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# # 5370267421 : MAJOR METALLURGICAL ENGINEERING

KEYWORDS : 316L stainless steel / Sigma phase / Powder Metallurgy

NANTAWAN PICHAIWONG : EFFECTS OF Ni AND Co IN P/M STAINLESS
STEEL 316L ON SIGMA PHASE FORMATION, HARDNESS AND BENDING
STRENGTH. ADVISOR : Ing. PANYAWAT WANGYAO, Ph.D. , CO-ADVISOR :
NUTTHITA CHUANKRERKKUL, Ph.D., 125 pp.

The effects of various Ni and Co additions in P/M 316L stainless steel on sigma
phase formation and mechanical properties such as bending strength and hardness
were investigated. Powder mixtures were compacted using single action press under
498 MPa and sintered at 1300 °C for 30 minutes in hydrogen atmosphere. Specimens
were exposed at temperature of 800 °C and 900 °C for 25 50 75 and 100 hours. It was
found that specimens with Co and Ni additions could reduce amount of sigma phase
formation. Due to specimens with Co addition had minimum pores sizes and Co also
increases matrix stiffness, thus the specimens have the highest average bending
strength. After all heat treatments, oxide scale had grown in closed pores during
heating, therefore, the amount and size of porosity were decreased. However, the
amount and size of porosity of heated specimens still have same tendency as sintered
specimens. The oxide scale in the matrix is composed of Fe,O, and Cr,O, in the closed
pores. The reducing in amount and size of porosity and sigma phase formation after
long-term heating provided in higher hardness comparing to those of sintered
specimens. Furthermore, long-term heating at 900 °C for 100 hr provided slightly
decreasing in bending strength. This was due to that the detrimental effect of an
increase of sigma phase, which provides more brittle behavior. Furthermore, it has been
shown that 100 hour-oxidation at 800 and 900 °C in the air atmosphere leading to the

presence of Cr,0, (Fe, ,Cr,,),0, Fe,0, and Fe,O, in the oxide scales.
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| & o o . o U ve ¥ ~ = (%
Aaduleineaiuaesdan (Homogeneity) mn il ldaunainsuinazidan  wazliiaun

q

b

In&uAeANFaINIININTIgA (Near-net shape) [3-5]
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1.2.1

1.2.2

1.2.3
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1.3 YAULAANITANHIUDINUIRE

1.3.1
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1.3.3

1.3.4
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UNN 2
= o a’ Py
nsAnHlayaLLliany

a [~3 v v a [~ %3 dl L7~ = o o/
Aanenislanzuraavanndn FatdudusaunuiuaasliiuienoudAnyuay
oA | v a A A
AITNINETDITBIRAAIUNITNIANTEN T HUARTTHgRaIunssnlanzualuaEnIuilied
PnnunsnanNawNey 20 wefidusmeilszunn 2,000 AWl (T 1987) aqiiunauas

aaslanzuanannan Baniuluvidawdnmtiadseunns 3,000 fwal [3]

ualanzaaandnnanlsalinnninsAlaANIAINNITLIUNIT (Atomization) WIA9Y

[ %

nNgnan LENINEN AzINIAINNTZUIUNIE water atomization FNTLLIUNNIHALY

o

UilArandgdseliusuewisnun gas (nitrogen) atomization azliirenianwuziflunss

nax duiugnanffiesnisennamuiuiug [3)
2.1 NMTNARNA [5]
nINARKaLLseanlY 3 wUuAS
211 38n79na (Mechanical methods) dnlduaanaumsdn 1w nsldgnua (Ball mil)
2.1.2  3amaAl (Chemical methods) iunisianstaaniaiindfisen

2.1.3  AaneWand (Physical methods) aalanzdaulvinnandaedail AandAnylunnsuan
Aa Atomization aTulagiiEnluadaasnsulanafan 2 Inanisvinlidagwanuen
nszangeaniudlagne aeunisieadnnd 150 lulasiuns f1lsdalunindalias

(381041 Shooting atomization wikiflu 5 uulunjhe
’ . 2 o o Aol o G| o O 6 Yo
2.1.3.1 Water atomization Aannsliitnnfiaausugefiusoni1idanuannszana

2.1.3.2 Gas atomization AanslERANENRAINAUgITIuETINHTaR AN

A72ANY LULT 1 LAZLLLN 2 a1aizengauiun Two fluid atomization



2.1.3.3 Centrifugal atomization AewLLNIERIUMIes FuarauuLue Spinning

disk, Spinning cup Wa¥ Rotating electrode
2.1.3.4 Vacuum atomization ARN19%11 atomization slu@ﬁyaanmﬂ

