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COMBINED PROCESS/ STEEL/ MECHANICAL PROPERTIES

Gas surface hardening methods, for instance, gas carburizing, gas
carbonitriding and gas soft-nitriding are conventional techniques that improve
mechanical properties of carbon and alloy steels, and mostly used for production
process in industrials because there processes are low cost, less pollution and easy to
control atmosphere in furnace. Gas carburizing methods is technique that employed
carbon diffusion to increase surface hardness, while the steel structure changing to
austenite phase. Gas carbonitriding method, both carbon and nitrogen were used in
furnace atmosphere. Gas soft-nitriding method is the technique that formed hard and
smooth layer, so called white layer. The previous study has reported that the
combined processes between gas soft-nitriding and gas carburizing yielded the
improvement of the steel properties similar to gas carbonitriding. However, the
understanding of the relationship between combined processes and surface hardness is
still unclear. This study was aimed to investigate the effect of combined processes
between gas soft-nitriding and gas carburizing on mechanical properties of various
steel e.g., AISI 1010, 1020, 1040, 4140 and 4340. The specimen was normalized by
normalizing and shot blasting. Gas soft-nitriding, gas carburizing, gas carbonitriding
and the combined processes were employed to treat the specimen. Microhardness and

optical microscopy were performed to characterize structure and properties of the



steel surfaces. The results signified that the combined processes, SN+CB, improve its
properties compared to other methods especially in the ultimate tensile strength and
the smoother and lower variation of section hardness, while the toughness was still
acceptable. Moreover, the other combined process, CB+SN, yield higher strength

with thinner white layer thickness.
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2.9.5 MIANMINUHAINSUANTN (Fractography)
Y 1Y = d‘ a 49@1 [ Qy 9 A Qy 1 d‘ [
M35UeInUMITeIeNIZNATUNVTUNY 1ATIHS 19 HIDTUTIUATOIINT U
' 9 a g ES = =2 Y Aa £ o
32 19MI 150U lun 1930 syt aGuanmsaneeduasveIlaminaruAuAI
= [ ' Y o a J = = ' . .
{@rAINa1 1AgMs 131anns IUNSAATIEHANUTENY (5801 Failure analysis 108013
a o) o Ya 9 o 7 A v
AT UADI0ABHUAINT ANUT Y tazlszaumsaiunnneduAIs N IHa 1150
a J A 9 9 = A @ ' <
ANTIZHRaMIaTIIFeUNgnAes d aAnuderiersemsuaninansanilszinnoemiu
(Y Y ' 1A @ . Y =~
wan 9 14 2 ngulvg Ao Msuaninuuunls1e (Brittle fracture) 1AZNISUANHNUDVINTE)
. = o Yo VA A
(Ductile fracture) Tagmsanyimsuantinuuuilsizes lasuanuaulannin ifiesanisia
A Y 2 1 1 Y [ = [ U 1
M3lasuzlo1nsdes FakNanITNUNINNIUAZEINADNITYBINUANNFINIIAINA1D UA
Y = A A A =S Y 1 A a
msuaninuuuiennzlisnmsnlasugdnnneizud lvanu@eneld neunvzimaniu
a E
IMIBIUIT
any dy a v aAa A Yy 9 ia 3
BMINTIAOUNUAINMIUANHNNTHBNLINAD NT IFNABIYaNITAUDIANATOU
v
BUV LAY (Scaningeletron microscopy) %30 SEM (ASM International, 1992)1agFunaaou
asinnuazeIaLazgnidaediuiuni ielesnumsngaluszniumsasiaaenlu
P Y Y
anmgyme Felunisasingeusunaaey 919delim syl uFUIUTEHI1NS
2 A o o 9 dy 2 9 I [ A
ATINADV LA FUNUMNNIMNINTATIVADVABIUIIANINANVTY FUNadouao I uTagnil
aawii 1ih vn lufauianmsi Idihdanain Hewadeudidlenes (A2 VUM
Sputtering)
@ o A Y 1 o a ad = o
NANNITNINIUVDUATOI SEM 22 U52n0UA 18U aIn UUADIANATOUT I
Y A a ad Ay Y v 1 ad Ay ¥ 1 o A ' 9
winwaadanaseuielouldnuszun Tasnqudanasoud laninunasiuiinvggniseaae

[ 1 1

gi 1A s [ 4 o
a1l viniiungqudianaseusziIUaNds U5 IWFIF (Condenser lens) 1o i1 1 ngu

Q

adg d o ad = o Y} o ad A g Y

@Lﬁﬂ@i@uﬂﬁ”IEJL‘iJuﬁTe)Lﬁﬂﬁﬁ@u “]Nfﬁiﬂiﬂﬂﬁ‘IJGI,TTleUTWU’ENﬁT?JLﬁﬂ@ﬁﬂuslﬁﬂgﬁimaﬂhlﬂ@?ll
v ¥ A~ o o Yo ad ~ < o 2 o
ADINII ‘Irﬂﬂﬂ’ENﬂ?iﬂ”lW‘I/]llﬂ’J”liJﬂﬂJGD'ﬂ%ZﬂiﬂiﬁﬁT?Jlaﬂﬁi’f)uiﬂ]u?ﬂlﬁﬂ HaANIINUUA

adg @ @ A (% a 2 {
sianasouvzgniiuszez Tna Tagraud Indiag (Objective lens) aa T uuIFUOIUARDINT

[ a a d

o a a3 2 o a
ANHAN ﬁﬁ\ﬁ]?ﬂﬁ”lﬂlﬁﬂﬁiﬂugﬂﬂi”lﬂﬁ\1‘U‘L!GIf‘lNTu%gﬂiiﬁllﬂﬂﬂlﬁﬂﬁﬁﬂunﬁﬂﬂu

QU

)Y
)]

Y
a a

2 & o a g A = <
(Secondary electron) VUSIFTYYIUINNDLANATOUNAYNUUISYNUUND uazuﬂaﬂﬂzﬂu

QU
[ a

I a < ° 9 3 v d
dyarunndannsetnduay gnih lafruilunimuuse Insiemiae luuazaiuiso

L=

9 v Y Y
’]Ju‘ﬂﬂﬂ’]‘Wi]”lﬂ‘l’Tuﬁ]@Iﬂﬁ‘ﬂﬂullﬂ


http://www.google.co.th/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cts=1331718163570&ved=0CFgQFjAC&url=http%3A%2F%2Fwww.nano.kmitl.ac.th%2Findex.php%2Ftool%2F218-scaning-eletron-microscopysem-&ei=C2hgT4yVPMKxrAfmn5yjBg&usg=AFQjCNFEal1_qihr9wOwYXPRLEC97Ysjhw&sig2=e-ta4DiLRj19QqeKoZK-EQ

41

JUM 2.1 naaananmsnauveunsod SEM
d' a [ =S 9 o
17 : Menasu Tuma Tu lagnszaounaalaniziia

. . o O
T0AU0UATOI SEM 1ioifsuneununiod TEM Ao nn Iasaaianmiuain

A I o Aaa A A Y [ aa A
IN393 SEM wWumwansue 34A Glummzﬂmwmmmm TEM i]zﬁlﬂmwaﬂymz 240 9N

?x’: Aax 9 A = <3 9 ] [ A
‘VN’J‘ﬁﬂﬁGl,‘]f\ﬂ‘LlLﬂiﬂﬂ SEM °’|]$11ﬂ21111i’Jﬂ!S’Jlmzl%ﬂuxﬂﬂﬂ’nmiﬂﬂ TEM 410

2.10  PITINTIZHNADA (Statistics analysis)

aa A o 9 R Y ] Y o a o
qaaa ANITHIvdYAYAY 9 A Wﬂllﬂﬁ]'lﬂﬂ']ﬂﬂ'ﬂi']'ﬂi’nl‘llﬂuqa NT‘I’I']ﬂTi'JLﬂS"I%ﬂTﬂEJ
¥ ! { o ) =

[l 1 R R A o = v A A A Y
"lillﬁ]']%"lN"U’fJ?J"aﬂ GlﬂﬂTﬂ‘LN Gﬁﬂﬂﬂiziﬂ‘ﬁuiuﬂTiﬁﬂH1!m$ﬂ'li'Jﬂ°Vl$‘l’fJ\1ﬂ'li"llﬂuqaﬂﬁfﬂﬂﬂ'lﬂqxi
= ' v 3 A aa .. .. a2 g a
mmmmumaeﬂ"lmﬂu 2 ﬂi&ﬂ‘ﬂﬂ@ AOANIIUUN (Descrlptlve statistics) LA T DN D199
(Inferential statistics) (Montgomery, D.O., et. al., 2012)

aa 3 Aadq Y A wAa 1 A Ay = 1 '
ADANTTUUN !ﬂuﬁﬂﬂﬂi%ﬂ'ﬁu']ﬂﬂmﬁuu@ﬂ'm 9 qlﬂ\?ﬁ\?‘ﬂﬂﬂ\?ﬂ'ﬁﬁﬂﬂ'lcluﬂquclﬂﬂqu

