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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, 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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MSg
Error SS, a(n-1) MS,
Total SS. an-1
2
_ya n 2 _ Y-
SST - =1Z]=1yl] N (2.9
2 2
SSTreatmems = L: 1 71 P W (210)
SSE = SST y SSTreatments (21 1)
SSTreatments
MSTreatmems = a— 1 (2 12)
SSE
MS =— 2.13
. a(n—1) (2.13)

1o a : The level of a single factor. (Treatment)
n : Sample size

y : Observed data
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570 °C
Soft-nitriding
3 hr.
NH,
Rx gas:NH, Oil quenching
10:10 m*/hr 100 °C (30 min)
.
910 °C
850 °C
Preheat GCarburizing Diffusion Soaking
45 min 2 hr. 30 min 45 min 30 min
%C 1.20% —>iE—— 0.80% —>
Rx gas Oil quenching
18 mhr 60 °C (30 min)
Q.
920 °C
870 °C
Preheat| Carbonitriding Soaking
45 min 2 hr. 1 hr. 30 min
%G 1.20% —>€— 0.80%
Rx gas:NH, Oil quenching
18:0.75 m*/hr 60 °C (30 min)
fl.

~ S a g I 25 44 a
E”IJ‘VI 3.3 !Lﬁﬂ\iﬂigﬂﬂuﬂﬁﬂgﬂlﬂlﬂN'Jﬂﬁlslfaluﬂ'lﬁﬂﬂaﬂﬁﬂﬁﬁﬂﬂ . Llﬂﬁ“]ﬁ’w‘l@ﬂuﬁﬁ']ﬂﬂﬂ (SN)

v, unam$y 15 (CB) uaz a. unams 1u'luaieda (CN)

a d 4 =
34 fn‘i’J!ﬂi]Z?‘i@Qﬂﬂﬁzﬂﬁ)ﬂ‘nN!ﬂN

3 a v a1 1 Y ~ A A 1
ATTPUUUINIAIINTINITAN € ﬁﬂWﬁi’l’iﬁ'Ju‘]JigﬂE]‘]Jﬂ'NmiJ ma‘ﬁmwauwuagiu
9

Qy = d' dydg! v d’d 1Ta
yunagoulaNulasunlas MNUVUBDYNUANHUSVIINTZUIUNITLUAL ‘ﬁ1§!Nﬁ3J‘VIiJ@§J,LﬂiJ‘1u

Y
FUNATD

4 ~ 9 A A = J
ﬂﬁ@]i’Ji]ﬁ’E]“]JENﬂﬂizﬂ’ﬂ‘]J‘l/]N!ﬂiJﬁ'liﬂii‘lﬁiﬂﬂﬁ@ﬂﬂ?ﬂ!ﬂi@ﬁuﬂ Spectrometer GINUJ“L!

A A Aq Y A P a A d ] ]
in30auen lglunsianeruazilsnusiguesTavzuaze lavigniuvewas Tagaz 14



52

Wann13 Spark Taoasean 1y Ao Optical emission spectrometer (OES) ¥®3 Thermo Scientific
U ARL 3460 METALS ANALYZER 1¥dmSumsasindeuuay Inzviesnllsznoumanil

2 o @ I A
VNFUNATDUNNDULUASHAINTSUIUNTTYULUIND

p| 11 3.4 uAAAATB Optical emission spectrometer (OES)

a d: v =
3.5 ﬂ1§3!ﬂ§1$ﬂiﬂiﬁﬁ‘ﬂﬁﬂﬁﬂ
a d 9 = [ @ dy v A s A o v A
1T MATIZH IATIAI19NAN 1A 1AINANNITIASNUUIDITITIONT 1Da1Tad
ANNITZNUIAYUTDOYNIALNAMIHNINYDIATIT A RO UBONUIINAUTEUILUDIDO YA N
1w o v A 4' 1 a =~ 9 = 1
MNUYNVOIATITANNIENY e Inansszneusiazaila U3uuInsIas 1 aHaNUANA1Y
[ 1 1 Ao A o ] I =3 < 1 o d’f ]
AU 11AZ 5282 HINTENINTTINDVesRAeu I ssnued1uilussibounuanatesnu i) Juey
nuvatazilszguetezaon aslseneuunazsiianazgiuny (XRD pattern) IWIZA)
Y= o 9 A 3’; o 9 9
AMINTINADUMIIAG 8V IATaai1visoasdsznoviiu anso 1d laens s
: : 2 . 2
IA309 XRD (X-ray diffraction) 31 D8 Advance 1A8M5tA3oNTUNATOU 32U TFUNATOUVTTY
7 o v o = £ A A ] Yy Aw ¥
asluginsaldmsududaFunadon eeiihvesaIuidesnsnadon i ldszuiu
Y T Y Y ]
1NN UAT09 XRD luvuaouilsiaunsanazmruanallun1sasiniannutuue
o [} 4

Y v Y
Famaenuu YeyadiunuayuiimaninidenuunazainNududuinsveoudunis

Y
GIRBI 104U 35-85 93



53

A Y L Y o a 7y
ma"lﬂwamﬂmsmnﬁauwumaamma uWNW’JLﬂiT%‘Hﬂ’JﬂIﬂiLLﬂi‘M EVA 32
~ a o A g Y o Y o a
amﬁmﬂswmwwgﬂuuummgmmﬂmamm% m"lwmmsﬂmuuﬂ%umm

Y
M515zneuaa 9 vuiUNaTeyla

v 9 v
5191 3.5 HAANTUABUMTIFT OU AT I HIUNAT DU

< Sg K
3.6  MSNATBUANNUVINAZNITBHAN
2 A ¥ < . S 9 a )
lumsnaaeuanuuiduasnlEnIsnaaoUANNLTILDY Vickers THAUAU oy 19 1
Y
Uy Yoaveansnadevil Aemsinvuaveudunueauazinnuuiudinns arua

Y < D) o £ A Y A e
LﬁuNTL!fJ(L!EJﬂﬁN uazﬁ"m1531%%@ﬁ@um%umumma'h ﬂ@mmwmﬂizmm 0.006 U

v ]
= % =

& o Y <3 Y A 9 o <3 A

‘Llf’]ﬂ’l]"lﬂi!ﬂﬂ\ﬂﬁﬂ']ﬂ'ﬂllLHN‘VIE]ﬂ@@\‘llllﬂﬁlﬁlf‘ﬂﬂﬁ@UﬂiJ'Jﬁ@VILLGUQN']ﬂﬂigﬂJ']m 1300 HV 11590
4 @ T Aa @ ' <3 { < {

Uszus 850 BHN 1109010 na iinamsguaivagnaden tazainnuudan lailun
1] 1 d’l o = < = 9 g = =1 < 1
gauIVNUINNIAN uf’Jﬂ‘l]']ﬂ1!1’?'Jﬂﬂﬁl\‘]ll%uWﬁLaﬂlLﬁglliﬂﬂi%ﬂﬂ@]'] TYNAIDIVUUVUTIALANNIN
= [ < YR 1Y) 9 Y ~
Lﬂiuﬂl@ﬂiaﬁg ﬁ]\iﬁ"lllTiﬂflﬂﬂ'ﬂllllsllﬂ‘lﬂﬂ\‘lizﬂﬂiﬂﬁ\?ﬁi"l\iil‘aﬂ"lﬂ HUICHUNUNATDUN

@ J o <

1 < ]
ﬁﬂﬂﬂ"ﬁﬂ’ﬂuﬁ&%EJW[I?NﬂTﬂ’J”I?JLHNQ’Q ﬁ”lﬂJ"I'iﬂVlﬂﬁi’)‘]J]lﬁ)TN’Jﬁﬂi’]i’)l!uﬁgfl’diﬂwll\i

q

a a

Q" {0 < a < 1 &}
FUNATDUNRIUNTSVIUNTFUUVIAILTANUUVIVTNDUHIGI Avaniionely
2 L 3 = 9 2 <3 Y
VOIFUNATDY FaA1ANULTIaaaInuaNuand il lusunaaou nsnagouaNuueley
4 o < o a 7 S o <
1A30IIAANNUTITZAUYANMALLUIANDTA (Micro Vickers hardness tester) 19015 30A101A
a a < =3 a a 9 &I Qy 9 d' .
UTUAD tazaNuuIImuaNnuananusnaa 1t 1l luiiesunaasy 1399 Micro
Vickers Hardness Testing U84 Future-Tech 31 Tunisnadon 910319 3.6 uaaayuuening
[ Aa @ a &I a {
HUVINYIA0 136° u5an1Flunisna 0.1 nlansy Tasnanialddseuna 30 3u19 AuRIN

4 I 4 { o
NAFDUAITNITIIUFUMVUALDIA taztluiulTzuunounIzinInaaoy



54

square based ——
pyramidal indenter

{ < a 4
51U 3.6 LAAIMINATOUANNUAWLUIANDT o
) [ < ya 2 g‘/ 1a A Aa =< 9
AUSUMINATDUANULYING IARIFUNATDUAILAFHINNUTNIUAIUDNIUD V19 T
Y = = Qy d'! o T < j’ ay 3}1
A9AlNITINTIUTUNATDUINDIAAIANNUTIN8 UL T UNATDY 1ATUADUNITNAT O
3 d' 1 R a 3 A 3’, [ dy
ANVUVUNDHIAIANVANHIVIN UL ADUAIL
@ ' & £ Y A o . = ' < A g o
1) AAUUIATIFUNATDUAIBATOIAA (Cut off machine) Un15Haotduineiloany
PN @ ay X ] 1 ] I~ le
ANUFPUNNANNMIAATUNATOU TIANUTDUDTIHARDAANNLIUOIFUNAToD 1A
y 1 =Y 4 1 1] [} Qa} (%] 1
2) h¥unageunasiualosFu iiodwaen1ssudasunaaeylunsianin
< 2
199 vaz liFunaaou ldszuny
U =\ Qﬂl ( 1
3) VARITUNATDUAIGNITZATENTIBUDS 180, 400, 600, 800, tiaz 1000 TaglHaIeq
U Ad'd %’ ]
vanui lvasi
4) manuazorauazhateansou it
2 VA a o9y A ¥ A o 2 Y o
5) MFUNAFBVVULNY (Daadas l1inToeliinTearimsnasunaaey IHKIna
A o I ~ ~ v W A % [] 9 @ @ o qy
sl dugiunidugldmaoudtgsd indoudlraswied1sd q su ) dudanuyu
gl.; < A YR a [ o w 1 Qy a
nageu 1ANUNABY 9 Wiuusana 11104 0.1 ATansu Winaeenly nunruauazina
I a a <
soouilugins Usziia (Pyramidal) yu1a1an
o [ 4 [ < o o 1
6) MMsianMueAFUNLENUITOINA 1ATIIANNUTIILY MIMUIANIA

< ¥ A Y (A ua Yo ) gy 1 A, o
mm!,mNinﬂmmEJTJ!,fdm/n!,Emgmn@ﬂg‘umm”lmﬂ Tﬂ&ﬂ“}fﬁumiﬁuwmiummmuam

HV = 1.8544d—F2 G.1)



55

1 I~ a 4 1 <
HV : ManuuasuiIamnesd ety H,
F - awssnldnalu wien Tansy

d : ﬂ’NiJEJ”I’JLQ?]EJGII6\1LL‘L!’J‘I/IlLfN"lJ?NS?Jﬂl’slﬂu‘ﬁﬂ?ﬂﬁaamﬁi

A Ay Y A < o a 4
:J;'iJ‘VI 3.7 LLE‘T@NSE]fJﬂﬂ‘Vl"l,ﬂi]'lﬂLﬂiOxi‘ﬂﬂﬁ'@‘Uﬂ')'lllLL‘]J\?i%ﬂUﬂﬁﬂ'lﬂLL‘U‘U’JﬂLﬂ’E]iﬁ

200
800 |
700
E 600 -
=
= o0
Z |_core 360+50HV
E w0 [TTIT N —
=
—
E 300
200 1 total case
100 7 ‘ depth1.03m
0 . . . . - . 5
0 0.2 0.4 06 0.8 1 12 1.4 16

Distance from surface (mm)

A v o 1 S o =< K
E'ﬂ‘ﬂ 3.8 UEAAINTINANUTUNUTTEHINANVUIINUTLILMTTUAN




56

=1

A 1 < a £ a g 9 2K A
flﬂﬂg‘]_h/l 3.7 !Lﬁﬂﬂﬂ']ﬂ')']llllsllﬂ‘ﬂN'J“D'u‘ﬂﬂﬁ@ﬂ@]"migﬂgﬂlﬂQNQQTUNGﬂLﬂH]’lﬂﬂQW'}

o v 1

9 2 1Ay Y o = [ a 9 ay
mu”lu “H\iﬂWVlllﬂ%$u13J1L"’UfJuﬂi"l1/\|ﬂQWMﬁMWUﬁigTT’JNﬂ’NiJLHN%TﬂW’Ju@ﬂqmﬂﬂllﬂalulu’ﬂ
2 A 1 KX A 3 g’/ Y T
%uﬂﬂﬁﬂﬂllﬁﬂﬁiugﬂ‘ﬂ 3.8 Tﬂﬂﬂ?ﬂ’ﬂﬂﬁﬂﬂ’)“"ﬂ\iﬂﬂ‘ﬁuﬂ (Total case depth) ‘Viﬂﬂiﬂﬂﬂ?ﬂ’ﬂll
< { a 2 % o ] { (A <
LLﬂJQﬁUiL’JﬂJLLﬂUﬂﬁN“HHWﬂﬁ@‘]Jll’Jﬂ@B]}’JEJ 50 HV é]?\W]’Jf’JfJN%”IﬂE‘]Jﬁ 3.8 WUIAIAITNLLUN
o I A A Y Y1 Y1 @
UAUNAINDINNITIAANUUUINAT 360 HV IUDUINAIY 50 HV %$hlﬂﬂ"l 410 HV fﬂﬁulﬂﬂ'lfgﬂﬂﬂ

) A 3 =2 a d &
UulﬁUﬂﬁ1w1u1!ujllﬂuu@uﬂ@ 1.03 mm !ﬂUﬂ1ﬂ313JaﬂW')L!GUQVIQﬁ3Jﬂ

3.7 MINTIaaUInIIaa 19T URIU

9
v A

FUHIV1 (White layer) U ANTANUNIUABDNITITOAT HATNUNIUABNITNA
1 =2 o PN~ Y I = A A a £ < J

asou Jamldrulassahathunavdvnnusnamsunaaey Fuiluaslszaeululasmu
Vv 1 v 9 a X a &

1aun Fe, ,N (quﬁiw €) uag Fe,N (Tﬂimiw v) mavulunszuiumssond lunsieaads
o d‘ sz 0 d' % 9 g/} a d' a da! a

MNYUNYUA 1sgu194 520-570°C gﬂw 3.9 LAANANHMUE JATIFS 19FUAIVINNAVUUURD

< )] J < Y
HanNNAaIMTUDULALIUANNATNETY

Nitrided layer
B05°5555 2R

b
-

_.L.

e-nitride (Fey_sN) | g Pure iron
/(‘7_@-_1_1\.?1\1\/1'1/&)/:%%% S Interstitial
L2 = nitrogen
y'-nitride (FesN) |5 5 depth
(5.7-6.1 wt%) |
Alloy-nitrides Alloyed steel

(precipitations)

Precipitations
interstitial nitrogen

Interstitial
nitrogen

Precipitation layer
diffusion layer

I

N - content

Base material

c)

{ ) a <
319 3.9 ugaslassawvesrumsilsznon luTaswuuuAnrannd)

@ ¥ a A a Y Y
fﬂi’)ﬂﬂ’ﬂﬂ\l1’71!1“]51101’3"1]1’3‘1/]!ﬂﬂ%1ﬂ615ﬂ‘i$ﬂﬂﬂllu1@]imu Gl‘]fﬂ1i§]§’)*ﬂ@1ﬂi\1ﬁ51d

J a o w ' 4
9001AA0NADIYANIIALUVOONANDA (Optical microscopes) AIBFIAIVEI 400 N1 11109910



57

e

D.