2.1.3.5 Ultrasonic atomization Aaldwadanu Ultrasonic 1Unn1iAnn sumnnszans

SGNPLIIN

AN519N 2.1 WEe LR UAN UL URINN IS NAIENUNTELLNTHARNNSALANFANAY [5]

Water atomization Gas atomization

139taLnG 319nay

= rdla % ey dl = a‘d‘a v
NeanlaAnaann fnldR i aeaazlaan laAnnaties
Hpnldaneg RIS Rt

2.2 \ANALBNISUNAUIARS [5]

2.2.1

NAB39aNIIAL

v
o

2.2.1.1 N#939aNs9FUlae (Optical microscope) E e iauinfans 0.5-100

Tulanums da1ds anuuaai iAo utias analdldsunuaaaianum

2.2.1.2 NA9399aNIIABLANATAULLLABINIIA (Scanning electron microscopy) 1

WIUATa96aTa9 1-0.1 tulAsiums

2.2.1.3 NA949aNIIARLANATBULLLADINIU (Transmission electron microscope)

TEr1aunnrasasiiaualugag 0.001-5 lulasiuns daids nsLssaNsaagingenn



222  NTIAISHRNAILAZINGN (Sieve analysis)

T pzunsesanaagazunsslnanaauin Fand1 Mesh number Uandszey 1

2 ] 1
a [ % =

2 Ao = : . P ) y I~
PIHAUIUNTAY AININT 2.1 FITENINNTTDUALHIATANTNILAUAZUN TS ‘]jﬂa_,IV’W]

A
WA
- wawalnngazligagliinliinaawadndulllslld finnag overload
- ATUNINTA

- wagdssdszuainanannashl i luunarianie

AN 2.1 LEAIANBLENIZLIUNNT Sieve [5]
2.2.3  n3Asinelagnisanmaznel (Sedimentation)

daeeltiusAeepnnznauluzeanasinannasunfogannuidanad



2.24

- nunsfavsanld (Haandn 1 ulaaumg) wazasaunalugjasanpznawda

Al wsdnauanaaniiuldfazannznaudiuin

Aﬂld 1 dl o v [~ ! a
- IINHINTY m‘wmmnﬂ,mmmu@ﬂmwm%q

v
=X o

- g RAUAIN IIAANNTUNde DR TIALAN 16
n19aAszsifag lEas (Optical sensing)
2.2.4.1 N1INTLIANUEN (Light scattering)

WANNNT AB HUUBILANTINTZIAY visainim azifludndaunauiuaunteng

o

MpvasNanInlfavalutag 0.1-200 Tulaswns MHuasiamaianelildanesoating
d . -4 . o .
Faunuantatluneangn wasninmeanu1acgniniasduuLATaIATIad L

(detector) wlaafludtyounaelnin wdatlssunanananuilumiaaresauincng
do1de
1 % OI dl v o a 091 v
- ANNVLN LU BIENFIRIAT LNAT AN NNINTLLAIUBILASTIT AU
- 3197909nAN

- gunans vniiulnisnizidssesuasasiias wnanlndiAesiumauaninauiay

ATy
2.2.4.2 n1919l&4 (Light blocking)

WANNNT A HNUIIUAREEE TLTDINANAZIILAY UAIAZABINIUTEITENINY
AJ 2 dgl 1 o ¥ Y Y v
B TAMNLINTBILAINNN ALTUBELTLTWIAKG DIANNINTIULIDILAIHUDE TUIAKS

Ty auanandnszilag ugag 2-400 Tulasiuns
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ABDLAE

vy v a d' o o a [
- fflnevagnadn U nnIn1gamaau lunaag i

- guard njinazanaznaunewinliingada ldiu uilaanisnauviraldaanuiii

209789 lUANIN"T
- gunawinAusglaesneiuiauaslaivingu
Electro-zone size analysis

I dj o v :/’ v

meazgniaruaatadlurasmaadarin lniin anduaeaatazgnaadinllly
Sampling chamber TngieinugidnaadalWiNans 2 azagauazfuiugil ilannug
daj 3 U % v dl a (=1 dgl [ %
Hazn A ufnuniulnilnwass el voltage pulse 211A284 pulse AR
1Bumsae9ue dnaanuniilu equivalent spherical volume diameter UUNARSNSA b
aglu199 0.4-400 Tulasiums
dade
- aininsladfieqliNzaaaty
- rwna nnjazuaauasaat luneamauuyliadiaue

cala

dl o Y a a o ) £ =
- ‘ﬂ‘ﬂﬂisﬁ@'ﬂNQ‘H@\?N\‘]@’]"TVI’]SLVLTW@@Q’]NNE"]‘W@’]@IMT‘I’]’;‘Q@ We1zasnlii Pulse &