& aa

Y9 ITMINADA

A o dy 1 @ o v 9 o
Nogluanyaueil ¥y ﬂ'liﬂﬂﬂ33‘VI'IﬂTJ"llE)isI,aTﬂﬂu'llﬁu@iugﬂ"llﬂﬂﬂ'ﬁ'lﬂ

U

vingUnm maulasazuuulieglugtuuudu 9 wu nlefidud Ind azuuumagiu dudu

MSMUIUMIANRAGHIONITNTZN0VBITOYA Taun 1/Feg1u audeuuuuInsgIv Wao



42

'
an 9y a anad 9y a [ A

I 9 1 I A Y = ' 1 =<
Wudu aruadaoeds uadanldeTineaudnyuzvosdsiaosmsanuilungulanguunily

a

9 oA

a @ ' 4 o < o {
udrensoseds lldanguau 4 14 Tasnguiundnyazdeuiludumunfueslszyns

Q

a

= 9 9 an 1 o ] o A dy = 1 1 o [ aa y
cm“lﬂ111ﬂ3EJa‘ﬁﬂ1squmamma$mmummaQﬂsmﬂﬂiu 138N NYUAIDYN ADAD DY

1 YA A aad a 4 . .. aaly a J
ﬁnﬂimmﬂﬂﬂﬂ 2 1/5219% Ao DANNITINNDS (Parametric statistics) uazﬁaﬁ”liwwmmai
(Non-parametric statistics)

Aaan a ¢ I aaa I {
gaanimes Wudsminwadanazasuilu ldamudeanaudesdu 3 dszms Ao

=

o A Y o Y 1 o o 1 - v { g
G]’JLL‘]J51/](5]@\1ﬂ'lﬁ’.lﬂﬁ]3ﬁ@ﬂ@giulﬂﬁiﬁ1uﬂ'lﬁ’.lﬂﬁgﬂﬂ"]ﬂﬂ"’l]ullﬂ Interval scale) UoyaNINUY

E1)

Y ' oo ' Y = < Y a ' ' oA o
i’J‘]Ji’JiJulWMﬂﬂQMGI’JEJEJN%%WN?JﬂﬁLWﬂLLNLﬂuI‘ﬂQﬂﬂﬂ uazﬂ’quﬂixﬂmmtmaxﬂqu‘wmm

= Y = ' @ Aaad a o’g 9 1 .
Any1azaeelinnuulsUsiuminu adainisiimesil 1Aun t-test, ANOVA, Regression
L&
analysis Fluduy
aayny a d I ax aaa 129 o w o A 9 A d A
ana l5mnaiwmes 1wt maneanan ilidedinala q wude Joyannusinsnla
1w 1A 3 ¥ . . . ' ' 1A o
MNNguAl9819lnIsanuauulanl (Free distribution) nguilszansuaaznguiiiiim
1o & Y an 1 4 [ 4 . .
Anw lusuudedianuudsdsrumnu adalunquil 18un Iaaunas, Median test, Sign test
I
R
. I Y] 9 o o T4
ANULl3159u (Variance) U103 §14n13IAN13N3291890300aFIUANUTUHUS
Auaudeuuninasgv eswinanuulsdsiuamnsasiuin lanndndssuninasgiu
o w = I [ 9 dal A o o
gnadaed anuulsdsivsutlumsdanisnszanevesveyalugvesiun d1usuns
a 4 y . A A J 3 ax K
WA5121A U551 (Analysis of Variance) #30(38n021 ANOVA 1udsvielumsnagou
a d‘ = 1 d' 1 1 49! Y (% é % 9
auuaguioTeufiouaunasveslszrnsuinnit 2 naudulunion o nu Fedinaly
[ = 1 1 = A 1 9 A
nanmafssuensznInnguilszyinamevio 2 nqu lumslesz vwie ¢ lumnadou
1 I~ @ ~ 1 =3 [ ] I~ ]
nanfe suflumafFeuieunulszannafissnguiner aaulvgrzdumsnSouieunn

Y
o =<

1 1 d' [ 1 d' I o A 1 d' 1 = 1
‘i$°ﬂ'§Nﬂ1mﬁ‘(’Jﬂ“]JﬂTVI@Jﬂﬂﬁu1ﬂﬁiﬂﬂ1ﬂﬂ1ﬂu@ﬂlu gaumsfsouneyseninelszying 2

=

v 3 Ao ] A ' 1 A Al Ay = fl
IGEY ﬁ]glﬂuﬂﬂ']ﬂu@llj GlUﬂimﬂiJﬂig%'lﬂiiJ'lﬂﬂj'l 2 ﬂquﬁi@uﬁ\iﬂﬁa\iﬂ'ﬁﬁﬂ‘ﬂ']ll']ﬂﬂ'n 2

#9 AnuuanaTznINnguazgnia lugilvesdrubeuuuasgrunieanuuislsiu &

JRpE o~ A @ ~ v oA o w
u%uﬂﬁﬂﬂ“ﬂa‘(’J"U’f]\?ﬂj'liﬂlﬂiwu (Mean squeres) Iﬂﬂﬂﬂ'J']gJllﬂiwulﬂﬂ%']ﬂwaijllﬂ’]a\iﬁaq

—9

[ 1 ] ] ] [ A a 4 =K g
VOIANUUANANTZHINAAAZANVDIANRTY N15AATIzHANNLYTY5U FuTluns
= 1 1 1 (% 1 1 dd‘ = 1
nSeumsuanuuanalesenIenguiuanuuanalmelungulunsaindsemnsininnii 2
nguludnyuzaosnnuulsdu Taefiteu lvndeyan ldvinnguilszansnihuimadeu
[ 9
ANUUANANYBIA NN AT DYAVRILABL NN dzAoIlMsHnuIIUDLNAMITY M5 AATIZH
o a 4
Aanunlslsiu Swuneenld 2 Uszian Ae MaTzHANNLlsUsIUNIURET (One-way

ANOVA) 1agm3inizinnu)sisivasanie (Two-way ANOVA)



43

v J

a J 2 I ax A a J o
15351 ANl U5 n1aRed 1WuITNITNAa e UIND AT IEHANTN TN T

1 @ a A % 9 = [ @ ~ v A d‘w a A %
szriealsdaszrsealsauaiaeInua il sauiean@ed Tasiaulsoaszvsond

Y A o 3 o a L. . A o < o oA
wlsauoralanyauzudullsBanun I (Qualitative variable) N 1MUNDONYUTLAVHI

1 1 @ [ I Y a =y 4
Useanai q dauandsmuerslanvasiuaiud 513915 u1a (Quantitative variable) LD

= [ o 4 @ a A (3 9 1 1 [ [ @
Anu1nnudunuUTueIdlsdaserIoaulsduiasdanang1a lsnuaulsaiy ary

a A o Y v A A
ﬁnymgmmmwu@"b ataasluasnen 2.2 1agduN1IN 2.9-2.13

M13199 2.2 1AM IATIEHANNLTUTIUMARYT (One-way ANOVA)

Source of Degree of
Sum of Squares Mean Square F,
Variation Freedom
MS
Treatments S STreatmems a-l MSTreatmems —Treatments
MSg
Error SS, a(n-1) MS,
Total SS, an-1
a n 2 J’-?
SS; =i=1 Zj:lyij [ (2.9)
2 2
a ¥i ¥
SSTreatments = l = 1 n N (2 10)
SSE = SST - SSTreatments (21 1)
SSTreatments
MSTreatmems = a— 1 (2 12)
MS Sl (2.13)
: “a(n-1) ‘
11® a The level of a single factor. (Treatment)

n : Sample size

y : Observed data



44

a J I~ as d' a J [ I 4
15 1A512HANLY 55 UaeIN19 B UITATNATO LN UATILHANUTUNUT
[ @ a A o 9 A J A o v o o ~ v

sz lsoaserIonmlsauniuaaneaoeiulu 2 anuaulsauiisanned lae
A o A A o 9 Ao A A o 3 o A 1
naulseasensedilsauelalanyasFanun NN ussAUNI0lsTINNA1N 9
[ @ =y a =Y A = [ Y4 @ a A @ 9 1
arualseudanyasFadsuna e any 1A NNT NN UTVoIR s aTEHIBA M TAUI
[ 1 [} [} d' a 4
aawaned lanudlsarn Tasnn1sdnsizianuulsdsiuaoania Uena1NILAINIT0
= o 2 ¥ o Y o = Y= \ . '
Anywavoandlsnsaod lunwdeuduuda daausodnu 1a09WasIN (Interaction) 32 MI4
% 3‘; o 1 @ a A % Y % é 1 1 o a
ausniaeend NauseasersenudsauaImile wenvnvsdenala q aeaaullsoase