Y 9
% a a = U

Y v
TaseadasuRIvIIMNAVUNRIVEIFUNA T VT VUIANVIININ FATUADUAITATIVABY
Y 1 Y Y
TassaasurvnAverunaa oAl
] = Qy 9 A 4 . = 1 < A Y| [
1) UU9RTIFUNATDVAIATOIAA (Cut off machine) Wn15vasduielloanuny
{ a @ Qy . [ T 1 <3 Qy
FouNinaNMIFATUNATY HInNUToUDINEIHARRAIANNITIVBITUNATDL I
v 1] Y
2) FuNAdoUNaRUAIOITTY Hpdreaon1Ttudarunadonlunisianiniu
< v v
uiiq vaz Iyunagou lasziny
= a 9 Qy % Y 9 d'd
3) MSIATINAINEIFUNATDD YA N I38UA8NTZAIENI BN UANNEIVUIN
$ [ 4 [
IUDINTEAIBNIENIANVazBea 1dunes 180, 400, 600, 800, 1000 LA 1200 AIUAIAY
g‘; o 9 Y o d‘d %’ % a L% = 9
NNUUTAAEAI TN AN TIINAURITABZ g (0.3-0.5 Tuaseu) FasulinauInd e
AFZIN
% =) U SOJ 1
4) M3NARI (Etching) V14 9 Ao luda (Nital) 5% arairazeranazithliuieane
9
ausou
Y H Y
5) MrunaaoUNMIUMTIAITeNAINEInT I e U AT I 1A TATUIAYD AT
a 4 a 1
ivdremsldndesganssminuueeninoavod Nikon measuring microscope 34 MM-400
v Y 1
uaz 11551 NIS-Element D 1115001505799 1n59803 00093 UNado U5 INDIFUAIUIN
a d’g a U Y 3’/ A A a d’! a Qy
Aavulunszuiumsyend luasieas a1ea1n IasaaiarumIvININATUUUAIFUNA DY

A296190 M0 eNMavee 400 1 weraeluzili 3.10

{ 1 g’/ a 4 a
gﬂﬁ 3.10 (A9 IININVUIAVDIFUNIVL @SII’JEJﬂélﬂﬂ‘gﬁ‘lfliiﬁulmﬂﬂﬂwvlﬂﬂ’d

AMaavens 400 191



58

=
3.8 MINAAIUIIIAY
= 9 A [ 4‘ d‘g =3 .
MINAAoUNIIA 151U auITANIINAdUILDINNNFUNUNATOIITIAT (Tensile
. = YA o 9 < 2 A1 A
test specimen) §NAdIHgAIUVIATULUINAY Tasnrualianws lumsdalinidinazy
1 A = g’; dy A Y ~ k) = a A 9 A
Maeiaaoan1sae Netbie Iian ldnnmsnageulinnuianaianaiamaouiiosnga
2 ~ = ) '™ A A =
UONNNUFUNUNAFOUNYNAIZADI TUFUMTZNTTHDUUBNIMIIBINLSIA
TunsnAdo DI IAI9ZB1BIAINNINTFIU ASTM E8 95210935 N13NAd0ULTIA
a [ o L [ 1 ]
Yoandan U larz nmsnaaeuiamwisaldauldanulanzlugduunaie q Taeluuaas
g’/ o ~ g’.l as v K Qy A 9
UL MAsTINIEMMUAT NI WAV NANIMINZ AN TIUNITTNIIVIATUNUNADING
A ] 0 Y A s =
welimsnagevilseaunnudnis lagluaseanaaousiunilszasn (UTM) Ue4 Instron ¥4
A o W FY =2 2 A =
umamaaeugage 250 kN lglumsnaaevussaslunuinnuvesyunaaeuninisduga
= 1 9/@" o 2 9 <3 1o A
HUVNAYD ueazMInaaed l¥sunaaeuduIu 5 ¥u JaglyanuiGrlunsnaasuminune
A a 1 =1 A Y Y % o ) [ A
0.8 Haamasaou1i awuasgiuldszy 13 TaeldTdsunsuduSadmiunsoanaaon
7 A ¥ ° ' £y
21UNUTLA9IAUD Instron HANITNATDUN 18919 TUTUNTUTINIDAIUIUMIAIANUAIUNIY
= A ) = A oy & o A
H5IANNPANTIN ANWAIUNIULTIANGIGA LazMsdaad 1a MinhranInadoUIAIRRY
1 d' d‘ o a 4 aa d' [
sazgandeuuuasgv e lmsizdeansadaae 11 310 3.11 vaasdnbuzwans

2 { o 1Y <
nageu luFuNado UNNNITQIHA NN

G True stress—strain Fractiire
2 diagram - . )
3 X A Engineerging
E O . e e e e - % —gNecking stress—strain
£ (©) diagram
!
ort] .1 T - DD, \ [ Fracture
itokh f| Yield strengtt i d
Necking o W o (d)
o)
Young’s moduluy = slope
= stress/strain
. (@)
E (0] €
(a) (b) Yielding Strain Necking
K——Elasric range hardening
Plastic range

@ 2 v v J o
Eﬂﬁ 3.11 llﬁﬂ\?ﬁﬂyﬂlgcﬁuﬂﬂﬁﬂﬂllﬁqaﬂllazﬂ'i'W\l‘ﬂ'J'IﬂJﬁiJWUT"lﬁgﬁ'J']\?ﬂ'JnJlﬁ}uﬂU

= ) [ < =
ANUATYIATIN I VN AN UYD



59

= &’ a C%
3.9 DIFANHINHNINMIUANYD

Fmsasnaeviiviinsuaninfiieninnie msldndesganssmisidnasouuuy
1Y (Scaningeletron microscopy) 130 SEM ITagFunageunisianuazeiauasgnivia
pgraiunu ifedostunisngaluszuiamisasieaenluaamgyyinia Falu
mM3AsITeLTUNATEY 019de i msnyuYSUTuILTEHI 1539 TeY uas TUILT

v
3 =

o o A 2 I ) ]
‘LmJanim’mﬁ@ué’fmﬂﬁﬁmﬂmm%u %uﬂﬂﬁﬂﬂﬁ)@\uﬂuﬁﬁﬂﬂﬁﬁﬂWWH"I"lw%)\h WTﬂIlllfl

L)

autianmsih lihainan HeuadeuRidrenes (nT2UIUMNT Sputtering)

9
S @

P . 2 - -
Tun AN UAINITUAN T NUDITUNATDUNAIUNTNATDULTIAT FIUNINT
Y
uAnRNUUVA)I1Y (Brittle fracture) 1A MITUANT UMY (Ductile fracture) 14N1TANHIT
] ~ = ™ A A ~ ] o A
vy lAmsdnmmsuaninuuusz Wesnniaenmsnlasugionsioes Falinanszny
UINAIUAZHINADNITTDINUANUTIHIBAINE1D AN TUANT UK e ¥ 1N Tl Feu
~ Y s Y 1 ~ a =\ da! a t:y A
slwInwenazun lvanudenield nounaziianNudon 187U FunagouNHIY
9 ' A Y= o '
msasavaevlasld SEM vo JEOL 1 ISM6010LV (317 3.12) @wsaven lanadmmii

o A e e e 2 o Y a . dl-dy @ = @
YDINUUATDULLAN (Crack initiation) %Qﬁﬂlﬂﬁ]ulﬂmﬂ%ﬁ‘mﬂ"lmﬂ Stress line Wvulﬂﬂqa;ﬂmmﬂu

., -
-

' ‘ . N ‘\’ fj ,,"‘.'::; —- -

&

= [ v X Qy A A
E‘IJVI 3.12 UFEANANHUSNTIVIATUNATDULUASIATOI SEM ﬂimuﬂﬁﬂﬂﬁﬂﬂ


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

=
unn4

wanmIveuazmMsanlsena

o A Ao 4 Y] <3
mﬂﬂﬁﬂ”ﬂuuﬂu’lﬁ]ﬂlﬁ’ﬂﬁﬂHWWﬁﬂi%‘ﬂll‘llﬂQﬂigﬂ’luﬂ1§ﬂﬁﬂﬂ§\1ﬂmﬂ17‘|£ﬁaﬂﬂﬁyT
4 <3 9 9 1 1 [ 4 a [
ANTUDUUALIUNANDNATNTY ﬂ’JfJﬂﬁZ‘]J’le!ﬂTii’JiJ3$‘Vi’ﬂ\‘luﬂﬁ“]}’i’)V\Iﬁnlu%inJﬂQuﬁzuﬂ’d
4 a o Qy % 1 < a
ﬂ”l'ill“lli‘ﬂﬁ mﬂmsuwuqmm@mwmmaﬂﬂfﬁ 5 ‘;I)'Llﬂ?d‘l’f) AISI 1010, 1020, 1040, 4140 Lo
=< 1 Y 33 ' T A
4340 “BQﬁ”IiJﬁﬂLL‘]N’t’)@ﬂllﬂHJu 2 ﬂﬁj‘iJal?ifg f19
1 <3 Y 4 2 A (A J 1 @ A
1) ﬂﬁqu!ﬁaﬂﬂaWﬂﬁ‘U’ﬂu“}NﬂJﬂ’iiﬂﬂ!‘ﬁ“{]ﬂﬁﬂ@ﬂ@ﬁﬂu A9 AISI 1010, 1020 Lo g
1040
1 < 9 2 A A 1 ] 1o o a 4 T W A
2) ﬂqmﬁﬂﬂﬂﬁWWﬁiJ@]Nll‘]_]iiﬂm‘mS{]N’diJG]NﬂLl ANALSIUMTUDWNINY A
AISI 1040, 4140 Lo 4340
A ) 2 ] A A [ A o a £
LiJ?JLH“]ﬂ!1/]@ﬁﬂﬂﬂﬂuﬂTii’JUﬂﬂm‘W@‘ﬂi‘]J‘]_I§QIﬂiﬂﬁiNLLaz’I/I”Iﬂ’JﬂJfT%i’NﬂN’JG]ﬂ!
v o y 2 o ' S a Y ax
NAADUAIYNITNULLA lanizia) %umﬁangﬂm"l‘ﬂmuﬂszmumwmmqmmmﬁmﬁ
' = 1 o ax Yy 1
AN 9 i’JﬂJll’]JﬂQﬂ'iz‘]J’JuﬂTii’J‘JJ MNHUA 5I5N19 "1mm
[ a
1) upaweld luns1eae (SN)
[ 4 a
2) wnamsyls®a (CB)
[ 4 a
3) LLﬂﬁﬂﬁI‘]Juluﬁli"lﬂﬂ\‘] (CN)
1 [ (2% a o 94 4 a .
4) ﬂi$‘]J’J'Llﬂ13'5’JiJ'i%”l’i’JNLLﬂﬁ“]fﬂV\l@ﬂH@]ﬁﬂﬂﬂmJLLﬂﬁﬂ"li‘]al.]li“]N (Combined 1)
1 ' (24 4 a o (2] a .
5) ﬂ’i$TJ’J‘Llﬂ'Iii’)iﬁﬁﬁ’ﬂ\'ﬂlﬂﬁﬂ?‘iyjqﬁ%\‘]ﬂU!Lﬂﬁ“ﬁﬂWﬁﬂuﬂiWﬂﬂ (Combined 2)
9 @ 4 [ { a 4 [
TagdAnwianuduiusiunsdsualasudsuinsigasvounass1guauny
3 a Y a 4 9 4 =
NITUIUNTYULUIND ﬂ')ilﬂﬁ’)tﬂiwﬂiﬂiﬁﬁi%ﬁﬂﬁﬂWﬂ 29A15ENOUMUAN LLAZMTNATDY
wa A gJJ < [ % o A a v 1
FUUABING le‘lﬂﬁ‘lflﬂﬁ’é)ﬂﬂ’ﬂﬂu"llﬂlmgﬂﬁ‘i‘ULL‘NﬁQ %QU]&%,WE"Iﬂﬁﬂ%uuﬂWU’J%ﬂll‘Uﬂ@ﬂﬂklﬁj
I o [ 4
Fu 6 Ftedail
a 4 4 =
1) NAINNTSANTIEHOIAUTENOUNIUAY
a o 9 =
2) NAINNITAATIZH IATIE319NAN
<
3) Wamﬂﬂﬁﬂﬂﬁﬂﬂﬂ’ﬂmmﬂuﬁ%ﬂﬁ%llﬁﬂ
a o g’/ a
4) Namﬂfﬂi’JLﬂ’i']%ﬁTﬂi\‘lﬁ%IN“IﬂlN’JGUTJ
5) Wamﬂﬂﬁﬂﬂﬁ’ﬂﬂuﬂﬁﬂ

2
6) WANMIANEINUHINTUANK



61

a d Jd
4.1 Nf,ﬁnﬂﬂ]i?!ﬂﬁ'lS‘Viﬂﬂﬂﬂizﬂﬂﬂ‘ﬂ1ﬂmﬁ
4.1.1 Namnm'ﬁm51xﬁe'rmwaumemﬁmmmﬁnnéﬁm%uemmzmﬁnné’mau

NOUNIZUIUMIFUITIA

{ ' a3
@131\1ﬁ 4.1 uﬁmmumemﬂmﬁmummgmﬂlmmaﬂﬂﬁﬁ (%wt, Balance Fe)

Materials C Si Mn P S Cu Ni Cr Mo A" Al Fe
AISI 1010 [0.08-0.13| - [0.30-0.60 | <0.040 | <0.050 - - - - - - Bal.
AISI 1020 [0.18-023| - |0.30-0.60 | <0.040 | <0.050 - - - - - - Bal.
AISI 1040 [0.36-0.44| - |0.60-0.90 | <0.040 | <0.050 - - - - - - Bal.
AISI 4140 [0.38-0.43{0.15-0.35 [0.75-1.00 | <0.035 | <0.040 - - |0.80-1.10[0.15-020| - - Bal.
AISI 4340 {0.38-0.43]0.15-0.35 |0.60-0.80 | <0.035 | <0.040 - 1.65-2.00 {0.70-0.90 {0.20-0.30 - - Bal.