YUIALAN
- Wanlunisiaszsitias)

) A Ay Ay
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2.3 AMNNULUUTDING [5-6]

2.3.1

2.3.2

2.3.3

ANUWIUUWNIINEG ) MNEDY ARHMTILLLEeTan T lisNgNgunnatie

AYNHNUUNLUUIIN (Bulk density; Pg) ﬂ'f]mwwmLLuuﬁi’rfiMﬂﬁwﬁm@ﬁmm@
AoaEunmangangnguitlauazila Inedsnsum (%Nﬁqmmmmgm ASTM C 373)
lEnannns1e9a15ANA4 (Archimedes Principle) [FNAINN19ARNMINLIAS (dry

weight) 299Tue1u (W,) sinlunnibuoandindalusnaunald 24 dalusliiausadiae

1 v
v a

11 Fenuinununty (W) dasivtinanaiailuimingaun (w,) Tnadadiuanuiu

Wast N A neweduiduninuean AnANMNANTUE
P.= W,/ (W,-W,) glem’

AHUUILLULSING (Apparent density; P,) ArA Ruuwduilfantivinse

| = a Mo a v o &
et Bunsnsangwsutlaus ldsangngudla anaudunus
P.= W,/ (W,-W,) glem’
iladefiinasia Apparent density L&uwn

2.3.17.1 AUNANS quﬂmﬁﬂ Apparent density aZaANY LNTIE ﬁ’]ﬁuﬁaﬁﬂm’]:ﬁ
A £ o qu = = < % ~ i = o
LWN%M‘V]’]TV]@Q']NL@ﬂ@m’]uﬂﬂqﬂﬂu LLWHWNQNgﬂ?WQﬂ@NﬂQWNL@ﬂ@mqquu@ﬂ AUIA

vpansfiazlidenasa Apparent density

2.3.1.2 gusn9us Baflunsanansnn Apparent density B9800 IW91E ANIALIANIY

| = = o dgl
anadazAuiuszidaulunisBaesianinaw

2.3.1.3 AMNEFHLIBINIAAAS Apparent density NI

2.3.1.4 NNINTLANEFAIUBIVUNANS (particle size distribution) AREGREGN Apparent

density LW



2.3.2

Tap  density A8 AIMTNUUILUUNAIAINIANZYTRAUNINTEANS (Powder

compaction)

2.4 N19aANY (Powder compaction) [5]

2.4.1

24.2

2.4.3

244

PEITRRERT AN

NTEANIANUINAEUBNT 4 AFUAN LA

2.4.1.1 n38mngliAnIaden (Pressing powders in rigid dies)
2.4.1.2 N178AKNNTALNANIN (Isostatic pressing of powders in flexible envelopes)
2.4.1.3 N13853A (Roll compacting of powders into sheet or strip)
2.4.1.4 nn38man (Extrusion of powder products)
a”m:rmzmmwmmmmﬁﬂqﬂﬁm (Packing characteristics)

Tade TR A ABNITUNAR T

2.4.2.1 YUIAKS

2.4.2.2 31$1920909

2.4.2.3 ANNBYULRITIDIN

2.4.2.4 NMINITANLAIUBNUUNAKN (particle size distribution)

v 1
tfadtiis 4 azdinasia Apparent density msdawIALan gils1lainan A

Faufaties azinliAnudaan1uiann waz Apparent density A1
NNTUNAFNTBIESTU ALREA (Packing mono-sized spherical powder)

NITUNARDTAINY 2 BUNABNNTU (Packing in binary mixture)
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2.4.4.1 Yuaunadnaguin wasdusaunalugnszanea)

2.4.4.2 YA njagunn LaslusnunanunInes

245  AMNAULNGA WAZHANITNIZANEAITBIANNUUILLIL

2.5 MSLWININ (Sintering) [3, 5]

]
o o o

<A = A , = @ & o A @ o
NITLNINUN AR NTECUIUNITAININD AR ULLuuLﬂﬂﬁluLﬂuLu@L@ﬁl’]ﬂu LL?\TV]L“IJ‘LL@'J