A o =S (3 & A 1
Wﬁﬂﬁﬂuﬂﬁﬂ1wﬂﬂﬂﬁﬁuﬂﬁiﬂqw



=
unn 3

IEMIAUHUNUIDY

3.1 pani

[

Aa o dyd L = [
NuITslNTagUszad lunsAnyImansznuveInIzUIUMIUT Ul yenunin
< Y < ) Y 1 1 [ 4 a [
MANNAALIMANNAINTUAIINTLUIUNITTINTEH I avod luasiefauazuna
4 a 1 va Aa 9 S a < Y [ Y =
a5y 1539 apaui@Fana Tnsead1auazanundaiIveuHanna Az Mannaney a9
3 a 9 (94 0o A w 9 [ o Aa 4 a
NTZUIUNMTYULIIRIReunaTun15911398 Tdun aoda luasieds, a3y lsde nas
4 a 3 a 1 dya ¥ A o A I Y i!ddy
a3 1o luanefenszuaumsyuudesiavariidon 1 fime s vl jsauiaveunannar 1daau
lumngadmnssy uaagnszurumsivenaranull msdnyimansznuvesmsuIumsim
o T =g 70 ¥ 2 Aa oA Y ¥ wa
asnanduiuuuamelumsdszgndldnszuaumsguuiantiogme1d lagueauialuns
< 5 Y Y < v 7 5 v A YY a o
FUUIUNANNAIA 9 NuranndInsueutazimanndwey o Iidnanawisoily
wonld iz ansudnyasmathwansus 111400 11
= Y s < Y Aq Y Y 1 3 Y
manndsueutazmannanaun l¥lunisnaasalaun tmanndnsa AISI 1010,
] Y 3 1 A 1 < 9 4 R A
1020, 1040, 4140 1az 4340 Tasuseon lailungy q Ao nquinanndiAsueudlilsua
s T o A ! VoA A 3 ) 2 A A
MIVDUUANANNY AD AISI 1010, 1020 1A 1040 AIUNgUAFDIADMANNAIWANTINUT NI
S 1w 12 ] v A A Y & X
MININY LATUTINUTIHANAINY A AIST 1040, 4140 1Ay 4340 1o IiiudInanszn
A o [ ~ = 4 A = 9 1
WeinsdsulasuifSunamsveunsedsmasignanlunseugualonszuIumsio
1 3 4 a (2 4 a ~ 1Y) g a v
521 unaaea luasedsuazunaniy lsde TaaSeueununssuauguudsiiagg
(4] 4 [ a 4 a 4 a
ufaou q 1aun seud luasiede, miylsda uaz i Toluasiods
9 E 1]
nnduimIeenuuDLazes suFunadeuelSulseguautiadalemsoulnduay
o a a <3 1 o ay % ] g a an [
WanuazeIaiadlonsouiia Tane neuaziiFua10619 lyuniasnidae35n15ane 9
Y 1 [ 4 a [ I'4 a 9] I'4 a
1&un unawond luasiens unaniiylssde unaarsTuluasieds uaznszurIumsman
1 (2 o a o (24 4 a g’; o va a 9 1
szraunayea luaseasnunnaniiylsde snduwihmsnageuguaviadina laun
9 v
MINAFOULUITIAALNTNATOLANULIIA IMITUATIZH 1T NI TUNAGOUNHIUNG
' Y

[ a d' o a 4 a Aa XK 1
UYVUASTNIWAUTIUINGY L‘W’O‘Lﬂllﬂ’fllﬂﬁzﬁWaﬂi%’,ﬂﬁﬂlﬂﬂﬂlu%iﬂﬂﬁ‘ﬂﬂa’ﬂﬁ@’t’)]lﬂ Tag

UAUAINIAIHUAIULEAIAN3 1N 3.1



46

2 2 ) < v & A
ﬂlugﬂ%u‘ﬂﬂﬁ@ﬂﬂ?ﬂlﬁﬁﬂﬂﬁ’]ﬂq 5 BUR

) o 3 A
ﬁWﬁﬁUﬂWﬁﬂﬂﬁﬂ’ULLﬁQﬁQLLﬁ%ﬂ?WNLWQN')

v

J

N
aulndAmodiulseTnseadgamanaziina

a 9 a
ﬁzm@mmamsmmﬂawx

A4

@
UNTEAN 9

\ 4

Yy
MyuUNAaoU ﬂi’)%ﬁ@“ﬂiﬂiﬁﬁ%ﬁ aUTIUING

ﬂﬂﬁ@ﬂﬂ’ﬂmtéﬁﬂlmzﬂﬂﬁﬂﬂ!,Li\iaﬂ

\ 4

] v Y
’Jlﬂ3131’%’91’61ﬂﬁWﬂﬁ@ﬂlﬁ@ﬁWWﬁﬂigﬂﬂﬁLﬂﬂ%u

1 4 <3 Y
ﬂ'f)ﬂ%il’]ﬂ!ﬂ’]ﬁﬂ@ullagﬁwﬂWﬁuiulﬁaﬂﬂaw

~\
Y
[ am‘m%umﬁ@uﬁ'aﬂﬂizmumscgmﬁamﬁ'aﬂ

v 9
gﬂﬁ 3.1 LlﬁﬂQLLNUNQ%U@@UT\W?@THHUQTH'JZIJEJ

Gl aw < % d < %
3.2 NMICFYNTUNATGDULVIaNNAIATII VD ULASIHIaNNATINAN

[y & b4 d [ b4

3.2.1 'Jﬁﬁ]!‘I"iﬂﬂﬂﬁ'lﬂ'liﬂﬂ‘l!!!ﬂ%!‘I"lﬁﬂﬂﬁ'lwﬁu
~ L  qgvo < v s < v
{luﬂTﬁLﬁiﬂN%uﬂﬂﬁ@Uuuiﬂf’JﬁﬂLﬁaﬂﬂ%ﬂﬂ?ﬁ‘U@ullﬁglﬁaﬂﬂaTWﬁNQTN
L g 1y 3
UINTFIUVDI AISI (American Iron and Steel Intitude) é]?ﬂL‘]JHJJ”IGl'iﬂTLlGU@QﬁﬂﬁJumaﬂﬂJ@Q
o a A ] I I 1 A
aNIIBNIN (m1319Nn 3.1) Iﬂﬂllﬂﬂlﬁﬁﬂ@@ﬂlﬂu 2 NN D
1 < kY 4 o A (A I'd 1 % A

- ﬂ@ﬂlﬁaﬂﬂﬁTﬂTi‘]Jf‘JLl"]NllﬂiﬂﬂﬂlﬂTi‘U@uuﬁﬂ@TQﬂu e AISI 1010, 1020

a A ¢ °o < P v Az < v
ag 1040 Iﬂﬂll‘].]ﬁ?ﬂmﬂ"lﬁ‘ﬂ@u 0.1%, 0.2% 1ag 0.4% fuaInl maﬂﬂmmmmﬂumaﬂﬂm
A 14 1 o Y I 2 A = A a dg! 4 2
wmmmmauwﬁmgmuwaﬂ Glﬂfl‘]Ju%u‘ﬂﬂﬁﬂ‘]JLWﬂﬁﬂETWﬁﬂigﬂﬁﬂlﬂﬂﬂlum@%u‘ﬂﬂﬁﬂ‘ﬂ
=\ 4 1 @
Nﬂ%ll']ﬂ!‘ﬁ']i{]ﬂ'ﬁﬂﬂuﬁ'l\?ﬂu

1 oA A <3 Y 2 A A S 1w A
- ﬁQUﬂQMﬂﬁﬂﬂﬂﬂlﬁﬁﬂﬂﬁWWﬁiJclf\nJﬂiiJWmﬂ'ﬁwnﬂu Llﬁﬂﬂiﬂ1ﬂ!ﬁ1ﬂﬂﬁﬂ



47

' v A = <] v Ao 4 ' v A
ANNU A8 AISI 1040, 4140 tiag 4340 FaranraIiuUssuanIsuoum 9 nufelszuu

S o

~ A ' = = a I
0.4% uazis1gnauiusislunisouyy Tag AISI 4140 U519 lastevuaz luauanuiu
@ ' = 9 A @ A = A Ao
FIQNANKAN U AISI 4340 U gmanInaifeany AISI 4140 Ao Insilion uay INAUANUNAY
[ 1 = aa J v 9 2 A 9 A A I <3 Y 1 dy
¢ 1Az UTINNA UTIgNAUNANAE FIUUNUIMAMALRUTVTAY VUL tHanNduraIl
v £ A = 4aa £ A2 ~ v Aa Y
liluzunagoumefnyIHANTENUNNATUNOFUNATOUUTIAHANRANNLUNLINAIUNS

s A X
PYULUIANNUU

1 ' 3 4 <
ﬂTﬁN‘ﬁ 3.1 memuwem‘mqmﬁmmmaﬂﬂﬁﬁmﬁuauuazmaﬂﬂé’mﬁu (%wt, Balance Fe)

Materials C Si Mn P S Cu Ni Cr Mo \% Al Fe

AISI1010 |0.12180.2009|0.4305|0.0140 | 0.0080|0.0661|0.0291|0.0527 [ 0.0041|0.0009 | 0.0054 | Bal.

