors controlling TRIP effect. The
extreme situations detrimental to the hardening and
elongation of the steel are austenite carbon concentrations
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Fig. 8. The change of mechanical properties of fast=cooled sintered and tempered FAMa25il steel with respect to tempering time; (a)
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aof less than (0.6 weight parcent O |Ii2| and more than 1.8
welght percent O [63], as austenite transformation is
nomexistent |G).

The different retained austenite morpbologies are
observed in different sintered steels, Le., slender WA
constituent  indicating  slender  retained  austenite s
observed in the as-sintered FMolSi0 stee] whereas blocky
retained austenite is observed in the as-sintered FMo25i0
gtecl. As reported by Xiong et al |Ei.':||_ The martensitic
transformation is initiated in high-carbon blocky retabned
anstenite at the onset of deformation. In contrast, low-
carbon flm-like retained anstenite, i]’L‘ﬁﬂ:li.t!! poEsessng A

slgnificantly lower earbon content, exhibits stahility at
strains up to 12%. The presence of slender retained
anstenite leading to higher elongation s confirmed in the
as-ginterad FAol 810 steel.

4 Discussion

It is clearly seen from experimental results given above that
the allwwing Si element, which = ntrodvueed along with
alloving C element via SiC addition, shows strong nfluence
on phase transformations during fst cooling with rate of
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W0 K 5. The formation of low temperature transformation
products, such as MA constituent, lower bainitic ferrite,
plate martensive, and blocky anstenive, ks possible under
the combined influence of 51 and fast cooling. The presence
of 0.7 wt.% Si leads to the formation of DUR stewctire (MA
condtitwents on ferrite plate boundaries) in the as-sintered
FMolSiC steel (Fig. 20) while higher Sicontent of 1.4 wt.'%
canses the formations of transformation products, such as
badnitie ferrite, plate martensive, and blocky martensite in
the as-sintered FAolSIC steel (Fig. 2e). In the sintered S5
free steels with the same O content, such as sintered
FMol3C steel (Fig. 3c) amd FMo06C steels (Fig. Te), UB
structure 8 commonly observed. This means that precipi-
tation of carbide particles on ferrite lath/plate boundaries
cannot be suppressed in sintered Skfree steels. This
indicates that the Si addition is required for the formation
of low-tem perature transformation products insintered Fe-
Mo=(51)-C steels. The tensile strength and harndness of the
as-sintered Sk-bearing steels, such as sintersd FAMolSiC
(Fig. 5) and FMo2SiC (Fig. 9) steels are observed to
outelass those as-sintered Si-free FAMo03C and FMolGC
gteels. These superior mechanical properthes are attriboted
to low-temperature phase transfornsation constituents.

Tempering reaults obtained from this work suggest that
the low-temperature transformation products undergo
decomposition into ferrite amnd carbide products at 873K
for 7.2 ks and vesult in precipitation strengthening, which
leads to tensile strength peaks. High tensile strengths can
b maintained up to 258 ks at 873K (Figs. 5 and 9). The
microstructure of the 288 ks-tempersd FAMo25iC stesl
(Fig. 2d) looks very similar to that of the 28_8 ks-tempered
FMo3SiC steed ( Fig. &) in terms of carhlde particle gize and
distribution. This indicates the stability of tempered
microstructures at high-temperature exposure. The possi-
ble instability and strength loss of tempered mibero-
atructures consisting of ferrite amd MO constituents is
MsC ecoarsening. The thermal stability of tempered
microatructures of Skbearing FMolSiC and FMo2810
gteels may be attributed to the effect of alloving Si elements
an the retardation of MyC coarsening.

With respect to solubility in cementite, the alloying Si
has negligible solubility in cementite. I serves as an
element that mitigates segregation (silicon and aluminum],
which i disclaimed from cementite when tempering at
higher temperatures, or after prolonged tempering tioes
[66]. This leads to the accumulation of a Si-deh layer
outside the growing cementite within the martensive
matrie. It was given by Mivamoto et al [67] that the
growth rate of cementite (MzC) during tempering at 723 K
substantially decreases with the addition of 51, attributable
tothe redistribution of 51 between the cementite and ferrive
matrix.

5 Conclusions

This experimental work has been conducted to test the
assumptions that SiC powder could be used as a sonree of
alloving 5i and C elements and with the presence of 51 in
aintered steels some low temperature phase transformat bon

products, leading to sinter hardening, would be formed

under possible industrial cooling rates. The concluding

remarks drawn from the experimental results arve given
helow.

— Under a high temperature sintering (1553 K) practice,
small ameunts (1.0 and 20wt %) of SiC powder could be
nsenl to produce sintered Si-hearing steals.

— The synergy effect of alloying Si element, ntrodwesd by
SIC addition, and fast cooling rate of 9.0 K /s conld lead to
low temperature phase transformation products in
aintered Si-bearing Fe-Mo-O' steels with O content of
wp to (LG w5,

— Tempering at 373K for various times led to decom-
positions  of low temperature phase  transformation
products to FC mixtures and the overall microstrsctures
of tempered specimens were UB structure.

— The carbide precipitation ow ferrite laths/plates in
tempered Si-bearing Fe-Mo-C steels led to precipitation
strengthening with scarified dwetility.
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