NANAWITRANITENNTNAD AN LAN AN UL NAIINUNUN N UDIN

2.5.1

2
o

=K 1 [~1 agj =
ﬂ@iﬂﬂ']'imﬂ pidnuiiatlu 3 TunauAsl

1 B |
aa

25.1.1 N12NATUIAIAD  HNITAAAITAINUNRD whaaaziiaviTaldifianIumsn

A oA L { LA G SN o o = o
NTDLNHUAUABRIAITNA UL I@ﬂWHNQIﬂQLﬂquﬂULﬂ@@u (drlvmg force)

2.5.1.2 N131A1UIDIAD TAIII9NAINNADLLAIAINTALINTU TATIAS19N AN AR
1 = d” dla o | o o dl
LNFUNINAIING TALNNNTAABIIDINUN NI LATWANI WAL TULT WA T LA AR W

(driving force)

¥ 1 {

v 1 ! ]
2.5.1.3 nM3rangngu ludunaundge desdnguandauaslisaiiias 390 13iamnsm

q

=2 1 dgj IS 3 u’/j dgl
NFLEEHNANAIRENINN NTUTRTY waznaNinaTaanysalluduneuil (4]

ANHFNUNIULIIAY (Tensile strength) TANTULHBMHUAZLIAINITI

ARMANTY TunueNANudanse 0y 9aAIn (Yield  strength) aaLiamaILay

a

a =) QI 49/ [ % dl I3 o v dy
@mmu‘lumﬂmmuﬂ PNHNTU ‘Mmmnwm@@nhmgnmﬂmmmmnmﬂmumm AR

wazyin T uANIUANTY usdnsn1stainanIanguugRuazauans1eiuly

naeiin Tnanislaresnadneg iuiNgUUNRUAZIOAT TUIANTUAETUBE Y

gounni n13lnaasaaniliinanudenss i 9aAIIN (Yield  strength) ay AN
o = . a & oA a < & Ay o Aa
ANUNIULINAN (Tensile strength) LARNTU LHBIAINNNIRNTULBINUNUINFAANLNA

ANNI9EeNUTIRNEeTaNIsTneIAe atiglafimnumnNLdause o aAAsIN (Yield
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Galley latches 316L Threaded fasteners 303L
Jet fuel refueling impellers 316L Fasteners 316L
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Agriculture Industrial
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Windshield wiper pinions aioL gt ;. ;
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2% - Hearing aids 316L
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Electrical and electronic
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Rotary switches 316L
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Electrical testing probe jaws 316L
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AN 2.14

- Cr:9; Mo:1.0 carbon steel
| Cr:12; Mo:0.5 carbon steel

Ci

=

|1
-9; Mo0.5 carlTon steel — | 7 [

rCr:12; Al carbon steel

Cr:2; M00.5 carbofi steel / / i
A/ e

s /
Cr3; Mo:Q.5; / / / / Cr:5; Mo:0.5; Si:1.5 carbon steel
_S"Lﬁ.n%tmn.slsel
- L Cr17 (543000) stainless steel
V (S30400)
A Cr:19; Niz 10 (ooavuy) stainless steel
& / ¥ /|, Cr18; Ni 10; Nb; (S34700) stainless steel
L~

/::_,‘é- Cr:18; Ni: 10; Ti; (S31635) stainless steel
500 600 700 800 300
Holding Temperature (°C)
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WANANUEINITAU )AL NN ANHIANE s 1B WA N oaN [ E AT Hge 1 TUNI9LRAN 5]
wienn vnaiegUnsninsesldungmung Agenn-u Asiulune (Gas turbine blades)
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NO6625
¥ it
12 20; Ni2
o \ N WL
]\ \ 1 31000
=20 : G
I
= \ N Y 20cr: 250
S.30
S \ $30900
[ —
=40 =
g \
2 5 \s $
34700
60| fht Cr: 19; Ni: 14
$30400
ol 1

0 200 400 600 800 1000

Hours of cyclic exposure at 980°C
(15 min heating, 5 min cooling)
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N3N 8 HaIaINAINNT DY (Thermal expansion)
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AYNAL (Creep strength)
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a 1%