AISI1020 |0.22410.1952(0.4694|0.0149|0.0098|0.2046 | 0.0564 | 0.0856 [ 0.0085|0.0013 [ 0.0053 | Bal.

AISI1040 |0.4198|0.2112]0.6344|0.0186|0.0148|0.1555[0.0658|0.0568|0.0109|0.0016 | 0.0052 | Bal.

AISI 4140 |0.39420.2186(0.6946|0.0267 [ 0.0043|0.0691 | 0.0457|0.8599 [ 0.1526|0.0075 | 0.0245 | Bal.

AISI 4340 |0.38180.2689(0.7064|0.0175[0.0340|0.1721|1.7194]0.8926(0.2618|0.0067 | 0.0146 | Bal.

3.2.2 anvazveITUMBEINaNNaMasIanNaNE Y
v
dnvazveIFUNATe AT NLI0en 18 2 UszianmudnyarMsnaaeUde
[ o a 2

- MTNAFIUANNUIILAL AMNNNTUFTIUINGT taTouTunaaoy il
o 1 I [ A = 9 1 4 a A =
anvazgliuilunsinszuenaszili 3.2 (M) VunauEIugUENa1e 12 Jaawas taziniy

a a 9 o [ 9 =2 Aa 9 A . .
ga 10 Haawas led1msunmsnadon InsaaiunanNnIAI181AT99 X-ray diffraction (XRD)
=Y 4 { A Qy Y] 3 a (2
M3A52980 YT MU INAIT VOUNHIFUNATOUNAIHIUNTZUIUNTOUYULIIR IR BN
4 . . . 3 a
#181A399 Optical emission spectrometer (OES) N15NAAOUANNUTIAI TLo2NTFURALAL
@ a ~ Qs’ 9 A J = A I Ya Qy A
anmmedagIuInet lumaessusunadeuldiaiesnnaziven e ld laRvunaaeuni
=

ANUITIY

- MINAADULTIAG 5’108qmummgm ASTM (American Society for Testing

. <3| a = Y a J o Ao
and Meterials) 11/UNIATFIUIBIAUNAMINFNNWAUINNMAATHazma lulag AMviua
= g A A 9 I ~ v @ 1 [ = Aq Y
masgusuiluniieylsuaztlunseniunuoswnIvae FNaIgIunlslunmsnadouns
ﬁﬁﬁ1ﬂ%ﬂﬁ’ﬁ@ﬂtjniaﬂgﬁﬂ ASTM ES8: Standard Test Methods for Tension Testing of Metallic
2 < 2 Y o 2 ;

Materials 1¥FUNAT0UIUIARALULTUNUNAUFINTATIUVDIFTUNATOUAIUNNIATFIU

v 9
mviua 138317 3.2 (v) A5 mandsaugil



48

D=12 mm
A=30 mm
I () \
- +
H=10%5 K t D=6.0£0.1 mm é
Y F G=24.0%0.1 mm4
R=6 mm
. U

v Y Y
gﬂﬁ 3.2 UAANUHIAAN ] YNFUNATDU (UAALNAT) N. FUNATOUNITINTEUDN

Y
ae V. %um’dauuﬂﬁmuman

3.2.3 msovilnArunaaoy

Y A o

@ <3 o & g ] a <]
FaquiannarmhunlFlumsisunadeuiin Tdiunszuiumsnaamannd
Y ad 1 ] =3 dgl = ' ' 9 Qy 2’,
AIBNTTUITAN ) 15U 1153ATUFY Fadanane InTIa3199an1AVEIFUNATOUNIAIY
[ Y Y v
AN UAVOHAZANUHOIUYOUNTY UONIINHMSTUFUTUNATODAIBNTTUITNIING 19U N5
Y H
Aa MInA NM3nNae SeeadewaliFunadeumaAnUATIAANA1INHY SIUDIFINAADAY
' Y 1
AN IANBUATANNNIIVVDUNTUVTIUAING1IDNA20 AaiunIToVlnatiedSuilga
Taseaieganianazivaanuaseaanniedelagniulslunisdsulsenueauiia
2 ' 0 o ¢ a 9 o A 0 v ~
Funageunouszii limsguudeiidrenna modlumsiuamnasgiuldsunaaoul

=} [

AaANLANIUDUN

913’;4',:'9} =<

2 3 o a
Gluﬂ'li'é)'ﬂﬂﬂ@]lfl"faﬂﬂﬁTNH?N‘VW]'E’Nﬂ'lﬁ\?ﬂ\?sluﬂ'li'é)ﬂ"ljﬂﬁ@ pavigulas

v

szozinarlumseuyy msevinauudesounguuglmilordu A, Uszura 30-50 096
= g’/ dyé’ [ 4 ~ 1 Qy 1 9 =
waFea NItvuednuUSNuTIgMUeuneglurunadey diuszezna lumseuyuApIl
' A 2 I 14 y
nauiiganenemsasu Inssadsyunaseuliiueeamulug (Austenitizing) Haviua Iag
v H
529217981 TuN 50 UYUIZ52NOUAIBNITEUFUI (Preheating) 1HAZ N5 UL (Holding) N
a 4 4 o g}/ =Y o gz a
gauriglosmanlud e l¥anuSeunsznenmayunumazlinnuaiuaveniiuenias
Aq v 1 Vo 2 2 A 2 9 '
uAUNa a1 s UNsINegAUVLIAYIFUIIY TuFuNUANANUIHLT 1 1 THa1e s
< ] { : { o J J (]
Uszana 1 9T naznawedilesnga 30 il Fedeuiioaneniildans ludazaroduilu
o 3}_, 1 a o Qy I~} 1 4
pomau ludgnaua uamnunmuszsi Iisuauiinnuuiwnianas iesnvuiaves

N5 IaunnNlna



49

Y

' 9 [
11NA15199 3.2 ndagungiuaznarluevilnAsunadevdsuugiein

ManndunIa AISI 1010, 1020, 1040, 4140 tlag 4340

H Y
M13197 3.2 uaasgurgiuaznal lueulnarunaceu

e 4 e ganiovilnd seeznmeuUlng
suadagquiannal | Uszanyunadou . .
(DIA ALY YT) (HIMN)
FUNAFOLAINLU 930 60
AISI 1010 Y -
FUNATOULTIAY 930 45
FUNAFOLAINU 930 60
AISI 1020 5 y
FUNATOULTIA 930 45
Y
FUNAFOLAINLY 870 60
AISI 1040 5 -
FUNATOULITIAL 870 45
Y
FUNATOLAIINUY 870 60
AISI 4140 5 E
FUNATOULTIAL 870 45
FUNAFOLANNLUA 870 60
AISI 4340 5 3
FUNATOULTIAL 870 45

U [ a Y <
3.2.4 MIsnwihanuazearInlatinlane

[l o a Qy { a ] < 3’,
mswummmazmﬂmwumﬁauﬁmumsauﬂﬂmﬁ'wmswmmiaﬁzuu

[

A o Aq ¥ | o Yy 3 A o u A o = ¥
ﬂ’]ﬁlﬁ@ﬂ'Jﬁﬂﬂﬂl%ﬂluﬂ’]3WuV]']ﬂ'J’]llff$i’)']ﬂllll1]LlﬁQlﬂuﬁ\‘]ﬁ']ﬂﬂluﬂﬂ'liﬂ']uﬁﬂﬁcﬂﬁ

'
Aa A

Y v
UYUIA gﬂi”lx‘] swamﬁﬂﬂﬁummﬁ’mmiﬁmmswu Hag NITUIUNITAN 9] NMIZAWUINEIIN

9 [} a

"o < = ) v < < <
AITNUNIANNALDIALTIILLAD ﬁ@muﬂu%mmsmwﬂ"lmﬂu NIANAN, LUALKAN, NIY,
Y 1 A A & I J ' kY I v o W
U0 UAE FITWUYUADUC B3 AITULLUN, VU9, qﬁj‘ﬂiN UASAINUHUIIUY ﬁ?ﬂlﬂﬂﬂ‘ﬂ‘ﬂﬂﬁ?ﬂfy‘

4 ] o @ 3’, 3’, [ ]
ﬂluﬂTSLZdﬂ@ﬂﬁiiﬂﬁ?iWHﬁTﬁiU\ﬂuuuﬂ HUONITINUU ﬂ'igll’JUﬂTiﬂﬂLﬁﬂﬂﬁ?ﬁWUﬂﬁ]ﬁ}ﬂﬂ
A £ A "y oA g v A g < = <
NATTUIVIINVFUITUNITWNUAIY mswumﬂuiam MﬂNEﬂiNﬁJu LiJﬂIﬁ‘H%L‘HﬁfJiJ Lllﬂiﬁ‘ﬁ%