~ 1 = < J < Y
INATITNN 4.1 LLﬁﬂQﬁﬁuNﬁNﬂWﬂLﬂMﬂl@ﬂlWaﬂﬂé}'lﬂ'lﬁ‘ﬂ'ﬂuuﬁglﬂaﬂﬂﬁ'lﬁlﬁu
= @ < @ a 1 ~
“]N!‘]Jull'ﬂ@]'lllll'l@iﬁTL!m@ﬂﬁﬂ’lﬂu!ﬂaﬂﬂl@ﬂﬁ’ﬂiiﬂlﬂ§ﬂ1 NANTTIATIVADUFAIUNTUNINAY
< v ¥ a A & <
VDI ANNATING 5 HUA Llﬁﬂ\‘lbluﬁ']ﬁ'lﬂ‘ﬂ 4.2 “lfﬂwaﬂ'lﬁﬂi?i]ﬁﬂﬂlﬂuhlﬂ@'lnﬂ'W]‘ii'l"l«l"]]'ﬂ\‘l

< Y Y a J 4 ] 1 A o
HMannan Tﬂﬂ‘ﬂ\?ﬂiﬂ’lmﬂlﬂﬁﬁTﬂﬂWﬁU@u&LﬁZﬁ’l@WﬁMﬁu 9 agiumwmwu@

~ [ <
ATNNN 4.2 llaﬂ\iwaﬂqiﬁij%ﬁ@ﬂﬁjuWﬁiJV]'l\uﬂﬁ“Uﬂ\uWaﬂﬂé}'] (%wt, Balance Fe)

Material C Si Mn P S Cu Ni Cr Mo A% Al Fe

AISI1010 |0.1218{0.2009 | 0.4305|0.0140 [ 0.0080 | 0.0661 | 0.0291 | 0.0527 | 0.0041 | 0.0009 | 0.0054 | Bal.

AISI'1020 | 0.2241{0.1952|0.4694[0.0149|0.0098 [ 0.2046 | 0.0564 [ 0.0856 | 0.0085 | 0.0013 | 0.0053 | Bal.

AISI'1040 |0.4198[0.2112]0.6344|0.0186|0.0148 [0.1555|0.0658 [0.0568{0.0109 |0.0016 | 0.0052 | Bal.

AISI4140 |0.3942(0.2186|0.6946 [ 0.0267 | 0.0043 [ 0.0691 | 0.0457 [ 0.8599 | 0.1526 | 0.0075 | 0.0245 | Bal.

AISI4340 |0.3818(0.2689|0.7064|0.0175]0.0340|0.1721{1.7194|0.8926|0.2618 | 0.0067 | 0.0146 | Bal.

a ¢ d a a n: d‘ v
4.1.2 Nﬁ‘inﬂﬂ1§3!ﬂ§1$ﬁﬂ%3~nmﬁ1@ﬂ15ﬂﬂuﬂ§!3mwj‘”uﬂﬂﬁf’)ﬂ NHIUDIZUIUNG
S Aa Y v
UL I LN
2 A < a v 24 Y ax ' 2 g A
FUNATDUNNIUNTEUIUNITYULUUIAIAFYLUNT AIYITNITAN “]J'QLTJ‘L!ﬂWiLWiJ
a 4 9 a a £ o q YA a a £
YSnasamsveunazsia lulasnwd ldluuSnaiisunagey i ldnusnudu
A A 4 A 49! = 1 1 F) va A = Y o
Vlﬂﬁ@‘]JﬂJ‘iJﬁiJ']ﬂ!‘ﬁ']iﬂﬂ1iﬂ@ul“l"|u‘llu Glﬁﬁ\iWﬁﬁ@jﬂﬁ\‘]ﬁi%mqaﬂ1ﬂ11a$ﬁl|ﬂ@ll“b'\‘]ﬂﬁ ‘U\?Ulﬂvnﬂ'li

= J a a & @ v [ {
@Iﬁ')ﬂﬁ’é]‘U‘lJﬂJ']fl!‘ﬁWJﬂTi‘U@uUiL'JmW'J"IﬂJﬂﬂﬁ@‘Uﬂ\‘lﬂaTJ aaaaslunsnen 4.3



62

{ A 4 a a & {1 I A 4]
@nﬁ'Nﬁ 4.3 LLﬁﬂQ‘]JTJJ']ﬂ!ﬁ'lﬁ!ﬂ']ﬁﬂ'l’)uﬂﬁﬂﬂ!W'JGD'UVW]ﬁ'l’)llﬁW']Uﬂ']ﬁijﬂlﬁl\iﬂ')ﬁ')ﬂllﬂﬁ

(%wt, Balance Fe)

Process
Sample Soft-nitriding | Carburizing | Carbonitriding | Combined 1 | Combined 2

Untreat (SN) (CB) (CN) (SN+CB) (CB+SN)
AISI 1010 | 0.1218 0.0882 0.5850 0.6395 0.6371 0.6027
AISI 1020 | 0.2241 0.2025 0.5908 0.6216 0.6122 0.6041
AISI 1040 | 0.4198 0.3478 0.6166 0.6569 0.6697 0.6397
AISI 4140 | 0.3942 0.2921 0.7074 0.7620 0.7099 0.6799
AISI 4340 | 0.3818 0.3010 0.7204 0.7535 0.6678 0.6894

A 4 ~ a 14 U (% ]
1NA1TINN 4.3 Lﬁﬂl‘]ﬁiﬂ'ﬂ!‘ﬂEJ‘]J']J‘JlI'lm‘ﬁ'lﬁ]ﬂ'liU@uﬂ'ﬂuLLﬁgﬂﬁ\‘lﬂ'lﬂW'lu
< A sy A S a 1 ] a
NIZUIUNTTYULUUIND WU'JW%HTI@@T@‘]JVIN'IHﬂﬁ%‘]J'JUﬂ'licqu‘]JLLélNWﬂiﬂﬂﬁﬂuiﬂi‘gﬁﬂiﬂ1m‘ﬁ'lﬂ
s Aa £ O sd s a
m‘iummmalfim@aamwmmﬂu 0.58 -0.75 Lﬂ@ilﬂfu@] “]Nmﬂiﬂﬂﬂiiﬁl'lﬂ'lﬁﬂ'liﬂﬂ"ljﬂ‘lulgn
i a s vA P IR, o s a
ﬂﬂ?ﬂﬂﬂﬂiu?m‘ﬁWﬁ]ﬂ1iU@u1’Jﬂ 0.8 L‘Ll'f]il"]fu@ Tl\iﬂigﬂﬁuﬂ1§'£l,ﬂﬁﬂ'liﬂvllicﬁﬁ (CB) uag
[ o a o a 1 4 1a ay
lLﬂﬁﬂW‘iIUlluﬁi'lﬁl@Q (CN) Tl'lclﬁjlﬂﬂﬂTiL!WiGUfJ\?‘ﬁ'lﬂﬂ']i'UE]‘L!ﬂ'lﬂ“U‘iifJ'lﬂWﬁHT’lgW’JG]fuﬂﬂﬁﬂU
A 3 A SR A 1 1 3 ]
Glmlmwmaﬂﬂﬂiﬁﬁ%}mmuaaﬁmu"lum “?\11!“]5?]\1')1\35814')1\1@8@@MLWﬁﬂiJ'lﬂﬂ’NTﬂi\iﬁ%’Wﬂ
N7 s = 1y 1A Yo Xq 2
W\If]illi@ ’E]gﬁflllsll’f]\‘i‘ﬁ'lﬂﬂ'liﬂﬂuﬂﬁﬁ'm'liﬂ!l,Wilﬂﬂtj'N’JIaﬂgllﬂﬂﬂ'ﬂ u’f]ﬂ%’lﬂusluﬁlfu‘ﬂ@ﬁf)ﬂ
< 9 A A J ° J < Y A A ]
wmannaunsa AISI 1010 tag 1020 i]ZlIll‘ill'lm‘ﬁﬂﬂﬂ'liﬂﬂu@’]ﬂ?’l!ﬂﬁﬂﬂaﬁ]u IHDIINBIN

a 1

= 9 < I A A = 1 1 [ 9 ay
ﬂmﬂaﬂuTﬂNaiJNLﬂu@aamu"lum%zmwwqmwnuqmm Gmmwamaaﬂymﬂmmﬂwu

U

< a 1 o 1A ay 1 [
NATOUMANNA THYULIAAMIUNTVDITIAM TV M IGRITUNATO VU
1 Qy A (23 a 1T a @
duFUNAFOUNHIUNTZUIUMSUATFONA lUAT IR (SN) nuNTUSuIa519
4 ~ I 9 = a a a ay ~ a 49!
amsvouanauiisuanios FunavnuinumIFunadeviiaslszno luTasumnaiu
' o = 4 {a 1
laun Fe, N (Tnsead1s &) uaz Fe,N (Inseaiie y) shldSuasigmsveunain ldainns

4 @

A o 1 ' J 4 a [23 J
ATIVTDUAADY uf]ﬂiﬂﬂuENW1J’J1ﬂ§$‘U’Jufﬂi3’311i%‘Vi’JNLLﬂﬁﬂTﬁ‘]J“Ulich'\ilmgllﬂﬁcﬁ’é)wG]

a . A 1A o Y A % % [ 4 a A
luas18@9 (Combined 2) 3JﬂﬁJ1m‘ﬁ1€{]ﬂﬁ‘]J’é)uGlﬂmﬂENﬂuﬂ‘]JLmﬁﬂTﬂJ”ul,‘iG]N (CB) 14993910
a 2 A % a v A (A J a a <
mmawumﬁa‘ummuuﬂﬁmavxlﬁ‘{"lumwmslumwm Nﬂ‘iﬂ\l1m“ﬁ1ﬂﬂ1iﬂﬂuﬂinmN’JL‘Viﬁﬂ

o < A 6V 4 a 1
’e‘)qmuaunmmﬂmﬂgmlmmﬁlatluﬂﬁmiu"llicmmmu



63

a 4 4 =]
4.2 Nﬁﬁnﬂﬂ]i?!ﬂﬁ]%ﬂiﬂﬁﬁﬁi]ﬁwaﬂ
a J: Y = aq’ d‘u vy & A
4.2.1 Wﬁﬂ]ﬂﬂ1§3!ﬂ§1$ﬂiﬂiﬂﬁi1ﬁﬂafﬂ‘]»!‘li‘t!‘i’lﬂﬂﬁﬂﬂﬂﬁﬂuﬂ]uﬂ]’i‘ljﬂ!ﬂl@ﬂﬁ

~ a <Y 1 Qy A o [}
g‘lhfl 4.1 HFAINANITAUNTILHINIY XRD W‘U'ﬂﬁlu‘]fuﬂﬂﬁﬂ‘ﬂﬂﬂﬂllmWTL!ﬂ']'i“IqﬁJ
< a 2L < v ¥ A a Yy Q o ' A o o
HURNIVONBUNATDULUANNATING 5 BUA NIﬂi\‘lﬂ'iN!ﬂHLﬁaﬂLLﬂaV\h (o) m@mamﬂas"lm

. = @ < . A o I

(Ferrite) ummwmmmazﬂamﬂmmu BCC (Body Centered Cubic) MﬁﬂHﬂ!%LﬂuﬁWiagﬁTﬂ

< S o J
VBILUNUBIUNANNUAITVUDU

® Fe-a

o AISI 4340

AlSI 4140

Intensity

AISI 1040

AlISI1 1020

AlISI 1010

35 40 45 50 55 60 65 70 75 80 85
Angle 20 (Deg.)

A a d Y 2 A o DR <)
gﬂ“l/l 4.1 megﬂwamiamﬁwwmﬂ XRD Gl‘l!%uﬂﬂ’dﬂﬂ‘ﬂflx‘lhliJWWLlﬂ”IS“Ig"]JLHNIN’J

A d v = a L & a v o
4.2.2 Wﬁ@‘lﬂfn53!?]5‘lgﬁiﬂﬁ\‘i'E.Ts']\‘lwaﬂclu“ﬁuﬂﬂﬁi’)uvlw‘luﬂ']Tl!‘U!lélNW?ﬂ'Jﬂ!!ﬂﬁ
o luaneds
~ Aa J Y 1 2 A 3 a
ETJ‘VI 4.2 UAANHNANIIAUATIZTINIY XRD WU?Tiu‘BuV]ﬂﬁﬂﬂ‘ﬂNTUﬂWiGIqﬁJL!"UQWfJ
9 4 a A A a Qs/ =\ a d’@' 9 1
ﬂ’lﬂl!ﬂﬁ%ﬂﬂ@ﬂu@iTﬂﬂﬂ ‘V]‘Uil’f]mN’J%u‘ﬂﬂﬁ@ﬂuﬁ”ﬁﬂigﬂﬂuquiﬁilﬂulﬂﬂmu l‘lﬂllﬂ F62_3N

2 <3 kY 2 a
(&) uay Fe,N (’Y’) TagnulusunagoLHanNAINg 5 A



64

A Fe, ;N M Fe,N

A
|
AlSI 4340

>

A

) AISI 4140
B
c
(]
£

AISI 1040

AISI 1020

AISI 1010

3.5 40 45 50 5.5 6-0 65 70 75 80 85
Angle 20 (Deg.)
~ a <Y 2 9 a
g1 4.2 naasginansTng1zviaae XRD Tudunaaeuunavemsd luasien
@® Fe-a O Fey
o
o O [ ] AISI 4340 o
= AISI 4140

@
| =
Q
5

AlSI 1040

AlISI1 1020

AlISI 1010

35 40 45 50 55 60 65 70 75 80 85
Angle 20 (Deg.)

~ a sy 2 o s A
gﬂ‘ﬂ 4.3 uﬁmgﬂwammmﬁwwma XRD “luwmﬁammﬁmmﬂ"lim



65

a d v = a L c A Y o
4.2.3 wamnmnms1zﬁimaasnwan‘luwmaeunwmmﬁymsmmmmmﬁ
d a
m5ylsda
A a <Y 1 2 A IS A
g‘ﬂ‘ﬂ 4.3 WAAINANITANTIS VA8 XRD wmﬂu%umﬁauwwmmsﬂyuumm
9 [ 4 a Qy < 9 g’/ a =\ 9 g}/ 3 l A
ﬂ’JEJLLﬂﬁﬂﬁyﬁi‘ﬁﬁﬂlﬂﬂ%u%ﬂﬁ@ﬂmﬁﬂﬂfﬂ‘VN syia Ylaseasanavanueaii () 1159
J J < I A <] 14 . A @
msmu”lcm (o) uaztuanitnUN (’Y) mamaﬂaaﬁmu'luw (Austenite) UN13219617UD
I . a o < o A < a
oo MUy FCC (Face Centered Cubic) mmmamwmiwummammmu"lﬂ Tu
3 Aa 9o’ Y] o Y I 1 ~ < o S v oW =
ﬂszmumwmmwﬂuumu wﬂwaaamu“luﬂ‘uNmuLﬂaﬂugﬂumsmu"lw'lumu GiN|
od A 9 Ao ' . .
aaﬁmu"luwmaammﬁﬂﬂm Retained Austenite
a J 4 = aw d’ v S Aa v %]
4.2.4 wamnms’Jamwwiﬂﬂainwaﬁluwmermmmumsquummmmma
d
mslulunseds
A a <Y 1 2 I Y g}/ a
g‘ﬂ‘ﬂ 4.4 LFAINANITUATIZHAIY XRD nuNlurunaaemannaINng 5 BUA

A S a 9 [ o A Ao 9 J 9] 4 a =
‘VIN”IL!ﬂﬁ‘lf‘]JlHNN’Jﬂﬂ&lllﬂﬁ’ﬂﬁiﬂlluﬁi”lﬂﬂﬂ 11aﬂ‘]elill%Iﬂiﬂﬁ’iﬁ@nﬂ11‘]Jﬁ]1ﬂuﬂﬁﬂ1ﬁ%llliclﬁ o

a

= 9 J J . . Y o 9 =
uﬂﬂiﬂﬂiliﬂix‘iﬁi”lﬂil"lil‘ﬂu]lcﬁ@ 118 Retained Austenite b0 7 mwuimmﬁwmu"lm
& 3 a 9 ax dyd 1 o Y ' J Y 1A
(Fe3C) FINTTYULUINIAIYITNITU Mﬁ?ﬂquiﬁilﬂu%ﬁﬂﬂii'ﬁﬂTSLLWiﬂJﬂQﬂWiU@HHﬂQ’W’J
< Y ya X ~ v < a s A a £ o
L‘Viaﬂﬂaflﬂﬂ"’llu 1NAN1TIN 4.3 LLET@NGL‘HL‘H‘L!‘]Jill1i1l‘ﬁ1§i]ﬂ1iU@uﬂWiﬂlﬁlﬂﬂiuVIﬂﬁﬂUuﬂﬁ

I'4 a 1 (4] 4 a 4 [} a o Y a a 43!
mﬂﬂlumsmmmnmumﬁmsﬁlsm TagnisueuaIunuazil¥imnag Fe,C adscu1nNIY

® Fe-a O Fe-y % Fe;C

x
Ce
O x ° Alsi4340 @

e A N msaeo
e e BS080
ijw‘\
WWMMMA«

35 40 45 50 55 60 65 70 75 80 85
Angle 20 (Deg.)