A15199 2.5 1A TUNNIUANTN AR MO R UAZANNLALANGTW 2]

q a

Allvy Estimated Rupture Life for
the Temperature and Stress
Indicated

760°C | 875°C | 980°C
1100 35 /15
MPa MPa MPa

NO06230 | 8200 65000 | 5000

HAYNES | 6000 20000 | 550
214

N06601 | 50 1200 | 1000
NO6617 | 11000 | 10000 | 8000
R30556 | 5000 | 10000 | 10000

N08330 | 30 230 130
| N06600 | 15 28 | 580
| S30815 | 140 500 | 720
N03810 | 130 1200 | 920
| 31600 | 100 240 | 130
[s30a00 110 |00 |72 |
S44600 | <1 <1 <1
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TAnHaNNINAL Ul 13% HURHNINNAZNNA WAYIN 18% AavAadifiufiasing
[~3 dl v 1 1 [ 1 = v Qsj 1 v [~3 o Y 09/
sapdaialfiuiladnaslidsnamananumilan dr3unulunjenafeadumagiaein

(water quench) wAENTRINRANN1IN IEUA e N ATLNENNE NN 2.15 WARY
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[~ dl dl al QI dg/ dl o 1 . dl a
AL TN e FUN AT NN N WIN ANIN1 LN (aging) NYUNIN 475
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AANEALEEE  BIIUNANINAINNNTANAZNAUYIAIIATLNEN (Chromium  rich

intermetallic phase) danalfiAnumilananas
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g - /"——/ /7/' — — 7
@ L ~ti
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/ 3 - |
200 |- - P O By kel =
= 5% 0r 35— if
100 ,,, | | .
1 2 5 10 20 50 100 200 500 100p
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100 hr

Impact Energy (J

TN

500 600 700 800 900 1000

Ageing Temperature(°C)

= a 1 ! a 2 <3 ¥ v
NINN 2.16 LL’&&NN@‘H@QLQ@WLL@%QmMQNIMﬂW?UNlﬂ'ﬂﬂ’]ﬁ‘m@LW’&"ﬁﬂNWIumﬂﬂﬂ@’ﬂ?

ATUNIA 310 NENUNTINATNIIANNTRU (RUDDL) [2]
2.11 uARENNaTaIan 9

1] 2010 N. Kurgan uaz R. Varol [4] lEAnsaniiinianazeslansnauannanls
AN 316L ?ﬁlaﬁmumu 0.015%C 1.75%Mn 17.24%Cr 2.79%Mo 14.65%Ni WaZLAAN N\‘]‘iﬁ
HANLAYAZYNUNNNERANETT compressed cold WL single action press Aa8iAYMAW 800
MPa wkavi i wnniinfiguannfl 1,200 1250 uaz 1,300 asAigadaanialfussannis
wAalulnsian f-gmﬂa?zmﬁLﬁﬂﬁﬁmmmmu‘"ﬁm\mmﬂﬁyumublﬁLm' NAGBLAINNET NAAAL
WLTIAN NARBLNTTAAID (three-point bending) MNAGELNIINTZUNN WASNAGELANNLES

Tneuarasn1amaasuazgniNInFaUma LR UANTTF 1 ASTM F138-G2 wanannufadn

9/
o

‘Emmmwmmmmwmmm 2} mm@mimmmmmﬂ fatl

- wdnn&Bailu 316L figniwwiinfigauvndl 1,200 1,250 uay 1,300 aaA1TaFaa

luinan 30 wi azlBiANANNUUNLULANINS (relative density) 86% (6.90 Mg/m®) ARALEN
=S
BN

4 1
a

- FUUNHIUNTERENTIGUNYH 1,300 avAmaLisa azliiAnAausinunIuLe

ANNINNINTUNURU LaZNINTAZAN 300 MPa

q
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1% ' le dl 1 = dl a
- AMNMNITNAKBUAITNATNLINTUINTUNNIUNITININUN N UUNNN 1,200 wae 1,250

|
=

aepgaEng A1ANAIUNIUABANANEEN 65-72 MPa TAtTWINUNHIBNSININTENT

1
= 1

gounnH 1,300 avAmaLdeaas A ANAUNIuAINE g Tuss AL 165 MPa

a

- wiann@nBatinsialy (full density stainless steel) 8MIIAMNATUNIUANNEFD

a

ANNBNUNIBLIANHANLFEHN 0.5-0.6 WATUITUARIBNTHINENRUUNR 1,300 8967

a

LA FEasRsIdauetin 0.54 UAY 0.55

< 1% v a L7 L dl 1 = dl a
- mammimuu 316L @ﬂumm@muummaﬂ@@gqmeummmmuﬂmmuqm

v v
o o K

1,300 asAEaLdeaaflunan 30 uwnluussaniauialulngau aesaiuasasdlfdnanines

9

AfugN RN LN TN RN ANN AN (SaTid 3161

1) 2003 D.N. Wasnik, G.K. Dey, V. Kain wa¥ |I. Samajdar [7] ANHINITANAZNAL
Tumandnl3atiu 3161 Iaaagilfdinisnnaznauiiivaaniiiv 4 fumeu ?ﬁlqgﬂﬁﬁ”@mq
i3 L@u‘ﬂ”mm?ﬁ‘fmﬁummN@mmﬁdilm differential scanning calorimetry (DSC) L& 4-probe
resistivity TugaungR199 400-500 B9ATALTHA nsanaznewduusniuiLLaenndes