Y
NAY LA LauamTam
4 . a o o a 1 o
%uﬂﬂﬁ@UﬁNTHﬂTiﬂﬂﬂﬂ@ﬁ]%QﬂHTNTWTﬂ’NNZ‘T%@TﬂN?TﬂﬂﬂTiWH‘ﬂ"lﬂ]"lll
vy ] d‘ a a ) o a 2 =
qaLo1A @’JEIDJ@’IIGW%!WQEJN"UU1@ 0.3 Uaaluag Gl“]fl’)ﬁ1sluﬂ1i1/]1?1’31%?(3@1@04’3%1!\111! 60 UIN
Y A a d . . ' =2 d A Y
A01A309810A Tane (Shot Blasting Machine) GROWELL 31 GW-10 Gailia Tavzvaen ain

@

Y s 3 Ao I A A o @ o 9
1szneunie Iﬁﬂg%urﬁﬂ‘ﬂﬂ ﬂ‘Hﬂ‘l%lﬂu&ﬁﬁUi]llﬂallﬂi]i]ﬁﬂflﬂ'lwﬁlUﬂ'ﬁ@]@gﬂ I@U‘Vl’:]ul,ﬂllﬁi]



50

]
v

< A o g < < oA = Y A < (=
mﬂa‘mmaﬂu DINIVUIN LUAUIUANHADNATIUNITUADSIDYANUAD NIBDLIVIaNADN

[ Aa Y o [ a 1 < ¥y =X o v a3 2L <
ﬁ’;uﬂizﬂ’ﬁmfﬂfammuazmumia@qmwgm&ma’smi’mma’J Gmmmiﬂmﬂmﬂmmmﬂﬂll

=
X
Y
A
S Aa Y (24
33 ﬂﬁzU’mmi‘gm!mNm:‘lmma
Qy o o a o 1 3 Aa
FunageuNHIUNMTINANNTZ01AAAD 32NIINIHIUNTZVIUMTYUUTIRIA Y
o g
UN® (Gas surface hardening method) YNHUA 5 ATZUIUMTAD
[ a
1) Llﬂﬁ%ﬂﬂﬁﬂu@iwm (Gas Soft-nitriding; SN)
[+ 4 a
2) unam31y15%9 (Gas Carburizing; CB)
(2 4 a T
3) unans 1uluasiens (Gas Carbonitriding; CN)
[ 1 4 4 a [ [
HALNTTUIUNITIIY (Combined processes) 5eHINUNA¥OUA lUATI9AIADUA A
4 a A A
M3 158990 2 nszuIUMIA0
1 1 (4] o a [ Y 14 a A
4) NITUIUMTTINIEHIIUNTYONA IUAT 18890 UUNTA15Y 1559 (SN+CB 130
. A Qy 1 S a 9 (2 4 a v g}/ o Qy
Combined 1) 19 FUNATDUILHIUMTFULAIIHIABUNTTONA TUATIsAINOU D1NUMITY
S a 9 (2 4 a A g’/
nagouguLIIEITenTSY 15F9BnATY
1 1 [ 4 a [ Y o a A
5) nszvaumsTawsznIaunam sy lsgenuundsond luas1989 (CB+SN 130
. A 2 ] IS a 9 (%) 4 a 1 g}/ o 2
Combined 2) 19 FUNAADVIZHIUNMSYULTIRIABUNAA5Y 15Fenou MnTuhunadou
S a 9 (94 a A g’/
gundsidsunaweild luaswaednads
S a 9 (9 I a A ya = < d?
NILUIUMIFUUIIAIAIBUN T UM TANTIANAUIND THRINANUITINT VY 21150
o Y A < (4] da! [ [+ I an A
ldnareaniug Ao ¥ouuds vounad azuna YuegnuANNHIZAY LUDUN ST UATN
a LY L o Aa [ 9 2 a £
HenlFlumagaamnisy deodszudanarlunisyuindald lumsyuuidsiFunaaou
o sa & o A o ¥ A P
TdunaeuTamesiadluunai ldannsuanda (Clacking) veuvamaslalasaiven (CH,)
o o PN 4 o < ' °
lannuna Tdsmu (c,Hy) Tumsvinljisenie1d Idmiveunouosn lae (co) nouri 114
[ 9
Twien Tasmainlgnseveslismunueinmangangil 40 esrisated Aail
2C,H, +3(0, + 4N,) > 6CO + 8H, + 12N,
U = 9 9y & = o Aann @ 9y
dausig luTasuaelaanmsldunduen Tuils (NH,) lumshilgnsenzuanda1d
4 a 9 A oy ¥ < a &
TuTasnu ™) luan Tassransdeudud lihie 14 laanunidussvosdiisunaaou
2 a AAq Y A I
N3zUIUMIYUUIIEIN s lunsnaassuaasluglin 3.3 Tas (n) naaanssurumsund
4 a (4] 4 a 4]
yord luas1eae (v) uaaanszuaunIsunan1iy 5B (a) uaaanszuIumIsund
M3 10 luas1eag
2 A Aq Y 4 Y a v 2 A Aq I
NTEVIUMIRUUTIAIN TF UM INAaBININLADIBINIINTEY AN SYUUIIHIN 1511

a o 4 o w A < o
V3N IneTanumes Tu $1na Tasrdenainszeznarlumsgundalszana 3-4 311u9



51

570 °C
Soft-nitriding
3 hr.
NH,
Rx gas:NH, Oil quenching
10:10 m/hr 100 °C (30 min)
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1 1 [ 14 {1
M3 1.1 UAAINA One-way ANOVA: Surface hardness Tunguinannaiaisueuisu

S a 9 (9 4 a
ﬂ15‘lj'1JlL61NW'Jﬂ?ﬂl!ﬂﬁﬂ'ﬁuqiqﬁ

One-way ANOVA: Carbon-CB versus Sample type

Source DF SS MS F P
Sample type 2 2503 1251 2.55 0.120
Error 12 5895 491
Total 14 8398

S=22.16 R-Sq=29.80% R-Sq(adj)=18.11%

1 1 <] 14 {1
M35190 N2 LEAAINA One-way ANOVA: Surface hardness TUnguInannd1n13uouipIu

1 1 24 a o ] 4 a
ﬂﬁ%’U'J“L!ﬂ'l'i3'311381’7'JNLLﬂ?f“])”E)T‘l@ﬂu‘lﬂﬁﬂﬂﬂﬂllﬂﬁﬂWiﬂul’lﬁglﬁ

One-way ANOVA: Carbon-SN+CB versus Sample type

Source DF SS MS F P
Sample type 2 1700 850 1.33 0.302
Error 12 7685 640
Total 14 9384

S=2531 R-Sq=18.11% R-Sq(adj) = 4.46%

= ' < J A
A1TNN N3 UTAIND One-way ANOVA: Surface hardness Gluﬂqmwaﬂﬂéﬁmimuwmu

S a 9 44 o a
miﬂgmmdmmmmﬁmﬂn”lu"lmm

One-way ANOVA: Carbon-CN versus Sample type

Source DF SS MS F P
Sample type 2 746 373 0.90 0.432
Error 12 4972 414
Total 14 5718

S=20.35 R-Sq=13.05% R-Sq(adj)=0.00%
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{ 1 [ {1
M3 N4 UAAIND One-way ANOVA: Surface hardness TUnguInannaHauinIu

S a 9 (9 4 a
ﬂ15‘lf1JlL61NW'Jﬂ']fll!ﬂﬁﬂ'liialhliclﬁ

One-way ANOVA: Alloy-CB versus Sample type
Source DF SS MS F P
Sample type 2 18368 9184 9.57 0.003
Error 12 11518 960
Total 14 29886
S=30.98 R-Sq=61.46% R-Sq(adj)=55.04%
13197 1.5 UEIAIHA One-way ANOVA: Surface hardness Tunguimannénauiirg
AszuauMITwszi s ayend lulasasnuunaasy lsd
One-way ANOVA: Alloy-SN+CB versus Sample type
Source DF SS MS F P
Sample type 2 3977 1989 1.40 0.285
Error 12 17100 1425
Total 14 21078
S=37.75 R-Sq=18.87% R-Sq(adj) = 5.35%
131971 1.6 11EIAIHA One-way ANOVA: Surface hardness Tunguimannd mnaniiry
msyundamidsunaas 1ululasae
One-way ANOVA: Alloy-CN versus Sample type
Source DF SS MS F P
Sample type 2 72196 36098 72.28 0.000
Error 12 5993 499
Total 14 78189
S=2235 R-Sq=92.33% R-Sq(adj) = 91.06%
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§ 1 <3 14 1
M15190 1.7 LEAAIHD One-way ANOVA: Total case depth TUnguInanna1n1iuounpIu

S a 9 (9 4 a
ﬂ15‘lf1JlL61NW'Jﬂ']fll!ﬂﬁﬂ'liialhliclﬁ

One-way ANOVA: Carbon-CB versus Sample type

Source DF SS MS F P
Sample type 2 0.1526 0.0763 5.05 0.034
Error 9 0.1359 0.0151
Total 11 0.2884