Intensity

A a sy =y o @ a
gﬂVI 4.4 !LﬁﬂﬂgﬂﬂﬁﬂWi?LﬂiW%ﬁﬂ’w XRD slu“vumﬁammﬁmﬂu"lumwm



66

d L4 Al
4.2.5 WanINMIAANZHIATIESWANI UTUNATR UK IUMSTUNTIRIA Y

a

v v 4 a o 23 d
mzmumﬁamxmnunamﬂﬂﬁ"lummmnuunamiy"lsm

a 1 Qy ' < Aa
31 4.5 uamanans TN 1z1A8 XRD nunlusunadounmIunsyuudin
9 1 1 [ 4 a [ 94 4 a . =
ﬂ’JfJﬂiZ’].I’JuﬂTii’JﬂJi%ﬁ’Nﬁuﬂﬁ“ﬁﬂWﬁlluGIﬁTﬂﬂQﬂULLﬂﬁﬂTiyj"li%’\i (Combined 1) ¥
v 2 o ¥ A e, Yy o o s a v < Y
Tﬂﬁ\?ﬁﬁﬁﬂl@\i%u‘ﬂﬂﬁﬂﬂlﬁaﬂﬂﬁ”Ilﬂ’E)’].I‘I/N“Villﬂﬂﬁ18ﬂﬂl!ﬂﬁﬂ1§yjll§"]ﬁ gNIUaNNa1 AISI
A A Y 7 o . . ' I )
4340 ﬂf’]?JIﬂﬁx‘iﬁ'i”NﬂJTﬁWlull"]fﬁ lte1y Retained Austenite ¥3ULHANNAT AISI 4340 UB NN

[ ' @ 14
Taseaieasnauds Sy Tassad g led (Fe,c) Ao

® Fe-o O Fey X FesC

x
Oe

o X o AlSI 4340 @

AISI 4140
AISI 1040

AlISI 1020

Intensity

AISI 1010

35 40 45 50 55 60 65 70 75 80 85
Angle 20 (Deg.)

~ a d Y 2 A 1
5UN 4.5 LLﬁﬂQEﬂN@ﬂTi’JLﬂiW%Wﬂ’JEJ XRD lusunagouNnsguIUNISIIN

U

1 %) a o 4] 4 a
53‘Vi'JN!Lﬂﬁ“]f@Wﬂﬂluﬁi1ﬂﬂﬂﬂﬂllﬂﬁﬂiiyqi‘ﬂﬁ

a ¢ 14 =f a Ay S Aa Y
4.2.6 mﬁnnmﬁams1mﬂmaas1&wan1wumaeunw1umﬂgmmmmﬂ
v v "4 d a o 24 g a
n5zmum‘;samzmnunamsy"lsmnmmamewﬂ"lumwm
A a <Y 1 2 A 3 a
qij‘]J‘VI 4.6 LLEANNANITAUNTITHAIY XRD W‘]J’Jﬂ‘l!‘]f‘ll‘l/]ﬂﬁﬂﬂ‘]/lF\Huﬂﬁ“];‘]JL!leN’J
Y 1 1 4] 4 Aa o (94 a . =
@’I’Jﬂﬂi%‘ﬂﬂuﬂﬁi’m53‘Vi’ﬂQl,!,ﬂ’dﬂ1§1J”Vlicli\1ﬂ‘1jll,ﬂﬁ‘f]5’f]‘1/‘|{5]ﬂlu¢lﬂEJ@’I\‘I (Combined 2) UaNHULHA
9 % (4] 4 a A A A a Qy =
ﬂ1§“l/lﬂ’ﬁﬁ]Uﬂﬁ?ﬂﬂﬂl!ﬂﬁ%ﬁ]ﬂ@lquﬁi1ﬂﬂﬂ (SN) ﬂ’é]‘WUiL’JmWﬂ%u%ﬂﬁ@ﬂmﬁWiﬂiZﬂ@U

lll a g Y 1 2 1< Y ¥ a
ulasunavy laun Fe, N (&) ttag Fe, N (Yy’) TuFunagoumannaINng s ¥ia



67

A A Fe, 5N M Fe,N

] 2

A
A |

AlSI 4340

AlSI 4140

Intensity

AlSI1 1040

AlISI1 1020

AlISI 1010

35 40 45 50 55 60 65 70 75 80 85
Angle 20 (Deg.)

{ a 4 2 U
310 4.6 uaasglwamsINT IR0 XRD luFunaaounszUIumsiw

U

J 24 4 A o 2] a
i$1’?’J”I\‘lLl,ﬂ’dﬂ15yjuli%ﬁﬂﬂllﬂﬁcﬁ61/\lﬁﬂlu¢]i1ﬂﬂﬂ

43 WADINMINATDVANNUTILAZMITHAN

43.1 WaNNMINATOUANNUFINIVBITUNATOUTHIUNTZUIUMIFUITIA

Surface hardness (HV)
1000 m 1010

900

800 -

700 ~

600 ~

500 ~

400 ~

300 ~

1 Process

Carburizing SN+CB Carbonitriding

o J 1

{ o S A o I A
Eﬂﬁ 4.7 HAMIANUTUNUTTEHINANUUUIHINUN TS UIUNTYULUUIND

' < J
lungumannaimsvou



68

1 [ [ U U 3 Aa Qy [
mﬂgﬂﬁ 4.7 Llﬁﬂﬁﬂ’ﬂilﬁMWMﬁSﬁ’T’JNﬂWﬂNNLL"INW’JGBWVI@?{’G‘]JmJﬂiz‘U’Juf‘ﬂi
I A v 2 <] J v 0 <) v 2 1
“Ig"}JL!flJ\‘]N’ﬂuﬂqu%uﬂﬂﬁﬂﬂmﬁﬂﬂﬁﬁﬂﬁﬂﬂu Wﬁﬁﬂﬂﬂﬁ’)ﬂﬂTﬂ’NmtﬂNN’JW‘]J’J”IGHuVIﬂﬁ'@‘]Jﬁﬁ
a 4 1 (% { 4 I a [4) J a
ﬂi]ﬂﬂlﬂﬁ‘ll’t’)llﬁ”lﬁﬂu‘ﬁ 0.1%, 0.2% uag 0.4% ﬁPHuﬂﬁGIj‘}JLLGUQN’Jﬁ}’JEJLLﬂﬁﬂﬁ‘}%llli“D’Q (CB),
U U 94 4 a v 1
NITUIUNITIINTSHIN SN+CB (Combined 1) Llﬁzllﬂﬁﬂ”lijﬂlluﬁﬁﬂﬂﬁ (CN) nu1a1Y
< A Qy A 1 IS a A Y 2 [ Qy A
memawumﬁauwmugmazﬂﬁzmumﬁgmgmmmﬂﬂamENﬂu Iﬂﬂ%uﬂﬂﬁﬂﬂ“ﬂﬂ"m
3 a g a 2 A & va o £ = S a
MIYULVININIY CB TaNUuUIHIUsE N 850 Hy “]NGlﬂmﬂ‘c’NﬂUG]SUVIﬂﬁ'EJ‘U‘VIGIg‘]JLLGINNQWJEJ
' =y { I A < ' . [
Combined 1 muwwmauﬁquummﬁ'ﬁﬂ CN fﬂ%flﬂ’)"lllll‘"\iiﬂﬂﬂ’ﬂﬂiwﬂm 50 Hv ‘%\ﬁgﬂ‘ﬂ

[ o v o

3 Aa e 4 Aa Qy % . Qy {
ANUUVIHIHTUNUS ‘]Jﬁﬂ'hlﬁlgIﬂi\?ﬁ%}NWﬁﬂﬂlﬂﬁﬂ?“ﬁﬂﬂﬂﬁﬂﬂﬁ?ﬂﬁ?sﬁ}ﬂ 43 %Q%Hﬂﬂﬁ@ﬂﬁ

< a 9

' Li' ! . ti' S o
HIUNITYULUUININIYG CB (31J°I/I 4.3) BagNIEUIUNITIIN Combined 1 (gﬂ‘ﬂ 45)Uanyue

S Aa

Y A = Y A @ ' 2 A IS a g A
“lﬂammﬂumummmeﬂﬂamﬂaﬂu FIUFUNATDUNAIUNTITYULUINIAIY CN (3‘]J°I/I 4.4)
Y A J Aa =< 1 A oA Y < ° y2 a
W’]JTﬂiQﬁiN%’LlluUlﬁlﬂ (Fe3C) NHINIY B Fe3C FIYWN TN UAATUAITNLLUN m"lwvumﬁauu
s A X
AITULUUINIUU

a

wamnmamﬁaﬂuu&iazﬂsg:mumﬁmmmﬁué’uﬁ’wmﬁmﬁwﬁmﬁﬁam

)}

A

H a [ 1 { < A o 4
A28 One-way ANOVA Tagasauuagiuvan (H) Tdannasnnuudeiaswiiewininmsly
< Y 4 1 a v oA IS a T @ 9 = 1 Ay Y
manndmsueuasytany Iauuinm ey waz 16nsufFeuiieua P-value 1114
a Jd v v v o W 1w J o a
NNMIAATIZHNVITEADTBAIAY (O0) IMIAY 0.05 WD P-Value NINNI1 OL ITHONTUANNAF I

[ U

o a J 1 o 2 { <
aanand Tagmnsuaszinaluuaasnszuauns WuI1A1 P-Value Y0I¥UNATDUNYULA
AR08 CB 111U 0.120 WefFouiiouan P-Value nuA1szauiadIAn (o) tHINU 0.05 A1

= o a o & Y A o 2 A (A
P-Value 10NNz 8o Us UANNATIUKian (Hy) 3edgillaiuleihyunadeuillsuia
1 o o IS A 1 3 a [
asueuatenunIiInsyuudsAa lunaagnszuiunis a2 1dnauudsdiniendanis
< 1 1 [ [ v o w 1 [ 1 Qy { S A
gund liuanasnuegieiied Ay uReINUAT P-Value VO IFUNATOUNYUUTIHINIY
v ' [ v v o w o v
Combined 1 1Az CN H4NAMNNNNAITZAUNEA AT AD 0.302 1A 0.432 AIWAIRY NAI15D
o = [ ' 3 A v < ' ' [ ' A wv o W
a1l 1dTushweuRennu Nanuudsiimenaimseuyunda luuanaenuediadiiediny
{ ¥ o ' v 2 a L o
110314 4.8 HEAINNNANIUTIZHAINAIANUUTIAIFUNATOUAUNTLUIUNT
3 A v 2 <3 { a 1 @ 1A 1w
guudsi lungurunaaeumanndwau AT ¥iaveIsIgHaENANNY el INans DewmINY
! v 1 I a v 2 4 T 3 A
1 0.4% WA91NN15TAAIANVITIRINY N TFUNATO UL DR IUNITYUUTIAIA 0 CB 1az
. Y k) v A 2 < o A A Aa . a1
Combined 11¥manaienune Tudunadoumaninya AISI 4340 FaNsHaNina (Ni) azlim
< Aa 4 N Qy [ {
ANVUTIAIAAA 11199910 Retained Austenite NAIFUNATOD dauaadluzili 43 uaz 4.5
' 2 . < a ' <3 4
druluFunageuNyuudadinle CN WUIUHANNAIWANNAT AISI 4140 (Cr-Mo) 118 g AISI
' I A ] % J o { 1 <3
4340 (Ni-Cr-Mo) HMANUUTIRIANAI0E19010 TN uHATINNISHaunsIoTunsgunis

A 4 {a X { v 2 a2 4 {a
HAZNTZUIMMIANMSVOUNHI FI01NM15197 4.3 nuNFunadouTTmumsueunaigs



69

! & v ¥ = a . . da — A
NIMNIZUIUNITOU ﬁﬂNaiﬂTﬂﬁﬂﬁi’NNﬁﬂlﬂﬂ Retained Austenite NHININIBUNU (gﬂ‘ﬂ 4.4)

] o < A yo} v 2 i 3 A
ﬁﬂﬂﬁ‘lfl'lalﬁ}ﬂﬂ']ullﬂlﬁwjaﬂﬁﬁ u’t’]ﬂ%?ﬂﬁﬂﬁWU?T%uﬂﬂﬁﬂUﬁW’]uﬂ']iGI):ULLGINW?ﬁ}ﬁﬂﬂﬁgﬂﬁl‘lﬂ'ﬁ
[ % é )

U 3 A 2 @ <3 ' v @ 1 )
37U fﬂgulig]}ﬂ'N?JLHNN'J*lli’)ﬂ“lfllﬂﬂﬁ@ﬂﬂ”lﬂﬁﬁﬁﬂ?i@ﬂGlﬂJlHN"hJLL@]ﬂ@ﬂfiﬂu@fJ'NﬁuEJ?ﬂﬂfg SRV

A1 P-Value 1111 0.285 31NNNTEAVNBEAY (OU)

Surface hardness (HV)

1000 m 1040
m4140
04340

900

800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 -

0~ 1 Process

Carburizing SN+CB Carbonitriding

@ J 1

{ @ < A o < A
g'ﬂﬁ 4.8 Llﬁﬂ\iﬂ'l'lllﬁllwu‘ﬁizﬁ'ﬂ\‘]ﬂ'J'IiJI,LGU\TW'JﬂUﬂﬁV]J'Juﬂ’]i“]ﬁJllsUQW'J

1 <
Tunguimanndweu

4.3.2 #AINMINAAUANNUTINYIARIDIUNUNAIIVBITUNATDUNHIU
MITFUUTIFH
< ya 2 A < a
NINUAAIHANITNATOUANUUUINBTAHIVOIFUNAT D UNHIUNTFULUUIAD
9 (24 4 a ~ 1 < ya Qy =\ Y
arounaa1sy lsde uaadlugli 49 wunanuuiineldfivesyunadeniivui Iiuanas
4 [ 1 I~ 1 -Qy 4 < A
Woszez lunsiasianuudslndidiguounansFunaaey 1o 1NNz UIUMTYULA A
Y U 3 A I'4 { a a 1 g’/ = o a Qy
Aana1 UMINNFIAATUBUNLINUAWMUY UTuamSuouuTNULIUNANTUNATDY
KR A A 14 [ 1 [ < ay < 9
WS HAMTVOMAUNOUMIUNTZUIUMIFULUL TasFunadoumannal AISI 1010 Hay
= 3 Y A = o £ A 1 [ <} kY
1020 HANUUVIUBUNDINIUAUFUNATOVDY FIUANULUIUBIHANNAT AIST 1040, 4140
= < ya Y [ 19 Y <3 9 1 1 I
way 4340 Uanuuvanialanilndinesny ualvivannail AISI 4340 WUIIAIAIINUY
ya 1 Y A < J 9 ° a . . A A Qy dy
78lARIBIIAUTAIANVUYIAD UV 91NN1TLNA Retained Austenite NHITUNAT DL