a o

(coherent) AINETTNINR TIN1IAILATEY electrical resistivity waz HRTEM 4uf 2 (5w

ANAZNAULTINNAALLINTUY TUA 3 An1saAnAznauaatWainun wazdugainaiianig

AnaznauIaslAsEanAslus (M,,C,)

Tt 2002 A. Bautista, F. Velasco, M. Campos, M.E. Rabanal LLa¥ J.M. Torralba
[8] laAnEIANNEIUNIUNNTAARDNTATUN 900 aaANEaLTedUedlanzaaannan 15alls
anawm uingn 316L wFlasingm 434L uazgnAndNNduuaNsNeil 3 LUy wudnansy
@ o o o aa . - . P ~ " o
waagnguiutladedrAnyniuasdenginssungnmniige lulunulasianwindulanzug
[~ v v oA ol v 1 o 1 Adl a val 1 [~3 v v
wiannan BatiumslsdiaaudinumiusanisiansaunanunigelinninTansnamannanls
a L % 1 a a o dlal Y @ [~3 ralltzl
atnaaawn lus ArusiunusenisfiseandiadunauansliviuaingmandniFunnaes

i al

v
w5lssiuannan ansuyldanauunigeasslaneuamanndn Batiuasamifniiuiainnig
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6"

a Aa a dld = 1 I 1 dl| v o a a o dl
Lﬂ@uﬂLﬂ@‘ﬂ‘ﬂﬂ1%m’mﬂ’]ﬁ‘ﬂﬂm’]51ﬂ@ LL@ZZiNI‘I]’&’]?‘]J?Zﬁﬂ@‘]_lﬂ/ﬁjfmﬂ‘ﬂ\‘muﬂ’]ﬁ‘mﬁ‘ﬂ‘ﬂﬂsﬁLGWJ‘LA EIN

azlnpnuaaulesianisiineandiadiludas 4

1] 2003 H. Sajlaoui K. Makhlouf H. Sidhom wag J.Philibert [9] liAn=uanszny
28940192N15UN (ageing) FBNITATAUINITLRINTANALNAUW N19N1TaIIALAAUTATIN N
(Chromium depletion) LAZNNTAANAUILNINLNTYE VBLUANNEN IFATRN 316L T9LAURINT

AnArnau AN lsaiuflusdanisnei 2.6 waznIwi 2.17

AN919% 2.6 WATANAZNEUIZNINNNTLN (ageing) Taamannan Baiin 316L [9]

Nature of the phases formed during ageing of studied AISI 316L

Time (h) Temperature (°C)

550 600 650 700
Intergr Intragr. Intergr. Intragr. Intergr. Intragr. Intergr. Intragr.
1 - - - 4 \\ - - -
16 - - = & % - (M3 Ce) -
100 - - - - M3 Cs - M3 Ce (Mn3Cs)
1000 - - My3Cs (Ma3Cs) M3Cg M3 Cs MnCs M»Cs
3000 (M3Cs) - M3Cs Mx3Cs Ma3Cs Ma;Cs My Cs ), (o) MnCg m
10000 M Cs M Cs My3Cs MG Mp3iCs (1) Ma;Cs MpCsm, o M33Cs m, (o)
30000 M];Cﬁ M];Cﬁ M]}Cﬁ M:3 Cﬁ MHCG 1. 0 1\r’[13C5 (T]) NE. NE
80000 M1Cg M1Cg M»Cs m M»nCsm MiCs m, o M;Cs m NE. NE

Interg : intergranular; Intrag - intragranular; (phase): begmning of precipitation 1n the indicated site of the phase; — no precipitates observed: N.E.: not
examined state

800
T (°C) s
700

600

500

Timeh)

AT 2.17 9N TTP wae TTS waawmannanBady 316L [9]
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3.1 78R

3.1.1

3.1.2

3.1.3

pamannan Batiuinsm 316L (1R1asieandn 150 um)
Nt (TUNATaENI1 200 pm)

nalALeas (AUIATiaENdn 20 um)