S=0.1229 R-Sq=52.89% R-Sq(adj)=42.42%

{ 1 < 14 Y
M1351990 N.8  LEAAIND One-way ANOVA: Total case depth TUnguInanna1n13uounpIu

1 1 24 a o ] 4 a
ﬂﬁ%’UTL!ﬂ'l'i3'311381’7'JNLLﬂﬁ“])”E)T‘l@ﬂu‘lﬂﬁﬂﬂﬂﬂllﬂﬁﬂWiﬂul’lﬁglﬁ

One-way ANOVA: Carbon-SN+CB versus Sample type

Source DF SS MS F P
Sample type 2 0.15558 0.07779 26.02 0.000
Error 9 0.02691 0.00299
Total 11 0.18249

S =0.05468 R-Sq=85.25% R-Sq(adj)=81.98%

A 1 < 14 A
ATNN N9 UFAAIND One-way ANOVA: Total case depth Gluﬂijﬂlﬂaﬂﬂt%ﬂ'liﬂ@uﬂﬂ1u

S a 9 44 4 a
miﬂfummmﬂ’wuﬂﬁmﬂiﬂuulmm

One-way ANOVA: Carbon-CN versus Sample type

Source DF SS MS F P
Sample type 2 0.05470 0.02735 6.60 0.017
Error 9 0.03727 0.00414
Total 11 0.09197

S=10.06435 R-Sq=159.47% R-Sq(adj)=50.47%




13199 1.10 UAAIHA One-way ANOVA: Total case depth Tungumanndwauiiru

S a 9 (9 4 a
ﬂ15‘lj'1JlL61NW'Jﬂ?ﬂl!ﬂﬁﬂ'ﬁuqiqﬁ
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One-way ANOVA: Alloy-CB versus Sample type

Source DF SS MS F P
Sample type 2 0.06295 0.03148 4.74 0.039
Error 9 0.05972 0.00664
Total 11 0.12267
S=0.08146 R-Sq=51.32% R-Sq(adj) = 40.50%

A15199 N.11 LAAIHA One-way ANOVA: Total case depth “lumjmwﬁﬂﬂé’mﬁuﬁphu
AszuauMITwszi s ayend lulasasnuunaasy lsd

One-way ANOVA: Alloy-SN+CB versus Sample type

Source DF SS MS F P
Sample type 2 0.01872 | 0.00936 1.97 0.195
Error 9 0.04267 0.00474
Total 11 0.06139
S=0.06885 R-Sq=30.49% R-Sq(adj) = 15.04%

15197 1.12 WEAIHA One-way ANOVA: Total case depth GluﬂijiJmSﬂﬂéHNﬁﬂJﬁPhu
msyundamidsunaas 1ululasa

One-way ANOVA: Alloy-CN versus Sample type

Source DF SS MS F P
Sample type 2 0.26473 0.13236 16.65 0.001
Error 9 0.07156 0.00795
Total 11 0.33628

S=0.08917 R-Sq=78.72% R-Sq(adj)=73.99%
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§ 1 < {1
A13799 N.13 LEAAINA One-way ANOVA: White layer thickness Tunguimanndiaiuouiiriu

3 A [ a
m3yuudsiameunasod lulasas

One-way ANOVA: Carbon-SN versus Sample type

Source DF SS MS F P
Sample type 2 0.13 0.07 0.05 0.955
Error 12 17.20 1.43
Total 14 17.33

S=1.197 R-Sq=0.77% R-Sq(adj) = 0.00%

1 1 < o
A15°99 N.14 LEAAINA One-way ANOVA: White layer thickness Tunguimanndinsuouiriu

1 J 24 14 A o 4] a
ﬂﬁ%’UTL!ﬂ'l'i3'311381’7'JNLLﬂ?fﬂWﬁJflﬁ“]f\iﬂ‘ULLﬂﬁ“]ff]’V\lﬁﬂlullﬁiﬂﬂ

One-way ANOVA: Carbon-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 0.93 0.47 0.12 0.891
Error 12 48.00 4.00
Total 14 48.93

S=2 R-Sq=1.91% R-Sq(adj)=0.00%

A13197 .15 AAIHA One-way ANOVA: White layer thickness Tungumanndinauiiniu

3 A 24 a
m3yuudsiameunasod lulasas

One-way ANOVA: Alloy-SN versus Sample type

Source DF SS MS F P
Sample type 2 504.40 252.2 157.63 0.000
Error 12 19.20 1.60
Total 14 523.60

S=1.265 R-Sq=96.33% R-Sq(adj)=95.72%




19197 .16 LLAAINA One-way ANOVA: White layer thickness Tunguinanndwadisu

1 1 24 14 a o [ a
nszuauMsswsziananiy lsdatuunaverld u'lasas

96

One-way ANOVA: Alloy-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 141.73 70.87 27.26 0.000
Error 12 31.20 2.60
Total 14 172.93

S=1.612 R-Sq=81.96% R-Sq(adj) = 78.95%

{ ' < s
A5 90N N.17 LaAINa One-way ANOVA: Ultimate tensile strength “lumjumaﬂﬂéﬁmimu

A S a Y [+ 14 Aa
1/]WWHﬂWi“Q"ULL‘UQW’Jﬂ’)ﬂllﬂﬁﬂWiD‘.Ulﬁ“]N

One-way ANOVA: Carbon-CB versus Sample type

Source DF SS MS F P
Sample type 2 14596 7298 23.49 0.000
Error 9 2797 311
Total 11 17392

S=17.63 R-Sq=183.92% R-Sq(adj) = 80.35%

A 1 < 7
A1719N N.18 UEAIND One-way ANOVA: Ultimate tensile strength Gluﬂqmwaﬂﬂéﬁmimu

A 3 a 9 (24 4 a
1/]W'luﬂ'li"ljﬂl,!fllﬁW'Jﬂ')flllﬂﬁﬂ'liiﬂlluhl@‘iﬂﬂ

One-way ANOVA: Carbon-CN versus Sample type

Source DF SS MS F P
Sample type 2 3421.2 1710.6 21.37 0.000
Error 9 720.6 80.1
Total 11 4141.8

S=8.948 R-Sq=82.60% R-Sq(adj)=78.74%




1 1 <3 14
A15199 .19 LAAINA One-way ANOVA: Ultimate tensile strength lungumannainiueu

A 1 1 (24 a o %) 4 a
‘V]NTLlﬂiziJ’Juﬂﬁi’Jlliz‘ﬂ’JNLLﬂﬁ“]ﬁ]V\l@ﬂullﬁiﬂﬂﬂﬂllﬂﬁﬂﬁyulicﬁﬂ
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One-way ANOVA: Carbon-SN+CB versus Sample type

Source DF SS MS F P
Sample type 2 59045 29523 152.03 0.000
Error 9 1748 194
Total 11 60793

S=13.94 R-Sq=97.13% R-Sq(adj) = 96.49%

{ ' < 4
A15197 N.20 LEAIKA One-way ANOVA: Ultimate tensile strength “lunaqumamﬁwmmau

{1 I A 4] a
rumsyuudsidounaend lulasaa

One-way ANOVA: Carbon-SN versus Sample type

Source DF SS MS F P
Sample type 2 18627 9314 43.49 0.000
Error 9 1928 214
Total 11 20555

S=14.63 R-Sq=90.62% R-Sq(adj) = 88.54%

A 1 < 7
A1T19N N.21 UEAIND One-way ANOVA: Ultimate tensile strength Gluﬂqmwaﬂﬂéﬁmimu

A 1 J 4] 14 a o 4] a
‘VIW'luﬂigﬂ'luﬂ'lii'llli$1"f’)'l\1llﬂﬁﬂ1§uhli“li\‘iﬂﬂ!;l;ﬂﬁ%'f)ﬂﬁﬂ‘uhl@‘iﬂﬁ

One-way ANOVA: Carbon-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 16800.6 8400.3 149.29 0.000
Error 9 506.4 56.3
Total 11 17307.0

S=7.501 R-Sq=97.07% R-Sq(adj) = 96.42%
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§ 1 < {1
M15199 N.22 UAAINA One-way ANOVA: Ultimate tensile strength Tungumanndwauiisiu

S a 9 (9 4 a
ﬂ15‘lf1JlL61NW'Jﬂ']fll!ﬂﬁﬂ'liialhliclﬁ

One-way ANOVA: Alloy-CB versus Sample type

Source DF SS MS F P
Sample type 2 27009 13505 45.83 0.000
Error 9 2652 295
Total 11 29661

S=17.17 R-Sq=91.06% R-Sq(adj)=89.07%

1 1 < {
M15199 1.23 LEAAINA One-way ANOVA: Ultimate tensile strength lungumannanauiisu

3 a 9 (94 14 a
mwmmmm&uﬂﬁmﬂﬂu%ﬁm

One-way ANOVA: Alloy-CN versus Sample type

Source DF SS MS F P
Sample type 2 62145 31073 34.84 0.000
Error 9 8026 892
Total 11 70171