= J I Y A
EINVUINNIUNANNATDU



70

Hardness (HV)

1000

900

800

700 I

600 :

500

400

300

200

100

° o o o ° o 2] o [ ° ) > > - o Depth (mm)
e B % B B B o B B B > B %

{ v o 1 [ a 2
517 4.9 LLﬁ@\TﬂTﬁJﬁ'llwu‘ﬁﬁg‘ﬁ')'lﬂﬂ:]'lulﬂ]ﬂﬂﬂigﬂgi]'lﬂN’JaﬂLLﬂuﬂﬁ’N‘U@ﬂﬂfn‘ﬂﬂﬁ@U

U

A S a 9 [ o a
'VIWTL!ﬂ’li“]flJLHNN?ﬂ?ﬂllﬂﬁﬂ’]iyﬁﬁ"ﬁﬂ

A 1 < Yy 2 A S a 9
°lu§1J‘1/1 4.10 Llﬁﬂ\‘lﬂ'lﬂ'J'liJLL"lNﬂ'lEﬂﬁW'JGIJENGH‘L!‘Vlﬂﬁﬂ‘]J‘l/]W'IUﬂ'li“]fULHNN'Jﬂ’JEJ
[ 1 %)) a o [ o a = 9 o
ﬂigﬂﬂuﬂ'liiﬂhigﬁ’J'l\illﬂﬁ“li’f]?‘lﬁﬂluﬁﬁ'lﬂﬂ\iﬂ‘]JLLﬂﬁﬂ'li‘lﬁthliclfQ NUNUANHUSARIINUNIT

S a 9 9% 4 a [ = ~ A Y ' S a 9 an
%ULL“IJ\?W'JWJEJLLﬂﬁﬂWiUUl‘i“BQ Lm%$1IT;T’J°L!L‘]JENL‘UHZHG]?@WHLQ@EJH@EJﬂ'J'IﬂTiGIfULLGlNN’JWJEJ’J‘ﬁ

Q U

'
A v

~ = 2 < 9 1 Aa A = Y A o [ 1
DU ﬂﬂ!lﬁﬂﬁiu@Wi%‘l‘ﬂ 4.4 Gﬁﬂ%uﬂﬂﬁﬂﬂlﬁﬁﬂﬂa'lll@lagch'uﬂllﬂWLﬂaﬂiﬂﬁlﬂﬂﬂﬂuﬂgiuﬂf’N
Y I 1 3 a 9 [ 1 5] a o
14.3-19.0 L!ﬁﬂ\‘]ﬂlﬂlﬂuﬁ'lﬂ'lfi“]qf‘]JLHNW’J@’JEJﬂi%‘U'JHﬂ'ITi’JNi?;’l’i')'l\illﬂﬁcﬁf]w{sﬂuﬁi'lﬂﬂﬂﬂ‘]J
o s a ) o Y < ya Yy aw Y
llﬂﬁﬂ'li‘laljul‘iclﬁ Gl,ﬂﬂ’ﬂll’ﬁll'ILET?J@Gluﬂ'IUﬂ’NiJLHNﬂ'IUGlﬁW’Jﬂﬁ'lﬁlﬂ‘U\ﬂu'J%EJﬂ’ﬂu?‘iu'l qIU
1 I~ Ya Qy A s a v [ 4 a [ a
ﬂWﬂ’J'IiJL!"INﬂ'IEJGI,G]N?ﬂlﬂﬁ%uﬂﬂﬁﬂﬂﬂN'IuﬂWiﬂqf’UL!"lNW'Jﬂ'JEILLﬂﬁﬂ'l'iiﬂuluﬁi'lﬂﬂQWU’NUiHm

ya £ < ) 7 ~ < ! A & a ]
GlﬂﬁW’)"]fu‘VlﬂﬁE]’]JmﬁﬂﬂﬁWﬂﬁ’U’E]‘Ll3Jﬂ’NmﬁNiﬂﬂﬂ’ﬂﬂi%‘U’Juﬂﬁﬂu Lu%’N%WﬂLﬂﬂIﬂ‘N’ﬁ‘iN

{ A &d L

~ A ] Yo 24 1 3 Y A ~ <
Fe3C NHWI “Ii\ill’(?fll‘]_l@lsluﬂTilWiJﬂ'J'lll!HNiViﬂ’Uﬂfuﬂﬂﬁ@U ’L’f')ulﬁﬁﬂﬂaWWNﬁWQNﬁﬂJNﬂ'J'IiJLHN

1 9 4 a 9 . . ‘q
ﬁﬂﬁ\iﬂﬂuell'l\‘llﬂﬂiﬂﬂlﬂw1$ AISI4340LﬁﬂﬂﬂWﬂ!ﬂﬂIﬂi\iﬁiW\i RetalnedAustenlteﬁN’)

Y
FUNATOUIIUIUNN



71

Hardness (HV)

1000
--1010
900 -#-1020
800 --1040
00 —+#-4140
700 1 44340
600
500 -
400
300
200
100 - N
0 | ] Depth (mm)
e e e e e o o e e e Z z e Q
@ B B B B B 5 B % B b B %

ﬂﬁ 4.10 LLﬁﬂQﬂ’JﬁJﬁNWH‘ﬁiw14’31\11"!’31%Ll"ll\iﬂ‘]JinJuinﬂWTJﬂQLlﬂHﬂﬁNﬂJ’EN“IfHVIﬂﬁ’O‘U

= 1 1 (24 a o 2] 4 a
'VIN”I‘L!ﬂig‘]J'Juﬂ15§UuﬁgﬂDTQllﬂﬁGBﬂwg‘ﬂu@STﬂﬂﬂﬂ’]JLLﬂﬁﬂTT]EIJ]l?‘]N

Hardness (HV)

1000 y - A --1010
900 -=-1020
800 ~+-1040
%4140
700 44340
600 -
500
400
300 |
200 -+
100 Y S 1 1o Al BT At
0 Depth (mm)
e @ @ @ L @ e e, @ e 2 7 Z 2
e W % B B B o B B D o B %

ﬂﬁ 4.11 LLﬁﬂQﬂ’JﬁJleJWH‘BiWW’JNﬂ’NNLHNﬂUiWEJu‘tnﬂN’JﬂQLLﬂuﬂa”I\‘IGIJ’EN“IquIﬂﬁ’OU

a 3 a 9 %) o a
'VIN1uﬂTi“yU!LmﬂNﬁﬂﬁﬂ!lﬂﬁﬂTiI‘LITL!@]SWEMQ



72

1 A $ 1 <3 A £
3NN 4.4 uagasmanesuunesgvmaslunmageuanuniemolamyunagoy

Average of Standard Deviations
Process
AIST 1010 | AISI1020 | AISI 1040 | AISI4140 | AISI4340
CB 45.1 29.0 27.9 234 20.1
SN+CB 16.4 18.2 14.3 19.0 18.5
CN 24.5 36.4 37.7 28.2 15.6

a J & QW y
4.3.3 Wﬁﬁ)‘lﬂﬂ‘]'ﬁ?!ﬂﬁ‘lgﬁﬂl'l ﬂ’Jmanﬁ’swﬁam‘rmﬂﬂlad‘vuﬂﬂaauﬁﬁimnizuaumi

YUNYIA

Total case depth (mm)
14 m 1010

m1020
01040

1.2

1 : -
038 - ' —
06 ' —
04 _ —

0.2 - E—

£ . . Process
Carburizing SN+CB Carbonitriding

{ v o J 1 a < 3 o < Aa
51Iﬁ 4.12 L!ﬁ'ﬂ\‘]ﬂ?'ﬂlﬁuwu‘ﬁig‘Vi'ﬂ\?ﬂ'ﬂﬂﬁﬂﬂﬁll‘llﬂ%ﬂﬁﬂﬂﬂﬂﬂigﬂﬁuﬂ'li"]gﬂll"’l]ﬂﬂ?

U

J I 4
lungumannaniveu

A ' ' =2 a < ¥ L < Y
ﬁnﬂgﬂ‘ﬂ 4.12 N5 1N WFAININNNANAILVINIHUAVDIFUNATDUIHANNA

4 S 2 a =& = = A "9
ATTUDUNWIUNTSUIUNTTYULUUIND "‘]NL!,ﬁﬂQﬂQﬂ'J'lllﬁ'lll'liﬂluﬂ'li!,L‘VIiﬂ%?J‘I’Ti@LLWiL‘Iﬂhl‘]J

a

A £ { o £ 2 < 4
moldmrunagevvessgi@nldnusunagey Mnns I NFUNATEUANNA AT IO U
c;y.: A 3 a 9 9% 4 a ~ KX a [ g’; 9 1
NInuANHIUNITYUNIIAIA 2000 TA15Y 15F9 (CB) HanuanAndansvuaiioonii

R Y aad ' S A Aq Y =2 a s & = A o
MIYUUTIR8TTOU drumsguudsrdnldainnuanindananuauinigane und
s a : < a o ' A
a5 Tu'luas1eda (CN) Fanrsguudanaedtnisasnaniinisnusig luTawudr 1)y
4 A ' ' 1a 2
VFTHINANITOUYY INOINNANUAINITD TUMTUNTUDIFIAAIT VO UFHIVOITUNAT D

' = [ 1 1 ] a o ] J a . 2~
L%‘L!LﬂEJ’Jﬂ‘Uﬂiﬁ’.ﬁUluﬂﬁ’i’JiJi%“l’i’)NL!ﬂﬁ"ﬁE]WGﬂu@ﬁﬂﬂiﬂlluﬂ’é"fﬂﬁuullig]ﬁ (Combined 1) 33



73

LY a £ (2 4 a K o 4
‘ﬁm”luimmuagusnmwwumﬁammﬂszmum’mnﬁ%ﬂm“lumwm %\WHGI,VI‘E”I@]

4 19 =y Y J A 1 3 a v 4 4 a
ﬂﬁuauuwsmqﬁvumaau"lmmw Lil’e]W”Iuﬂﬁslg‘}JLL‘lNN’Jﬂ’lﬂllﬂﬁ’ﬂ”liuulli“h’ﬂ

Total case depth (mm)

14 1040
m4140
12 [ 04340

1 e

0.8

0.6 -

0.4 -

0.2 -

— 1 Process

Carburizing SN+CB Carbonitriding

{ v o J 1 a < & Y S a
gﬂﬁ 4.13 u,mmmmfmwumzWmmmﬁﬂmmmmwu@ﬂﬂﬂizmumﬂgmgmm

1 < Y
lungumanndiney

! o a oz & L < {
L%m?}mﬂu ﬂ1ﬂ')11|ﬁﬂW’JLL"IN‘VN’Hl!ﬂﬂl@ﬁ%uﬂﬂﬁﬂﬂ!ﬁaﬂﬂg'lﬂﬁllﬁWTL!
< A o T ~ v L < 9 A
NITUIUNTTYULUUIND ﬂ\illﬁﬂﬂiuﬂ‘ﬂwuﬂﬂgﬂﬂ 4.13 NUNFUNATDUIHANNATNTNUNHIUNIT
3 a g (23 J a = Y 1 =K a < ¥ Y 1 [
ﬁﬂllmﬁﬂﬂﬂ’)ﬂllﬂﬁﬂ1iyﬁi“]ﬂ\1 (CB) llL!,u’Jiull"UfNﬂ1ﬂ')13JﬁﬂN’JLLGUQ1/]\1WNﬂuflEJﬂ’J'IﬂWiGIf]JLL"lN
Y an A 1 I a 9 9] o a =\ 9 1 ® a <
AYITOU ﬁ’)uﬂ'l'i“]gﬂ!!,"lliW’)ﬂ’)ﬁlllﬂﬁﬂTﬁI‘UlluﬂiWﬂﬂ\? (CN) 3Juuﬂummmmmaﬂmum
s;y.l J 1 a o aa 9 1 Qy {
MNUUANINNI uﬂﬂﬂWﬂﬁNﬁﬂ1iﬂ]Lﬂﬁ1ZW‘V]'I\?ﬁi‘l@]ﬂ’)ﬂ One-way ANOVA W‘]J’N"]fuﬂﬂﬁ@‘]_lﬁfl
1 o g o 3 a 9 1 . @ 91 a <
‘ﬁ'li{]W’ﬁllGﬂQﬂu Lﬁ@T]Wﬂ?i‘]gﬂll“l]ﬂﬂ’)ﬂ')ﬂﬂi%‘ﬂ')ufﬂiﬁ")ﬂ Combine 1 Elx‘lchﬂWﬂ’Nllﬁf]W'JlmN

9
Y ' v 9
MINUALNT ] NUAIY

a ¢ 14 o A
4.4 Na‘inﬂfﬂ5'3&?\5181’11?\5\1@7513“51!9!'351113
H v Y
ﬁnﬂgﬂﬁ 4.14 ﬂi?‘l/\lllﬁﬂ\‘lﬂ'lﬁJﬁiJWUﬁigﬁ'ﬂﬂﬂ’J”IiJ‘Wl!"I“Iﬂ!N?%T?ﬂ]@ﬂ“ﬁuﬂﬂﬁﬂﬂﬂ‘ﬂ
2 a v 2 < Y] s & ) 3 a A
ﬂszmumii{mmm“luﬂquuﬂﬂﬁ@umaﬂﬂmmmau Gﬁﬂiﬂiﬁﬁi%‘]!ﬂuuﬂ‘ﬂﬁﬂﬂﬂﬂ
a Aa Qy . I [
vinuimrunadey Fuluarsdsznovlulasiou 1dun Fe, N (Tnsea$1e &) uag Fe,N
9 a zg o a U 1
(Iﬂi\iﬁi?\i ’Y’) mmjucluﬂiasmums%aﬂ@”lumwm (SN) 4agNTTUIUNITIINTSHIN
. Y o IS a 9 4 a =
CB+SN (Combined 2) “]N‘V]1ﬂTiGIJ‘]JLLGU\‘iN’Jﬂ'JEJﬂi$‘]J’J‘Llﬂ15“11@1/\'@]114@518@\111!5\1814@\1 N

v H Y v Y H
ﬁWiﬁLﬂﬂ%quﬂﬂﬁﬁN’J%uﬂﬂﬁ@ﬂ Ha91AN1SIANINHUIFUAIVIINUNFUNAdo U



74

a I'4 1 [ 1 3 Aa ]
USHIUMTVOUANNY HAZHIUNTZUIURUUTIAIRIY SN 1Az Combined 2 WDIIAIWHL
Y a 2 A 3 a 9 = Y Y a @ 4
FUAIVIVRIFUNATDUNHIUYUUUINIAY SN 92UANNHUUMIAY udaziTinaamsveu
1 IS A 1 @ 1 J a J { A
ABUNITYVLUIHIAINY 89U TUATEVIUNTTTIN Combined 2 YT M1AUAIT VD UNHI VL]