3.2 gunsailunsLasanTduau

3.2.1

3.2.2

3.2.3

3.2.4

3.2.5

3.2.6

3.2.7

3.2.8

3.2.9

LATRAATUINIANY
& 0 o A a [~

gunsaiinsasausiinfi
NIzANEMINg BNANIAIA UATHNBAHWN

dl % = QQJ
LATANTARNT LN

dl (% QQJ =)
LATRR AT Ul TATAN
1 lalpTIAuUd M ULNNTIN

LHINALTLNU

1 1 v
o

LATR9TIN N

dl o 1 = o -8 a 6
IATANIPALNAzIRtANaTIULANALL AT
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3.3 LASAIILATISTNA

3.3.1  AreadimURImng (Laser Size Analyzer)

1 1 1 v
o o o

3.3.2  gagUnsndrsestedmiudeinuinanuzudiin den uazuiia

3.3.3  NAe9qanssMmBIANATAUTHANIIA  NEANIATEINTIAGRLEIALTENELNIAT
(Scanning Electron Microscope equip with Energy Disperse Spectroscope, SEM-

EDS)
3.34 Lﬁ%wmmummﬁq (Micro Hardness)
3.35 N&B99aNsIALAS (Optical microscope)
3.3.6  X-ray diffractometer (XRD)
3.3.7 Lﬁdémmmurmﬁm‘iﬁmuu 3 am (Three - point bending testing machine)
3.4 FURAUNTNAADY

3.4.1 wawanninFallunga 3161 weliniia uaznalaveas lAnmzinaunaon
/a8 Laser Size Analyzer LaLHENINANHTULARINS LAZILAIIEHaIALITZNALNS
Lﬂﬁﬁf;ﬂﬂﬁ@m@m@ﬁﬂ%Lﬁﬂm@umﬁmmmw’é@uLﬂdﬁ;‘mmq%@umﬁ‘ﬂ@xnﬂumqmﬁ
(Scanning Electron Microscope equip with Energy Disperse Spectroscope, SEM-

EDS)

v
342 NNFTEINTUINY

1
o [~3

3.4.2.1 FanamannanBatiuings 316L

1
L <

3.4.2.2 TaUNANNAN BatNINTA 3161 NKANAL

- ENRNINA LUARINEIU 1% 2% 3% LAY 4%



L lALIAAR IUBRATIEIU 1% 2% 3% LAY 4%

ERNNALAZIALAARIINAWIUE AT 1% 2% 3% WAL 4%

v v
[

FUINURTINA

13 gA9 @RTaz 11 T ATLAAIWANI199 3.1
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(Single

Action Pressing) 498.2 MPa azlffiueuniaunatseannd 1cm x 3 cm x 0.4 cm

3.4.2.3 induaulienniin (Sintering)
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7 %@zgm 800 °C 900 °C
0 (MAaWiin) | 25 | 50 | 75| 100 | 25 | 50 | 75 | 100

1| 100% 316L | 2 2 |2 |2 |2 |2 |2 ]2 |2
2 | 1%Ni 2 2 |2 |2 |2 |22 ]2 |2
3 | 2%Ni 2 2 2 (212 |2 |2 |2 |2
4 | 3%Ni 2 2 1212 |2 |22 ]2 |2
5 | 4%Ni 2 2 212 |2 |22 ]2 |2
6 | 1%Co 2 2 |2 |2 |2 |2 (2|2 |2
7 | 2%Co 2 2 |2 |2 |2 |2 |22 |2
8 | 3%Co 2 2 |2 |2 |2 |2 |22 |2
9 |4%Co 2 2 2 12 |2 |22 ]2 |2
10 | 1%(Ni+Co) | 2 2 12 12 |2 |2 |22 |2
11 | 2%(Ni+Co) | 2 2 2 (212 |2 |2 |2 |2
12 | 3%(Ni+Co) | 2 2 |2 12 |2 |2 (2|2 |2
13 | 4%(Ni+Co) | 2 2 |2 12 |2 |2 (2|2 |2
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Size Analyzer