S=29.86 R-Sq=88.56% R-Sq(adj) = 86.02%

A 1 < A
A1T19N N.24 LN One-way ANOVA: Ultimate tensile strength Gluﬂqmwaﬂﬂéjmﬁuﬂmu

U J [2J a o %) 14 a
ﬂ§$l|'3uﬂ'ﬁ5'33J5$W'J’l\?l,l,ﬂﬁ“]f'f)w%ﬂluhlﬁiﬂﬁﬂﬂllﬂﬁﬂ'ﬁﬂuuliclﬁ

One-way ANOVA: Alloy-SN+CB versus Sample type

Source DF SS MS F P
Sample type 2 498.6 249.3 4.02 0.057
Error 9 558.5 62.1
Total 11 1057.1

S=7.878 R-Sq=47.17% R-Sq(adj) = 35.43%
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§ 1 I {1
A15199 N.25 LAAINA One-way ANOVA: Ultimate tensile strength lunguimannanauipu
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One-way ANOVA: Alloy-SN versus Sample type

Source DF SS MS F P
Sample type 2 60964.7 30482.4 680.80 0.000
Error 9 403.0 44.8
Total 11 61367.7

S=6.691 R-Sq=99.34% R-Sq(adj)=99.20%

1 1 < {1
A15199 1.26 AAINA One-way ANOVA: Ultimate tensile strength lungumannanauiisu

1 1 24 14 A o 4] a
ﬂﬁ%’UTL!ﬂ'l'i3'311381’7'JNLLﬂ?fﬂWﬁJflﬁ“]f\iﬂ‘ULLﬂﬁ“]ff]’V\lﬁﬂlublﬁﬁﬂﬂ

One-way ANOVA: Alloy-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 18170.0 9085.0 148.42 0.000
Error 9 550.9 61.2
Total 11 18720.9

S=7.824 R-Sq=97.06% R-Sq(adj)=96.40%

A 1 < 4 A
ANTNN N.27 LAAINA One-way ANOVA: Yield strength Gluﬂijﬂlﬂaﬂﬂt%ﬂ'liﬂ@uﬂﬂ1u

3 A 24 a
m3yuudsiameunasod lulasas

One-way ANOVA: Carbon-SN versus Sample type

Source DF SS MS F P
Sample type 2 4666.2 2333.1 91.03 0.000
Error 7 179.4 25.6
Total 9 4845.7

S=5.063 R-Sq=96.30% R-Sq(adj)=95.24%
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One-way ANOVA: Carbon-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 22141.5 11070.7 389.55 0.000
Error 9 255.8 28.4
Total 11 22397.2
S=5.331 R-Sq=98.86% R-Sq(adj) = 98.60%

A15199 1,29 11AAINA One-way ANOVA: Yield strength “lumjmwﬁﬂﬂé’mﬁuﬁphu
msyundsmdsuRasond lulasag

One-way ANOVA: Alloy-SN versus Sample type

Source DF SS MS F P
Sample type 4 118992.4 | 594962 | 992.30 0.000
Error 9 539.6 60.0
Total 11 119532.1
S=7.743 R-Sq=99.55% R-Sq(adj) = 99.45%

131971 1.30 UAAIHA One-way ANOVA: Yield strength GluﬂijiJmSﬂﬂéHNﬁﬂJﬁPhu
nszuauMITmszinaniy lsdatuunavenld lu'lasas

One-way ANOVA: Alloy-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 21572.5 10786.3 363.86 0.000
Error 9 266.8 29.6
Total 11 21839.3

S=5.445 R-Sq=98.78% R-Sq(adj)=98.51%
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§ 1 I 14 1
M15199 N.31 LAAINA One-way ANOVA: %Elongation Tunguinanndin1iuoumu
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One-way ANOVA: Carbon-CB versus Sample type

Source DF SS MS F P
Sample type 2 0.3504 0.1752 5.99 0.022
Error 9 0.2632 0.0292
Total 11 0.6136

S=0.1710 R-Sq=57.11% R-Sq(adj) = 47.58%

{ ] I 14 Y
M135199 1.32 LAAINA One-way ANOVA: %Elongation lungumannaimsueuieiu

3 a 9 (94 14 a
mwmmmmmmﬁmﬂu”lu"lmm

One-way ANOVA: Carbon-CN versus Sample type

Source DF SS MS F P
Sample type 4 039102 | 0.19551 | 28.06 0.000
Error 9 0.06271 0.00697
Total 11 0.45372
S=0.08347 R-Sq=86.18% R-Sq(adj) = 83.11%

135197 1.33 UEAIHA One-way ANOVA: %Elongation Gluﬂ’cjumﬁﬂﬂéﬁm%{mu‘ﬁMU
nszuaUMITmszinasend lulasasnuunaaisy lsd

One-way ANOVA: Carbon-SN-+CB versus Sample type

Source DF SS MS F P
Sample type 2 0.0928 0.0464 0.90 0.442
Error 9 0.4667 0.0519
Total 11 0.5596

S=0.2277 R-Sq=16.59% R-Sq(adj)=0.00%
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§ 1 < 14 1
A15199 .34 LEAAIND One-way ANOVA: %Elongation lunguinannain1iuouiru

3 A [ a
m3yuudsiameunasod lulasas

One-way ANOVA: Carbon-SN versus Sample type

Source DF SS MS F P
Sample type 2 94.655 47.327 64.21 0.000
Error 9 6.633 0.737
Total 11 101.288
S=0.8585 R-Sq=93.45% R-Sq(adj)=92.00%

15197 1.35 UAAIHA One-way ANOVA: %Elongation Gluﬂ’sjnmﬁﬂﬂé’mﬁmuﬁmu
AszuaumMITwsziasaniy lsdasuusayevld lulasas

One-way ANOVA: Carbon-CB+SN versus Sample type

Source DF SS MS F P
Sample type 4 24552 | 12276 50.82 0.000
Error 9 2.174 0.242
Total 11 26.725
S=0.4915 R-Sq=91.87% R-Sq(adj) = 90.06%

1351971 1.36 LAAINA One-way ANOVA: %Elongation Glun’cjumﬁﬂﬂéﬁwauﬁﬂhu
msyuudsiadounaniy sz

One-way ANOVA: Alloy-CB versus Sample type

Source DF SS MS F P
Sample type 2 0.5051 0.2525 15.92 0.001
Error 9 0.1428 0.0159
Total 11 0.6479

S=10.1260 R-Sq=77.96% R-Sq(adj)=73.06%
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One-way ANOVA: Alloy-CN versus Sample type

Source DF SS MS F P
Sample type 2 1.6934 0.8467 59.73 0.000
Error 9 0.1276 0.0142
Total 11 1.8210
S=0.1191 R-Sq=92.99% R-Sq(adj)=91.44%

15197 1.38 LAAIKA One-way ANOVA: %Elongation Gluﬂ’sjumﬁﬂﬂé’mﬁuﬁphu
AszuauMITwszi s ayend lulasasnuunaasy lsd

One-way ANOVA: Alloy-SN+CB versus Sample type

Source DF SS MS F P
Sample type 2 0.1004 0.0502 3.20 0.089
Error 9 0.1412 0.0157
Total 11 0.2416
S=0.1252 R-Sq=41.56% R-Sq(adj) = 28.57%

135197 1.39 UEAIHA One-way ANOVA: %Elongation Gluﬂ’cjumﬁﬂﬂéﬁwauﬁﬂhu
msyundasmdsunasona lulasag

One-way ANOVA: Alloy-SN versus Sample type

Source DF SS MS F P
Sample type 2 121,707 | 60.854 125.26 0.000
Error 9 4.372 0.486
Total 11 126.08

S=0.6970 R-Sq=96.53% R-Sq(adj)=95.76%
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One-way ANOVA: Alloy-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 0.084 0.042 0.14 0.873
Error 9 2.739 0.304
Total 11 2.823

S=0.5517 R-Sq=2.98% R-Sq(adj)=0.00%
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ABSTRACT

Gas surface hardening methods, for instance, gas
carburizing, gas carbonitriding and gas soft-nitriding are
conventional techniques that improve mechanical
properties of carbon and alloy steels. Although the
combined processes between gas soft-nitriding and gas
carburizing are reported to improve the properties similar
to gas carbonitriding. However, the understanding of the
relationship between combined processes and surface
hardness is still unclear. This study was aimed to
investigate the effect of combined processes between gas
soft-nitriding and gas carburizing on mechanical

properties of various steel e.g., AISI 1040, 4140 and 4340.

The specimen was normalized by normalizing and shot
blasting. Gas soft-nitriding, gas carburizing, gas
carbonitriding and the combined processes were
employed to treat the specimen. Microhardness and
optical microscopy were performed to characterize
structure and properties of the steel surfaces. The results
signified that the combined processes, SN+CB, improve
its properties compared to other methods especially in the
surface hardness, the smoother and lower variation of
section hardness. Moreover, the other combined process,
CB+8N, showed the same level of surface hardness with
thinner white layer thickness.