2 Y A o A 1 IS a 9 1 2 A 1
Ysuralnafeany (o491 IUNITYULIIRIAIE CB MINDY TagFunaasuniIuLday

3 a 9 <3 Y 4 =  a 1A
ATZUIUMITYUUVIANIAIY SN YBIUHANNAIAITUBUTANUNUITURIVII0gN T2 110
' . Aa ¥ a =~ =
21 luTAsIwAT 11NN1 Combined 2 NTANMUUIFUAIVINTLY 15 TuTasmas F9910A1519
~ VN~ [ a 4 AAa S a 9 1 [ a 9
1 4.3 yaaaliiunUsuamsuounHINAMIYUUTIAIAIY CB dananomsina lasaaiig

d a 2 A = Yy aa & L

FUFIVII UONIINI 31N 4.1 11ag 4.3 Fauaaawan1sninae Iaseasanirunacey luay
<] { o (DR 3 A 2 4 o w
nageumanna N lirmIunsZUIUMIYUUTIE tazFunaae UL CB awday Taglu

Y ' v
FUNATOUNHIU CB 92 WD 15398519 Retained Austenite F91nA910115 01U U 101909519

4 1 2 Ao [ BN 3 A ~ 9 o PR = d
MFVoUFI ua lusunado Ny lumumsguudadmuiies Inssaaes lsamiy Fuilu
~ Y1 < 9 4 A A 4 Aa .
mgranvzazlldanminmanndinsueullsuusignsUeugIuINNe UINA Retained

Y
Austenite SWﬂﬁQWa@]ﬂﬂ"lilﬂﬂiﬂidﬁ%stlqu’mﬂ’Jllﬁ}

White layer (um)
25 m1010

m1020
01040

20

15 -

10 -

1 Process
Soft-nitriding CB+SN

{ v o 1 @ I a
gﬂﬁ 4.14 AN NVAUNUTIE YIS White layer thickness AUNIZUIUNTTYULUIND

' < Y J
Gl,uﬂqmwaﬂﬂmmiuau

] @ [ é’, a ay J < o
wul,?]mﬂuﬂummwuwummnmawumaﬁaﬂumnmaﬂﬂ’é’mauﬁmu
IS Aa J ~ v £ <3 Y A
NIZVIUNTTYULUYIND uﬁmiummhmagﬂm 4.15 NUNBUNATDUH AN NATNTUNHNIUNT
3 a = Y a 1 <
GIQ"ULL"INN’N%I’JEJ SN NLLH’JI”I:!III"UENﬂ’ﬂllﬂlﬂ“]ﬂ!N’J"lﬂ’Jiﬂﬂﬂ’NﬂWiﬂg‘Ull"U\?ﬁ,’JU Combined 2

A = [ YY) [ < 9 4 d”w 1 < 9 A
HDWINFTUNAASINUNUNYUNANNAIATITUDU UBNINUIINUIUNANDATNTUNUTIUNTY



75

A a = 1 Y a g‘/ Aa A A 9 3 I
UBITIULNG (Ni) A9 AISI 4340 ?NWﬁ“l‘ﬁ?fm1iﬂ1ﬂﬂ%uwaﬂ113wNﬂﬂﬁu”ﬁumﬂuﬂizmm

34 yaz 21 lulaswasaudiay

White layer (um)

40 m1040
@4140
35 04340
30
25
:
20 - T

15 -

10 -

— 1 Process
Soft-nitriding CB+SN

{ v o 1 @ I a
gﬂﬁ 4.15 HaAANVAUNUDT I IN9 White layer thickness NUNITZUIUNTTYULUIND

' <
Tungumanndma

=

4.5 HAINNMINAADULIIA

2 I~ Y A s 1 o A ] S a 9

FUNATDUMANNATNNTINATTUDULANANNU LUDAIUNTSUIUNTTYULUINIAIY
a I A 1 o ' § T <3
’J%ﬂTiG]qf‘ULHNN’J@N g ﬂmam”luﬂswwumgﬂﬁ 4.16 WU N NLUILIIGITA (Ultimate

2 = 4 o 4 a 4 o 2
tensile strength) i]&WlJ@]'liJ‘IJﬁJ']il!ﬂ'li‘U’f)uGU’E)\ﬂﬁﬂ Lﬁﬂﬂﬂ?ﬂﬂi!’lﬂ!!ﬁ@’Jﬁ'ﬂ‘ll’é]\‘l“b'uﬂﬂﬁﬂﬂiﬂﬂ
1 "o A 1 o < @ = 4 @ { o
daIngidsnsanimanag s lianuudussgegandsiuaulsmamsveuvesiagiimn
v
MFUNATO LAY
a 1 S A 1 1 Qy
‘H1ﬂWfl]']iilﬂﬁﬂ35‘]J'Juﬂ']iGIgiJLLEIJQN'JLMﬁ%ﬂi%U'Jufﬂil!,f,%l'l VENUNTUNATD U
< v s A g a 9 . a ] ' 3
MANNAIATUDUNNIUMTYULUININIYG SN+CB (Combined 1) JJL!u'ﬂuiﬂlﬂﬂﬂTﬂ'ﬂNl!“U\illi\‘]
' < ad A 2 A 3 v 2 A
EIFANINNIINITYULUIAIYITNITOU FINATULUIUIIGIFANINNINFUNATDUNAIUNIG
I a v ~ l = 1 < a 9 PR A [
PYULUUIRINIY CB IWIIDYIUAYY TIUNTTYULUININIY CN ‘ﬂNL‘iJ‘L!ﬂ”liLWZJTJW]‘lluT@iH]u%’JEJ
= Y 3 a 1 2K a <3 2’, 1 v Y g Y

ﬂL“L!'ﬂ?iﬂﬁJ“Iﬂf‘iJ “]N]lﬂﬂTﬂ'J”IiJLL"INN'JLLﬁ%ﬂ”Iﬂ'NiJﬁﬂN’JLHNVNﬁ?JﬂgQﬂ’N (MU0 4.3) Lmﬁl‘wm

anuudiasegegadnd leinsanidnyarmsouyuiguugigusuiu

Q G u



76

uTS (MPa)

700.000 1010

600.000 @1020
01040

500.000

400.000

300.000

200.000

100.000

0.000

Process

ﬂﬁ 4.16 LAAIANUTUIUTIZH I Ultimate tensile strength ﬂ‘]JﬂiwiJ’Jumi“lﬁJu"lJ\‘iN’J

1uﬂqulﬂﬁﬂﬂﬁ1ﬂﬁ“ﬂ@u

@

4 ' S a g ' J .
u@ﬂfl]']ﬂ‘f! AWV NITYULUININIY CB N9y SN Gl,uﬂizuaumiiilmmu Combined 2

' 9 < 2 A 4 2 A o o 2 a 9 ~
“H’JEJIW?]’JHILHNLLNQ’Q@WIJE)Q"]fuﬂﬂﬁ’é)llmwwllu LllE]mEJ’]Jﬂ‘]JﬂﬁG]g’ULLGINN’Jﬂ’JEJ SN (W8

e

=

' 2 A a ' Aa A ] ~ [ ] A
RIANINCTe] !u@\iﬂ’]ﬂﬂig\l’lmﬂ]iﬂﬂu[ﬂwgﬂm']ﬂﬂj'] (199N 4.3) FINANDNITINUVUUDIAIY

[ 1 @
llﬂl\i&li\?q@q@!%uﬂu

uTS (MPa)
700.000

600.000

500.000

400.000

300.000

200.000

100.000

0.000

Process

CB CN SN+CB SN CB+SN

ﬂﬁ 4.17 uammmauwuﬁivmw Ultimate tensile strength ﬂ‘Uﬂ‘i“"iJ’JL!ﬂ1i°b”1JLHNW’J

1uﬂqmlﬂﬁﬂﬂﬁ1ﬂﬁm



77

{ 3 1 A { wa 1 A 3
10317 417 saasldimunmsmusanasiguauiasemuauudasaluns
Y ..o 992 a < L X
puyU laun Cr, Mo uaz Nivi Iisunagouiinnuudeusunuyulugnnszuiuns
< : 1 3 1
Tagmwizlumanndn AIST 4340 alidrumauvo Ni 928 9z 0a10uiwssgaganInnn
<3 9 A (= A < 9 AA A I A a
mannd i lulisquauriomannaiNiies Cruaz Mo lusianay naziiona 15w
A I a [ 1 Qy <3 Y = Y v W
NNILVIUMIFUUIIAWADSATLUIUMT WUNFUNAFOUIHANNA WAL TUNREINUND
< Y s A a 2 < v A S a v .
MANNAIAITUDY (31N 4.16) ADFUNAADVINANNAIWANNHIUNTYUUVIHIAIY Combined 1
U < ' <
Huua TiuvesmnNuuiasagaga (Ultimate tensile strength) 410021015 ULTIAY CB 1Az
o w o Y @ = & A 3 a 14 .
CN @1ua 1Ay nazdanudodunadnilsznisnilane Tun135uuIIAIA78 Combined 1
A < <3 Vo
HAuE T luMINNANUITITIGIgAvEUNANNA AN AISI 1040 oy 4140 TNy
<3 Y 2 A R 2 A W Y Y a 4 aa
IMANNAMEY AISI 4340 B93519 Ni 3elumsouyy Fegudulaaronansiniznneana
v A1 P-Value 1101 0.057 Amnnnnaszauiisd iy
' 1 I A <]
dmlunIzuIUNTIIMUDY Combined 2 LAgMFYUUTIHMDY SN Tumanndway
I o F 1% I 9 J 1 v A 3 9 A 3 a v ]
AUANFULAAYNUIMANNAINMTUOUFUNY ADIKANNAIHAUNAIUNITFUUTVINIAIY CB NDU

Y 3 2 A A tg A = @ S a v ~ 1
51]3Glﬁﬂ'J']ﬂJLlsll\1LL?QQQ@@%@Q%HV\QET@UTILWN%H WMIUNUNITYULUUININIY SN IWYID Y3

=
oNig]

Yield Stregth (MPa)
600.000

m1010
1020
01040

500.000

400.000

300.000

200.000

100.000 -

0.000 -

Process

SN CB+SN

{ v o ' @ I A
517 4.18 HAAIANVANWUDTIEHWIN Yield strength NUNTESUIUNTYULUIND

U

1 < 4
Tungumanndimiueu



78

9
= v Qy d‘

v 3 a a
ATAITULUILTI U JANTTIN (Yield strength) ﬂglﬂﬂslluﬂU%u%ﬂﬁ@UﬂﬁWﬂﬂﬂiiM
= @ = v 2 2 a é! o & < Y A 3 9
MIAYHIYUUUITUARUIUNTUY FUNAVUNUTUNATD U ANNATNHIUNTYULUIAIY SN
1 I A 4 a 1%

18 Combined 2 fTTLlﬂﬁgﬂ'JUﬂTiG]é‘]JLL‘lJQW’JLLTJUﬁH ’1]3ﬁWq@]ﬂiiﬂJﬂTiLﬁ'ﬂﬂﬁJu‘U‘U’Jﬁﬁ]Lﬂ5'13

{ v W 1 ' < [ <)
%”Iﬂg‘ﬂﬁ 4.18 !Lﬁﬂ\?ﬂ?TNﬁNWUﬁigﬁQTQﬂTﬂQTNLL"INL!?Q W YANITINNUNISUIUNTIYULUUIND
Y 2 ' <} X o o 1 I~
W2 nuvlurunaaeunguranndIMITuou FldnyUzAR18NUAININUTITIGIgATDT
Qy i % 1 3 Aa 1 [
GI)”L!‘VIﬂﬁ@ﬂﬁﬂWUﬂﬁZ‘U?ﬂﬂ?iﬂﬂﬂﬁ?? ﬁ’ﬂ ﬂ?ﬁ“]jULLﬂNW'Jﬁ}'JEJ CB n9U SN °lumzmumsmu

. ' 9 < A 2 A A o 3 a v = ' =
111U Combined 2 “If?ﬂﬁlﬁﬂ'J"IiJLHNLLﬁQLWM"UH WOMNYUNUNITYULUINIAIY SN INYIDYIUAYT
A 2 J Aa A '
HeINYT UMV UNRINNINAN
o =l [ U <3 JREDN 49! 2 I k) <
Glumu@Qmmﬂummmuﬂmm U YANTIN ﬂlﬂﬂﬂli‘!iu“ﬁuﬂﬂﬁ'ﬂﬂlﬁaﬂﬂaTNﬁ'iJ Ny
1% @ 1 < 2L o 3 a
ﬁﬁﬂ‘klil!%ﬂél']ﬂﬂ‘ﬂFnﬂ'J"IiJLHNLLiQQijﬂWJ@QGHHVIﬂﬁ@‘UﬂN']uﬂi%‘]J'JUﬂWTIjULL"INW'Jﬁ}'JEJ SN iag
: 2 A - = 4 '

Combined 2 ¥4 15 VUTIAIRIY Combined 2 1HAIAIIWLTINTI B JAATINFININNI

IS a Y = ] = 1 = % AAa o v <3 A
MTYULVINIAIY SN INSIDYNUAYT FUAYINUHNANINANUAIAINULUILIIGITA (g‘]_h/l 4.19)

Yield Stregth (MPa)
600.000

w1040
|4140

500.000

i

04340
400.000

300.000 -

200.000 -

100.000

0.000 i
Process

CB+SN

{ v o v @ I A
g‘ﬂﬁ 4.19 HAAIANVANNWUDTIEWIN Yield strength NUNTEUIUNTYULUIND

1 <
Tunguinannawe

= 4 A o . 2L < ¥
iﬂﬂg‘ﬂ“ﬂ 420 ua@nudosIFUANITIAA (%Elongation) YUDIFUNATDULHANNA
4 ' 2 Ao a = [ = = 2 A
ATUBDU W‘]J’Jﬂuﬂﬂl‘lflﬂﬁ’é]‘]J‘I/IiJWi]ﬁﬂ’iillﬂ'lilﬁ'flﬁ"lﬂll‘]J‘]J’JﬁﬂLﬂufJ?l ADFUNATDUNWNIU
S a 9 . a1 L 4 A o o W 1 <3

NMITYULUUIAINIY SN LS Combined 2 ¥ANYBSIFUANITIAA LY THARUAVAIAIULVILT
= v 2 A 3 a 9 = J I -4 A o J
TIFA FIWUNTUNATDUNHIUNITYULUINIAIY SN %gulﬂﬂﬁlﬁﬁuﬂﬂWiﬂﬂﬁ’JQfﬁﬂ’N

1 2 A a s 9 2 A < a 9
ﬁ’)uGD"L!‘VIﬂ’d’O‘U‘VlllWi]@]ﬂiiiJﬂﬁlﬁﬂﬁwu‘U‘UL’]J51$ ulﬂllﬂ“lﬂl‘ﬂﬂﬁ’f)‘]JW/INWuﬂﬁGIﬁJLL‘lNW’Jﬂ’JEJ