Result Statistics
Distribution Type: Volume Concentration = 0.0699 %Vol  Density = 1.000 g/ cub. cm Specific S.A.= 0.1272sq.m/g
Mean Diameters: D(v,0.1)= 28.83um D(v,0.5)= 66.20um D(v,0.9)= 125.12 um
D[4,3]= 7223um D[3,2]= 47.16um Span = 1.455E+00 Uniformity = 4.519E-01
20. 100
] 90
80
70
| i 60
10 | - : i \\\ T
: l / \ A0
/ \\ 30
A 20
// \\ 10
ot i i LSS NG = £ O
0.1 1.0 10.0 100.0 1000.0
ﬂ) Particle Diameter (um.)
Result Statistics
Distribution Type: Volume Concentration = 0.0694 %Vol  Density = 1.000 g/ cub. cm Specific S.A. = 0.1294sq.m/g
Mean Diameters: D(v,0.1)= 2847 um D(v,05)= 66.22um D(v,0.9)= 125.46 um
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Distribution Type: Volume Concentration = 0.0697 %Vol  Density = 1.000 g/ cub. cm Specific S.A.= 0.1290sq.m/g
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Distribution Type: Volume

Result Statistics
Concentration = 0.1468 %Vol

Density = 1.000 g / cub. cm Specific S.A.= 0.0644sq.m/g
Mean Diameters: D(v,0.1)= 69.87 um D(v,05)= 119.18 um D(v,0.9)= 180.29 um
D[4,3]= 121.85um DI[3,2]= 93.13um Span = 9.266E-01 Uniformity = 2.951E-01
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Concentration = 0.1272 %Vol  Density = 1.000 g/ cub. cm
D(v,0.1)= 70.41um D (v,0.5)= 119.76 um
D[3,2]= 79.14um Span = 9.282E-01

Specific S.A. = 0.0758sq.m/g
D(v,0.9)= 181.57 um
Uniformity = 2.953E-01
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Concentration = 0.1242 %Vol ~ Density = 1.000 g/ cub. cm

D(v,0.1)= 70.16 um D(v,05) = 119.39 um
D[3,2]= 78.26um Span = 9.299E-01
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D(v,0.9)= 181.18um
Uniformity = 2.961E-01
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Result Statistics
Distribution Type: Volume Concentration = 0.0205 %Vol  Density = 1.000 g/ cub. cm Specific S.A.= 0.6166sq.m/g
Mean Diameters: D(v,0.1)= 5.89um D(v,05)= 11.13um D(v,0.9)= 19.41um
D[4,3]= 11.97um D[3,2]= 9.73um Span = 1.215E+00 Uniformity = 3.738E-01
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wiannanBatu 316L Aununsliiaonu$aud 800 way 900 asANmaldealuna 100

dTua FasiAraddAviiadflsenauniaAll EDS
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316L 1%Co 2%Co 3%Co 4%Co
=0 42.04 29.35 42.36 34.13 37.39
mSi 0.89 4.15 1.04 2.42 1.39
mCr 14.03 14.16 23.52 21.27 24.32
mFe 38.79 44.25 30.31 37.31 32.61
= Ni 1.99 5.72 2.79 4.87 4.29
® Mo 1.55 15 0 0 0
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mO 42.04 37.68 40.58 39.51 41.57
W Si 0.89 1.62 3.63 1.07 1.01
mCr 14.03 10.03 28.18 16.54 27.2
HFe 38.79 45.36 23.01 35.29 25.3
M Ni 1.99 3.17 3.67 5.22 3.6
= Mo 1.55 0 0 2.4 1.33
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mSi 0.89 1.1 0.64 1.36 1.86
mFe 31.53 16.04 11.38 23.45 30.42
= Ni 4.29 1.45 0.78 2.29 4.15
= Mo 0.5 0 0 0.39 0.99
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316L 1%Ni 2%Ni 3%Ni 4%Ni
mO 55.35 35.72 36.42 45.62 40.27
| Si 0.89 1.86 2.14 2.4 1.06
mCr 7.44 24.22 28.94 20.8 17.47
M Fe 31.53 31.84 26.69 27.19 32.47
B Ni 4.29 4.37 4.56 2.69 7.28
= Mo 0.5 1.17 1.26 1.29 2.1
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o Ni 4.29 2.06 4.36 3.6 1.4
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316L8 316L9 1%Co 2%Co 4%Co
mC 6.77 3.52 6.45 6.61 6.31
mSi 1.2 0.41 0 0.62 0.79
mCr 16.97 21.58 18.87 19.13 21.34
M Fe 61.22 60.74 60.25 59.9 58.32
m Ni 10.49 10.67 11.02 10.74 9.81
® Mo 3.36 3.07 3.41 3.44 3.42
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M Si 1.2 0.41 0.65 0.28 0.53 0.55
mCr 16.97 21.58 19.93 28.07 20.24 24.96
HFe 61.22 60.74 59.71 48.9 59.47 48.47
B Ni 10.49 10.67 9.81 5.59 10.15 8.49
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