INTRODUCTION

Gas surface hardening such as gas carburizing, gas
carbonitriding and gas soft-nitriding are well-known
techniques that improve mechanical properties of carbon
and alloy steels. These methods are used because of low
cost and easy to control atmosphere in furnace. Gas
soft-nitriding method is suitable for all steels type. The
steel was heated with lower temperature than others and
white layer structure, hard and smooth, was formed on
steel surface. Gas carburizing is the method that carbon
atom was diffused into the surface with higher
temperature to improve surface hardness (Asi, 0., 2009).
Gas carbonitriding method is the method that nitrogen

and carbon atmosphere was applied at high temperature.
The nitrogen atom was believed to help carbon atom to
diffuse into steel surface easier than usual (ASM v.d4,
1987). The previous study has been reported that the
combined processes between gas soft-nitriding and gas
carburizing yielded the properties of low carbon steel
similar to gas carbonitriding with narrower variation of
hardness (Siwadamrongpong, 5., 2012). However the
understanding of the relationship between the processes
on other type of steel is still unclear. This research was
aimed to investigate the effect of combined processes
between gas soft-nitriding and gas carburizing on
properties of wvarious steel types with same carbon
content.

EXPERIMENTAL PROCEDURES

The steel graded AISI 1040, AISI 4140 and AISI
4340 were investigated. The composition was analyzed
and indicated in Table | (ASM wv.1, 2005). The raw
materials were machined into specimen shape with 12
mm diameter and 10 mm thickness for hardness testing.
The specimens were treated by normalizing process with
870 *C for 1 hour to reform microstructure and eliminate
residual stress.  The surface cleaning was carried out by
shot blasting with 0.3 mm grit type steel for 1 hour (ASM
v.5, 1987). The temperature patterns of gas surface
hardening techniques were shown in Fig 1-3. The
specimens were treated with wvarious techniques,
soft-nitriding (SN}, carburizing (CB), carbonitriding
(CN) and combined processes between soft-nitriding and
carburizing. The combined processes were done both
SN+CB and CB+SN. The 6 samples of each condition
were prepared for reproducibility. The surface hardness
and total case depth were measured by Future-Tech
FM-700 hardness tester, white layer thickness and micro
structure were determined by Nikon MM-400 optical
microscope, and surface carbon content were investigated
by ARL 3460 Metals Analyzer optical
spectrometer.

emission
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Table 1 Compositions of raw materials (wt %)

Materials c Si Mn P s Cu Ni cr Mo v Al Fe
AISI1040 | 0.4198 02112 06344 00186 00148 0.1555 00658 00568 00109 00016 00052 Bal
AISI4140 | 0.3942 02186 06946 0.0267 00043 0.0691 0.0457 08599 0.1526 0.0075 0.0245 Bal.
AIS14340 | 0.3818 02689 0.7064 00175 0.0340 0.1721 1.7194 08926 02618 0.0067 0.0146 Bal.
570°C I
Qoo 1040
Soft-nitriding 0.8000 :::g
3hr 0.7900
NH 06000
. asem
Rx gas:NH, Oil quenching kb
10:10 m'hr 100 °C (30 min) a0 ]
0.2000 N
Fig. 1 Treatment conditions of soft-nitriding method sl
apeos - - = % L
910 ‘)C Pam otNestey  Catungng  Carbontrideg hen fe B
850 °C Fi z
ig. 4 Carbon content on surfaces of specimens
Proheat Caburzing Ditusion Souakng
45 min 2 he, 30 min 45 min 30 min [ Swtuce hetress o) 1
e 94140
*e 120% —>te 050% o 84340
300
Rx gas Oil quenching 00
18 m’hr 60 °C (30 min) oo
500
Fig. 2 Treatment conditions of carburizing method -
920 °C 200
870°C 0%
o

Preheat| Carbonitndng

Rx gas:NH,
18:0.75 m*/hr

Oil quenching
60 °C (30 min)
Fig. 3 Treatment conditions of carbonitriding

method

RESULTS AND DISCUSSIONS

Figure 4 presents the carbon content on surfaces.
It was found that, the AISI 1040 seem to have less
carbon content than others except soft-nitriding. It
was implied that the diffusion of carbon atom into the
surface of AISI 1040 was lower. It could be
considered that there are the influence of alloy
content in the AISI 4140 and 4340. The surface
hardness of specimens treated by carburizing were
about 769-950 HV and by the combined process
(SN+CB) about 762-913 HV, shown in Fig. 5. It was
found that the carburizing and combined process
(SN+CB) have same level of surface hardness. It
was implied that the high nitrogen content of the
specimen (SN+CB) had no effect on surface
hardness in the carburizing process. But surface
hardness of the carbonitriding on alloy steel was less

So't nm:dn‘ (aw.mmg

White loyer {jum}
©

"

Carbonitriding  SNeCB

Fig. 5 Surface hardness of specimens

01040
w4140
"4340

Scfrnvidng

Fig. 6 White layer thickness of specimens

Tty care cepn free)

14

12

1

os

01040
Q4140
n4340

SNeCH

Carsoneidng

Carburisng

Fig. 7 Total case depth of specimens
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than plain carbon steel. Furthermore, the surface
hardness of the soft-nitriding process was slightly
more than the combined process (CB+SN) for alloy
steels (AISI 4140 and AISI 4340). It could be
considered that white layer forming of on the
specimen (CB+SN) surface was prevented by effect
of alloy composition. The white layer thickness was
shown in figure 6, it was obvious that AISI 4340
showed excellence properties to form the white layer

Hardnens (V)
1000

ce o o

2 B L % T e YR RN £
Fig. 8 Section hardness of specimens on
carburizing process

Hardress (W)
1900

s

e o

< e < o ®
% 3 v v e e R

for both soft-nitriding and combined process
(CB+SN). It might be discussed as the effect of
nickel (Ni) composition in the alloy steel (ASM v.4,
1987). The steel grade AISI 1040 and AISI 4140
showed the white layer thickness approximately 21
pm (soft-nitriding process) and 15 um (CB+SN)
respectively (Nolan, D., 2006). Considering the
influence of the combined process (CB+SN), the

white layer thickness were thinner than the

Hardeess (MV)
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o @ “4140
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650 e i T Y - i

000 3 *
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il o e © o o o, o L) ° o e - ’ Oupls jmacnp
35 3 3 5 9 9T 9 % 9N %

Fig. 9 Section hardness of specimens on

carbonitriding process

Fig. 10 Section hardness of specimens on

combined process (SN+CB)

(d) CB+SN process on AlSI 1040

(e) CB+SN process on AlS1 4140 (f) CB+SN process on AlSI 4340

Fig. 11 Microstructure picture of soft-nitriding and combined process between carburizing and soft-nitriding
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soft-nitriding specimen. It could be the effect of
high carbon content on the pre-treated by
carburizing and lead to blocking of nitrogen atom
diffusion into the surface. The total case depth was
shown on Fig. 7, the results showed that the
specimen of carbonitriding process was the highest
total case depth, especially on the steel grade AlSI
1040 and AIS1 4340. The total case depth could be
estimated from the section hardness of the
specimen shown in Fig. 8-10. On these results, it
was obvious to exhibit special advantage of the
combined process (SN+CB). Although the total
case depth of the specimen treated by combined
process (SN+CB) show lower case depth than
cabonitriding process, the hardness of the specimen
was seem to be maintained for approximately 0.3
mm from the surface without decreasing. This
effect was clearer for alloy steels. It was also found
that, the section hardness of the specimen treated
by combined process (SN+CB) was smoother and
lower variation. Figure 11 presented the
microstructure picture of white layer thickness with
magnification was 400X, It was found the white layer
on AIS| 4340 steels illustrated the highest thickness
for both the soft-nitriding and combined process
(CB+SN).

CONCLUSION

This study was aimed to investigate the effect of
combined processes between gas soft-nitriding and
gas carburizing, both SN+CB and CB+SN, on
mechanical properties of various steel types. The
specimen was normalized by normalizing and shot
blasting. Gas soft-nitriding, gas carburizing, gas
carbonitriding and the combined processes were
employed to treat the specimen. Microhardness and
optical microscopy were performed to characterize
structure and properties of the steel surfaces. From
the results, although, the total case depth of the
specimen treated by combined process (SN+CB)
show lower case depth than cabonitriding process,
the hardness of the specimen was seem to be
maintained for approximately 0.3 mm from the
surface without decreasing. This effect was clearer
for alloy steels. The results signified that the
combined processes, SN+CB, improve its properties
compared to other methods especially in the surface
hardness, the smoother and lower variation of
section hardness.

Moreover, the other combined process, CB+SN,
showed the same level of surface hardness with
thinner white layer thickness. The results considered
that white layer forming of on the specimen (CB+SN)
surface was prevented by effect of alloy composition.
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