79

. a 3 4 A o Y T @ < FZAl Y <3

CB, CN e Combined 1 wllosiFuanmseanitios umzmmmwu"lmw UUATAITULUILLIN
Qy A S a v . =\ Y 1 ] S < 4
AFAVDITUNATDUNNIUNTTYULUININIY Combined 1 ‘DZMLLU'JIUIIJJ"Iﬂﬂ'J"I uattlosigua
A o n Y Y v v A Y A @ I 9 4 1 a 2 A W Yy
ﬂ158ﬂﬂ3llullﬂﬂﬂaﬂu@ﬂﬂ31 llﬁ$lelﬂTGlﬂﬁme\iﬂuGluL‘Wﬁﬂﬂﬁ”lﬂTS‘]Ji’)U!Wlﬁg“IfUQ ‘ﬁfﬂﬂuﬂullﬂ

a s aa [ Qy 1 < Aa
ﬁ}lﬂwﬁﬂ”liﬂlﬂﬁ”lgﬁﬂﬁﬁﬂﬁghﬂ One-way ANOVA WUI1A1 P-Value ﬂlﬂﬂ%uﬂﬂﬁﬂﬂﬁﬂg’ﬂlﬂlﬁﬂﬂ]

9 v
mounInua Jatesnnaszauiivdiny endulu Combined 1 FaliAuniny 0.442

%Elongation
25.000

m1010
21020

20000 01040

15.000

10.000

5.000

0.000

B N SN+CB SN CB+SN Pracess

{ v o J 1 @ I A
517 4.20 HAANANVANNWUDIIEWIN %Elongation NUNTEUIUNTYULUIND

U

' < 4
lungumanndimsueu

%Elongation
25.000

| 1040
24140

20.000 04340

15.000

10.000

5.000

0.000

SN+CB SN CB+SN Process

{ v o d J . o I A
g'ﬂﬁ 4.21 HAAIANVANNUDTIEHIN %Elongation NUNTEUIUNTYULUIND

1 <
Tungumanndme



80

] I~ o @ 1 <3 4 [ !
lungumannamaulisnvazadenungumannainisvou aaaaslugdi 421 fe
s 3 o A o . L o ) 2 A
1/o515UAN158AAT (%Elongation) Y9 IFUNATBIHNANAAIWAN TUFUNATDUNNIUNIS
3 a 9 . 2 A S a 9 =\ S 3 4
YUUYIAIAY SN 1182 Combined 2 WUNFUNAFDUNHIUNTFUUUINIAY SN dzlo3idua
A @ 1 v Qy A < A 9 . =] 9y A [
M138AAIZINIT uA TUFUNATO UNHIUNITYVLUINIAIY Combined 2 vz N A InaIAsINY
< 9 1 a 1 c? Aa a s = S I 4
lumannadazsila duFunaaeunnganssumMsi@emsunvnlig szlnlosidud
A v Y 2 A IS a Y . = Y '
M3tadIee taz TUFUNAARUNFHIUNIYUIYIAIAIY Combined 1 3zUUUI THNNINNI LAY

a Y A [ <3 9 1 a
umlnamesnulrannauaaz sila

=< &' a C%
4.6  NAINMITANHINHAINMSUANHD
2 < Y A 2 A Y ax 1 4 o = g
FUNAADUVMANNNNAIUMTFVUTIAIAIGITNITAN ¢ 11BIINITNATDUUIIAIA?
° &} a o J g a 4 . .
ﬁlzgﬂmmﬁﬂymummimmm ﬁ?&lﬂTWﬂW‘WHW”ﬁHﬂLﬂ%@Q Scanning Electron Microscope
2 A A a = o = y 12 A
(SEM) luunadeuniinganssunisiderionnuiagliie deldunsunadeuiniu
< a 9 p A =] j’ Aa v I
MIYUUUIAIAIY CB, CN 1Az Combined 1 (31N 4.22-4.24) vzlanbasiurniooniiu
2 dnway AedrufeguinuueuIziiseeuanaoudeazBeanndIuNogusIULIUNA
1 = Aa Y a v =K A < & = Y3 J A
Tagamusnazlszezaniiuen InainesntmIANuanATINImNe sauaadlimunysna
v ' = 19 J A o Yy < 1
aana Imsuwi lvessgmsvennse lulasnu mldianusdannniununais uaz
= ' A v 2 = ' A ' A
UAl3128100 9 weANNHEIMUNFUNATR UIFEM 1B INAIUNTANNIT1ZNOY A
v H
VSNV U MINUUAIUNTANNIMTEIUFEY 18 Tasganiav0I5081AN (Crack initiation)
1 d‘d =) ) 1 &‘ a g}/ 1
TuaunuaNUKTeIIZegIeHINNUHINITDIAIY
' 2 A S a 9 = . = =
AIUFUNATOVNAIUMIFUUUINIAY SN (31N 4.25) 11ag Combined 2 (31N 4.26) &4
a @ v 2 o I A
NgAnITsTuMIIFOMIBUU VIR Te WUNTUNATOUNFIUNTYUMTINIAIG SN 1)
@ < Y 2 A A < Y
anbuzmMauaniuiuuIe1azns 28 (Cup and cone) FUnAvINUTURON Tagaziiu ladaau
1 < J U 1 <3 1 a v
Tunquimannd1n1suou aIUNgUIMANNAIHANILNUNUTNIUVB VTSN BULNITUANIDY
& a L) 4 1T A
nazgunannmsunid lvessigmisveuas luTasmuluussemamseuyy uansn
g @ =Y =} [ 2 I Y A 3 a
emeludinalianyazmsuanuuumtiednd aulusunaaeUManNAINFIUNIYULTIHD
o & 1 < a @
@28 Combined 2 93 AR1GAUFUNATOUNGUINANNAIWNANYDI SN ADUT MV UNANBME
N - T - S 3 v
mauanuuulsizuazmelutanuuumte) FUAAVUNIHANNAIMS U ULASIHANNA 1WA
o a A A a A Aa 4 o A S a g '
FUNANNNUTNUAINYTUIAUTIGAITVDUTIUINLIN 1110991NNTYUVLVIHIAIYE CB WINDUY

o { a tg‘ < 1 1
mclﬁ’ﬁmnmmaumawumﬁauﬁmmumuWﬂﬂ’nmmﬂuﬂaN wagianulsizunam



81

/

SEI 20kVN\WD28mm SS45 x20 500m  — /

SEl 20kV 'WD29mmSS45 x20 500pm j — 7
N 1382 ANov 11, 2013

1382, Nov 11, 2003

AISI 1010 AISI 1020

N
!

¥ N
WD29mm SS45 x20 500 . — SEl 20kV WD28mm SS45
» q N

1382 Nov 11, 2013

AISI 1040 AISI 4140

SElI 20kVWD28mm SS45 x20 500 m - m—
1382 Nov 11, 2013

AISI 4340

! ' A~ L <
319 4.22 uaaan 1N SEM mnmiammm1ﬂms1/1ﬂﬁauusqﬁwawumﬁaumaﬂﬂﬁﬁ

G

A S a g 24 4 a
‘VIN1Llﬂi%‘]J'J‘LlﬂTi“]g']JLLEU\‘lW')ﬂ'JEJLLﬂfTﬂ"Iﬂaluli‘ﬂN



82

SElI 20kV WD29mm SS45 500pm  S—

N\
SEl 20kV\_ WD29mm SS45
1382 N

Nov 11, 2013

AISI 1010

SEI 20kV" WD29mmSS45 = %20 , 500pm S wes SEI zdw WD29mm SS45'
f ; ; 1382 A

NGOV 11, 2013

AISI 1040

SEI 20kV WD29mm SS45

x20 500pm  Se—

1382

AISI 4340

500pm, - m—
1382

AISI 1020

500im |/ m—
1382

AISI 4140

Nov 11, 2013

JNov 11, 2013

Nov 11, 2013

! ' A~ L <
319 4.23 uaaan 1N SEM mnmsammﬂi}1ﬂmimﬁammﬁwawumﬁaumaﬂﬂﬁﬁ

G

A S a g 24 o Aa
'VIN”ILlﬂiS‘]J'J‘LlﬂTSGIQ"UELGU\‘lN'Jﬂ'JEJLLﬂfTﬂ”IiT‘Ullu@ﬁTEJﬂQ



83

SEl 20kV WD28mmSS45 8 560um ——
v L U382 85 Nov 11, 2013

v

AISI 1010

SEI 20kV.. WD28mmSS45 x20 500pm —
5 1382 Nov 11, 2013

AISI 1040

SEl 20kV WD28mm SS45

4

R

SEI 20kV WD29mm S$45

.

SEl 20kV “WD28mm S$S45

500pm  —
1382 > Nov 11, 2013

AISI 1020

500pm  m—

AISI 4140

AISI 4340

! ' A~ L <
519 4.24 uaaInN 1N SEM usnmsammnfu”mmi°vmﬁamasQﬁwawumﬁaumaﬂﬂfﬁ

G

{1 <) 1 v 23 a
ﬁN”IL!ﬂiS‘]J’J‘Llﬂﬁﬂgﬂllﬂlﬂﬂ?ﬁhﬂﬂiﬁﬂ?ﬂﬂﬁi’JiJi%‘i’i’JNLLﬂﬁ“]f’f)V\lﬁﬂluﬂﬂEJﬂﬂ

[ 4] 4 a
Auunan15Yy 15




84

SEl 20kV WD29mm SS45

SEl 20kV WD29mm R

Nov 11, 2013 1382 Nov 11, 2013

AISI 1010

SEl 20kV WD27mm SS45 x20 SEl 20kV WD27mm SS45 x20 500pum —

R . Nov 11, 2013

AISI 1040

1382 Nov 11, 2013

AISI 4140

4

SEl 20kV WD28mmSS45 500y —

A 1382 Nov 11, 2013

AISI 4340

! ' A~ L <
519 4.25 uaaan N1 SEM mnmsammﬂi}1ﬂmimﬁammﬁwawumﬁaumaﬂﬂﬁﬁ

G

A S a g 24 Aa
'1/]N”I‘LlﬂiS‘U'J‘LlﬂTiGlg"]JELGU\‘IN')ﬂ')ﬂllﬂﬁ“ﬁﬂﬂ@lﬂﬂﬁiWﬂﬂﬂ




85

SEI 20kV WB28mm SS45 x20 500um =
1382 Nov 11, 2013

SElI 20kV WD28mm SS45

Nov 11, 2013

AISI 1010

SEI 20KV SEl 20kV ‘WD28min

Nov 11, 2013 ”Nov 11, 2013

AISI 1040

SElI 20kV WD29mm SS45 x20 500pm ——
/1382 Nov 11, 2013

AISI 4340

! ' A~ L <
319 4.26 aAIN N1 SEM mnmsammm1ﬂms1/1ﬂ’dauusaﬁwawumﬁaumaﬂﬂﬁﬁ

U
'
a1 <

a 1 J 23 a
‘VIN”I‘LlﬂiS‘U’J‘LlﬂﬁG]f]JlLsU\‘lN’Jﬁ}’JEJﬂig‘U’Juﬂ”lii’JiJi%‘Vi’JNLLﬂﬁﬂ”Ig‘]%llli“]N

fuupawed luasea



UNAN 5

asiwanisIdenazdeiauenuy

a W
51 agUwamsivy
o A Aawv A = wa < Y A < A
HAINNITAUUUIUIVYLTDI NITANHIAUTUUAUNANDATNHIUNTEUIUNITYULUUIND
U i [2) a 2] 4 A X Ao s A =
5'311ﬁ$ﬁ31ﬁllﬂﬁ°ﬁ@wﬁﬂlu@ﬁqﬂ@\ulagllﬂﬁﬂﬁlﬁll“llicﬁq G])'\nJ'JﬁQﬂﬁgﬁQﬂLW@ﬁﬂH1waﬂ5$ﬂﬂﬂl@Q
o <3 Y < 9 9 1 1 4] 4
ﬂ§$U'Jufnﬁﬂﬁlll]?Qﬂﬂlﬂ’]WLﬁaﬂﬂa']llaglﬁaﬂﬂfl'lWﬁllﬂ’)‘(’lﬂﬁgUQUﬂ1§§3N3$W31Q!lﬂﬁ“ﬁﬂV\I@

a

a (2] J a 1 wa I A <3
1u§]§WﬂﬂQL!a$L!ﬂﬁﬂW§DﬁUli“ﬁﬁ AD TN UALBING Tmm%’mtazmmummmmmaﬂﬂﬁ'umz

A3

Y v A

<3 a o
maﬂﬂﬁ%WﬁN Wﬁmﬂﬂﬁ’)%ﬂfﬂiﬂiﬂiﬁﬂqﬂ ANU
S a v v v 4 q a
5.1.1 Nﬁslli’Nﬂ‘iz‘l]'JHﬂTi‘lj‘U!ﬂNN'Jﬂ'Jﬂﬂ‘i%ﬂ?ﬂﬂ]‘iﬁ')ﬂl‘i%ﬁ?"Ix‘i!!ﬂﬁ"lii’)ﬂﬂﬂ‘l»!ﬂi]ﬂﬂﬂ
(23 d a v A Aa <3 v d
amgunaﬂ1‘sy"!smﬂa’smum‘mnammmannmmiuau
S a9 1 1 (3 a (4
ﬂiZ‘UTLlfﬂﬁG]qf‘ULLGU\‘iN’Jﬂ?lﬂﬂiﬂﬂ?i!fﬂi’i’m3314’JNLLﬂﬁ“]ﬂﬂﬂ@ﬂﬂ@]ﬁﬂﬂ\illa$!,Lﬂﬁ
4 a o B2 2 < Y 4 A A 4
ﬂ”li‘]aljlli"“]N ﬁ'nl1Sfl‘IJﬁ‘U‘1J'§\‘lﬁll‘]JWU’f)\1“111!‘1/]@ﬁ@‘Ul,ﬁﬁﬂﬂﬁ1ﬂ1§ﬂ@ﬂﬂﬂﬂiﬂ1iﬂ‘ﬁ1ﬂﬂ1§ﬂﬂu
1 [ Y wadda! 3’/ 9 < o S A Y S a A Y A [
mmu“lwuﬁummu TMNATUAITULUNLUASNITTULINANA D lemmmummm%ammnu
[ ya A o o 9/&9} dy a2 A 4 1 IS Aa
Llﬁgﬂ’JﬁJLLﬂNﬂTEJGLS?]W’JVIﬁZJHﬁiJ’OﬂM umumﬁauu%sziaJwmmsmuﬂ@umwqum
' v I 2 a Ay v a0 Y 2 v W IS a 9 [ J a
ANNUNATY TﬂEJﬂ’JUJLLsUQN’J‘VIMlﬂi]%3Jﬂ?olﬂaLﬂENﬂ‘LlﬂiJﬂ15613"]_]LHNN’J@’JEJLLﬂﬁﬂ”Iiyj"li%’Q
dyo/ [ o [ = Y Y dg@' 1 3 a 9 (2
u’eﬂmﬂummmia1J3‘mJ';;Qfmum”l,umﬁummﬂmmﬂuuqwummwymmmmmmﬁ
s A ) s a I < s2 & A o
miyj”ls«vmazuﬂﬁmﬁT‘u”lumwm VIQﬂTﬂ’JTNLHNLLngQZjﬂLm%kﬂ@iﬁh’u@ﬂﬁﬂﬂ@n
a d a
5.1.2 HAVRINSZLIUMIFUNTIRINIBNIZVIUMITINszH N WRaveraluneda
3 d a v va a < %
uazunﬁm5y"limmaunmmnammmannmwau
] [ < < Y Aax dy A o 9 [ 1
WAADAIANINUUIIIMNNITSUIUNTTYULUUIANIYITNITU HanbUSAIINUNQNUD
< Y % A Y1 g a A ya o < ya A o w2
HANNAIAITUDU ﬂ@iﬁﬂ"lﬂfl"mlﬂlﬁﬂflﬂmlﬂmﬂENﬂ‘Ll uazmmumqmaimmwammm LB
o a ' 1 @ v A . ' A
‘V]ﬂﬁi’)‘ﬂ’ﬂgQﬂﬂTﬁu®1ﬁ)ﬂ§3J”Iil!‘ﬁ?i{]ﬂWi‘Ui’JuL‘VHﬂu Lmﬁ%ummﬁmwaw’fiwamwu
S a 4 o dyw 1 Y1 <=3 g’; A YA
ﬂ’J”Illi"f"lll1501uﬂ135]§‘1JLL51]\‘1N’J‘1/]¢]”I\1ﬂu u?Jﬂi]1ﬂ‘LlENWU’J"Ihlﬂﬂ1ﬂ’J”I§JLHNﬁﬂ1/NﬂlJﬂ%lﬂmﬂﬂﬂ
v A 9 1 9 va [ KX A o 9 [ 1 I 9 4
NUDNAY ﬁ’J‘LlGl‘LlﬂWuﬁll']JG](l‘LlﬂTiiﬂlliﬂﬂﬂllaﬂBm%f"la"lEJﬂ‘]JﬂQlJ"’IJ’ENLWaﬂﬂﬁ”Iﬂ1TU’E]u
] @ A =\ 9 1 S a 9 [ 4 a 9 o a g’; 1
LBUDU AD 3JLLL!’JI‘L!llq\iﬂ31ﬂ15‘]ﬁJLL"U\1Nflﬂ’JEJLLﬂZ‘Tﬂ"li‘]aljlli%QLL@%LLﬂﬁﬂWiIUqu@TIEJﬂQ TN
< sd o A o o A ya o 2 < Y
ﬂ’J"IllLHNLL?QQNqmm&ﬂﬂilcﬁu@]ﬂﬁﬂﬂﬁﬁl Lmzﬂmﬂﬂﬂammmiu%umﬁaumamaumaz

A X ¥y < 2 3 a < v ¢ Y wa Y
FUA “I)'\‘Ill,ﬁﬂﬂﬁmu"]”lﬂi%ll?]uﬂ”liLlﬁ”lllWiﬂ‘Ij‘LILL"]NN?Lﬁﬁﬂﬂﬂ"lﬂ”liﬂﬂlﬂ‘ﬂllﬁllﬁﬁﬂ”luﬂ’ﬂu

< 1) = Y 1] I Y A 1
Llﬂlﬂllﬁgﬂ'lﬁiﬂlﬁﬂﬂﬂvlﬂﬁ/]'l 9 ﬂ‘umaﬂﬂamu‘ﬁmNmﬁ]i’afﬂumiamg‘u



87

a dJ a
5.1.3 MAVBINITVINMIYUNTIRIAINSzUIUMITINSZHNWRam 5y lsBaay
24 4 a 1 v A < 1'% d
udarenaluasisRsneaniiaBinaveunanndinmsvou
IS A o J J 1 2 J a a £ X a
MIYUHIIAIAINANITINAADUT MU FTINAT VO UVTIUHIFUNATOD Funa
A s A a a <4 4 a o 9 a Y &
NNMIANFIAATVOUNUTIUAINNATZUIUMsUNAAITY 1559 i1 Tvinsna Tasedd s
a 1 3 a 9 [2J a A i = ' ' Y
Ay msguudsimeunased luasieaaiissed1aufed uanszuaun sy 19
' < 1 < o =2 ' (24 J
AANUUVILITIGIGAUASAIANINLTINTI B A0 TUNITTVUIIRIGIN NN asond
Tuaseda
a dJ a
5.1.4 HAVRINSTLIUMSFUNTIRIANIBNSTVIUMSTINSZHNWRam Y s away
<4 d| a 1 wa A < 14
udarenalunsiefsneaniniBinaveunanndwan
da X2 o ) Y o 2 v ¢ A = Yy & a
HONINATUA DI ANNAINANIZAAINVIHANNAIAITUDY ABT IATITTINTURND
A 19 Y1 <3 1 1< o = dB!
Y1INVNA 1a THAIANUITNTIGIgALazAIN NN & 9AA510 TUAITT NI
yw @ A (% < { J A a X 1 A
wonnnidmudodunaineinumannaniidmkanveesIailina Faemunnuainsn lu

a ) g’./ a gldzg 1
M3na IATIas 19 UHIU IR AV LB E1aUIN

Y
5.2 VolauUdUUS

<

< A a '
5.2.1 mﬂ‘umﬁgﬂm@QﬂTi’e)‘]JGy‘lJmmm@ahﬂﬂizuaumiijmmmm WNITUIUNIITIN

v
0
v ¥
el

' (4 a 4] J a o wa A Y <
izmnuﬂﬁmmﬂmﬂumwmuazLmami‘gllsm mmmmﬂmaumﬂ ﬂﬂiu@TUﬂ’J”llllmN

o = 76 Y YA J gd
uazmsimmmmﬂizqmiw“lunmqmsm”lma ﬂi%‘].lTLli’JlluiJﬂ’J”Illﬁnﬂiﬂ(h!ﬂ']iij‘]J
< A 3 9 o Y wa A Y [ < 9 A (A 4 1T W Y
LLGINW’JL‘HEIﬂﬂfﬂfﬂiﬂﬂuﬂlﬁﬁﬂJ‘]Jm%'ﬂﬂa]lﬂm1 9 AUIMANNA WA NNUTUIUMT VD UININY B9
] 9 o < 9 Aa 1 9 1 [} < 1
GI)"JfJﬁﬂ@]unu%Tﬂ'i?ﬂTJﬁﬂﬁ’mﬂﬂaTWﬁﬂJ“I/I‘JJiTﬂ"ILLWQﬂ’Nllﬂ LW]’E)EJNlliﬂGnllﬂﬁz‘]_l’luﬂ']ii’lll

[ U 9) VR Y a 1 dyﬁl ] [ =
mﬂan%naﬂumsam;wmmw FIAITADINITUIUTIUHAFUNY LAaZAITUNITOU
A v o & Y
ﬂumﬂaumsm%mm”lﬂ%
Y Aa ~ 3 a 1 3’, 2 A o o S a A
52.2 mwmimmﬂizmwymmwﬂmmazma HWINFUIIUNUIWIMINTTYUUUINDY Y
a I 1 1% 1 < < @ 1w
ﬂfl!ﬂ‘l]f’]x‘llﬁﬁﬂﬂé}"ll,mﬂ@"lﬂﬂu LLG‘I@%}E’)\‘iﬂWiﬂ’NﬂJLLGU\1ﬂgﬂﬂ’ﬂi\luﬂlﬁuiﬂﬂ?ﬂﬂﬁﬂﬂ?ﬁf’]‘]_l‘qu‘]JL‘Vl"lﬂl!
1 a [ L Ll o a a 70 9 1
LFU qmmaa‘uwammmiwmaum"lﬂwamm fﬁﬂJ"I'iﬂ‘]Ji%Qﬂﬁulsb'ﬂiw_ITJUﬂTii??JGlUﬂTiij‘]_l
S A o ' Y
LHNN’JﬂQﬂaTJ]lﬂ
a o I a ' 1
5.2.3 iﬂﬂNﬂﬂ1§’Jﬁ]EJWU%ﬂamﬂﬂﬂigﬂﬁuﬂ"ﬁ‘gﬂlﬁlﬂW’J@g]}’JEJﬂi%‘]_lili‘lﬂiiiillig‘ﬁ'ﬂﬂ
4 4 a [ I'4 a o = [ Qs‘ a ]
Llﬂﬁcﬁﬂ%l@llumi"lﬂﬂ\ulagLLﬂﬁﬂ"Ii‘]JJli"]f\iWﬁWfJﬂi%ﬂ"li mi]m"lﬂﬁﬂy"mwvmmmq 1¥U
2 1 A a2 J Y = 1 Y =~ as Ja A s A
FuaIverweua Weunes 1Juau Iﬂ&l’f]"li]ﬂﬂ‘]sﬂi?lllﬂﬂi%&ﬂﬂﬂ?‘ﬁllwlluﬂﬁlﬁﬂmu@] (N

NFeUNeUNan1I31a0INUNANITNATO U3



MANHIN N

a d
wams:;amwﬁmmuﬂﬁﬂnumasﬁm (One-way ANOVA)



91

{ [ I~ i
M31N N1 LAAIND One-way ANOVA: Surface hardness lunguinannainiiveuisu
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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 <3 4 1
M5NA N2 UAAIND One-way ANOVA: Surface hardness 14NguIMannaIA1s o UNAIU

1 J 2] a o 2] 14 a
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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%

{ ' [ 4 {1
M3 1.3 UAAIHA One-way ANOVA: Surface hardness Tunguimannaimsueuisimg

d a 9 94 o a
ﬂ"l'iij‘lJL!,"'lNN]ﬂ]ﬂllﬂﬁﬂ”l'iill]lunlﬁiﬂx‘l

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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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%

A3 1.5 UAAINA One-way ANOVA: Surface hardness Tungumanndinauiiry
nszuIUMITINsEiaRasend lu lasastunsanmiy lsds

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%

GHSN‘ﬁ' 1.6 UAAIND One-way ANOVA: Surface hardness Glumjmwﬁmﬁ’mﬁnﬁvim
msyundsmdounans Tululasa

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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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%

{ [ < o Y
M5NN N8 UAAIND One-way ANOVA: Total case depth TUngumannaIn1suounrIu

1 1 ) a o 2] 4 a
ﬂiglnuﬂ’]'iﬁ')ll33W31Qllﬂﬁ%ﬂﬂ@ﬂu1ﬁiﬂﬁﬂﬂllﬂﬁﬂ'ﬁll"vlic]f\i

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%

{ ' <3 4 § 1
M35190 N9 1AAINA One-way ANOVA: Total case depth Tungumannamiueuiiniu
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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=0.06435 R-Sq=59.47% R-Sq(adj) = 50.47%
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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%

15199 .11 LAAIHA One-way ANOVA: Total case depth Gluﬂicjmwﬁﬂﬂéﬁwﬁuﬁvhu
nszuIUMITINsEiaRasend lu lasastunsanmiy lsds

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%

151971 1.12 WeAIHA One-way ANOVA: Total case depth G!uﬂﬁjnméﬂﬂﬁ}WﬁiJﬁﬁhu
msyundsmdeunans Tululasa

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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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%

. ! < 7 { 1
M517 N.14 UAAINA One-way ANOVA: White layer thickness Tunguinanndinsueuiriu
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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%

A19199 .15 HAAIHA One-way ANOVA: White layer thickness lunguimanndwadisu

3 A (2] a
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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%
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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%

] 1 < J
AN .17 LAAINA One-way ANOVA: Ultimate tensile strength Gluﬂqumaﬂﬂéﬁmiuau
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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%

{ 1 < 14
A1519% N.18 AAINA One-way ANOVA: Ultimate tensile strength lungunanndiaiiven
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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%
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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%

] 1 <3 J
A1519%N N.20 LEAIK One-way ANOVA: Ultimate tensile strength Gl,uﬂqumaﬂﬂéﬁmimu
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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%

{ 1 < 14
M15199 N.21 LAAINA One-way ANOVA: Ultimate tensile strength lungunanndiniiveu
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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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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
M517 N.23 UAAINA One-way ANOVA: Ultimate tensile strength 1unguinannanauiniu
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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%
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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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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%
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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%

{ J <3 {1
A9 N.27 LEAAIHA One-way ANOVA: Yield strength lungumanndiniiveuiniu
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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 1ARINA One-way ANOVA: Yield strength Gluﬂ’cjnmﬁﬂﬂﬁ'mﬁuﬁvhu
msyuudaidounasod lulasa

One-way ANOVA: Alloy-SN versus Sample type

Source DF SS MS F P
Sample type 2 118992.4 59496.2 992.30 0.000
Error 9 539.6 60.0
Total 11 119532.1
S=7.743 R-Sq=99.55% R-Sq(adj)=99.45%

151971 1.30 UFAAIHA One-way ANOVA: Yicld strength Gluﬂa;mwﬁﬂﬂﬁ’mfmﬁpim
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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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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%

{ 1 < o {1
M15197 N.32 UAAINA One-way ANOVA: %Elongation Tungumanndinis ueuriu
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One-way ANOVA: Carbon-CN versus Sample type

Source DF SS MS F P
Sample type 2 0.39102 0.19551 28.06 0.000
Error 9 0.06271 0.00697
Total 11 0.45372
S=0.08347 R-Sq=186.18% R-Sq(adj)=83.11%

15197 1.33 UAAIHA One-way ANOVA: %Elongation Gluﬂ”cjmwﬁﬂﬂﬁ’mﬁuauﬁmu
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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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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%

A15197 1.35 UEAIHA One-way ANOVA: %Elongation “luﬂ’cjnmﬁﬂﬂﬁmﬁuauﬁvhu
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One-way ANOVA: Carbon-CB+SN versus Sample type

Source DF SS MS F P
Sample type 2 24.552 12.276 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%

15197 1.36 LLEAIHA One-way ANOVA: %Elongation “luﬂfjmwﬁﬂﬂé’mﬁuﬁvim
msyunidsiadounansylsd

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%

A15197 1.38 LAAINA One-way ANOVA: %Elongation Gluﬂ’cjmwﬁﬂﬂﬁ'mﬁuﬁvhu
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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%

151971 1.39 HEAIHA One-way ANOVA: %Elongation iuﬂémmﬁﬂﬂé’mauﬁﬁm
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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+SN, 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.4d,
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, S., 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 various 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
spectrometer.

optical 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

AISI 1040 | 04198 02112 06344 00186 00148 0.1555 00658 00568 0.0109 00016 0.0052 Bal.

AISI4140 | 0.3942 0.2186 06946 0.0267 0.0043 0.0691 0.0457 08599 0.1526 0.0075 0.0245 Bal.

AISI4340 | 0.3818 02689 0.7064 00175 0.0340 0.1721 17194 08926 02618 0.0067 0.0146 Bal.

570°C

Soft-nitriding
3hr

NH,
Rx gas:NH, Oil quenching
10:10 m/hr 100 “C (30 min)

Fig. 1 Treatment conditions of soft-nitriding method

910 °C
Preheat Caureng Ditussion Soakng
45 min 2 he. 30 nin 45 min 30 min
%C 1.20% 0.80%
Rx gas Oil quenching
18 m’/hr 60 °C (30 min)

Fig. 2 Treatment conditions of carburizing method
920 °C

Carbonitndng
2hr

Soakng
1 he, 30 min

1.20% —
Rx gas:NH, Oil quenching
18:0.75 m’/hr 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 AIS| 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

Q9000 1040
w4140

b annd w3340

0700

0 5000

Q5000
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03000

0.2000

© 1000

0 pooo

Process
SokNereng Cotiong (atontideg  SHeC hesn

Fig. 4 Carbon content on surfaces 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

Hardness BV)
1000
38 040
bood 4140
.
[ Rt <5y B
S
=®o ;' - A by "
™ . = -
o A
e —a—t g B
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ee o e o & e 9 e o ’ » » Chnu—o
%% B ¢ © & & 3 B % B B B 3

Fig. 8 Section hardness of specimens on

carburizing process
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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
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Fig. 10 Section hardness of specimens on
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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 AlSI 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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