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<Abstract>

The effect of gas composition, pressure, temperature and time on the case thickness,
hardeness and nitride formation in the surface of tool steels(SKD11 and SKD61) have
been studied by micro-pulse plasma technique. Together with the effects of glowing
treatment on the phase transformation in the nitrided case of tool steels have also
been studied.

Typically, external compound layer and internal diffusion layer which is much
thicker than compound layer was observed in the nitride case of tool steels. The
relative amounts and kind of phases formed in the nitrided case changed with the
change of nitriding conditions. Generally, only nitride phases such as 7 ' (FeN), ¢
(FexaN), or CrissVosN2 phases were detected in compound layer, while nitride and
carbide phases such as ¢ ~nitride{(Fes-3sN), (Cr,Fe):Cs or FesC have becn detected in the
diffusion layer by XRD analysis.

The thickness of compound layer increased with the increase of nitrogen content in
the gas composition. Maximum case thickness was obtained at gas pressure of
200Pa. The optimum nitriding temperature was 490C at which temperature high have
nitrided case was obtained without the decrease in the hardeness of tool steel substrate.

The nitrided case was thickened parabolically with nitriding time( £ ) and thus, the case

depth( @ ) fits well with the typical parabolic equation ; d= k\/—l‘_. The material constant
k for SKD11 and SKD6! nitrided at 4907 (200Pa) were 0.04472%10°%m - hr'* and
0.05367 X 10%m - hr V* respectively.

Plasma glowing treatment of nitrided tool steel thickened the diffusion layer of
nitrided case and transformed nitride in the compound layer to carbide as (Cr,Fe):Ca.

1. A&

Heabgie]l whagtol] whal AI7IA REO i AU e g on,
£ Anrieg A% 1AE W WeREASe Aes 4 dAET 9 3859 A
e FA9 Fosdg A8 U2 doadel ¥a Zoign ok, o #d o
E UEAI717] 9 WA o2 A e "y, Al PDT, CVD ¥ PVD%E o e
o], o] W E £ PDT(Plasma Diffusion Treatment)® FalRwle] =L oYz 8 o
£3to] C, N, B §9 948 a&oly 49 ®dd k- AFAA Yupn i 2 4
deel AANAdAS FAANE FRAALY ke 2 A thermochemical

treatment@ 2 &l PDTel 93 XWAHS7|4& ZA plasma nitriding, plasma
carburizing, plasma boronizing 2.7 THH™, %ol plasma sulfnitriding, plasma
carbonitriding # o] FHet2nl U2 & o] g3dle] ZFEW 5 945 FA-HE
A7lE oY 7k 7|&Ee] o7l &Y

1odR, e ZHle] WsEe FAAA etz didd 2 s RE4e M

N

|

~ 248 -



NAREY FEELE A% 2dNAd B¢ A7 3

v A3y Ao FAS WA g3 FUE AAI e B9 3‘}‘40141 &
aga P 900TCe)ddlA AysEe HEyd vy Audos v &xQl

600Col3tell A A HEZE MFPF A8 Aoz 3ty AT + gl ‘”‘ﬂ%

< A9 W A JFInR FAT FF TUAZ Bol o]&Hu S},

T, Aol E 7t 4843 2 Fe2n A5l glon, Al #I
%29 AP EE 19053 Bauer®t Voerman % 1913\ Hanemann® 7f22 3o #3 7
o] Nert Ag3EHA £ado, 2ey 19233 5 Krupprte Frydl 93 374
9 drmyol 7hxAse # AF AAI AL Cr, Mo 59 5928 7 &F
ZelA FAd oz AFEA o] Zel stxAgrt AgsEs) Azt

I F 1950037 599 Degussartol Al E&ZA3EQ HEE o] =¥ (tufftride)e] 7l
BE 2, 19549 W59 FordAtel Al o] WEE AFak Tl &&3uAFE Halyol
e REEAG”

g s e gdRYel stAE ALEE A AstAzte] A AAE A
3Eo) 7|A e wgld o] Aty A Ui, 9EIFFPL FHARLZ Alolr}o]
E(MCNOMY AFEF(CN)ZF AL S o2 ﬂﬂ_‘?_u A7 Jon, addel AsE
9 FZAA A &t @A S A3 A

et b FFoln 84 MELE HIVled e oMol dF HAoH
o] HF QT RFYHE AEE FPoR F2$ WA A% IAAYEL 7Y, B3}
ste Zghzor Aol ALHA AQG

Zatzul ASHL Egan” o J8 Ago2 ndHR o, oA YA E /&
Q) EAZ Qdte Azl el $8HA 23k, 2l Berghaus Y] FxE
Magoza 10603 22E Ade &&57]) Aztag.

Zgtzvl A3y §e 259 9100-600T)ANA A7t Hedd, "akEe AR
3 FA FAe] Holdla oA E&o] ¥ue FFE AL Jornd FHITES A
TR AFANGE FAHLE 828 AP $89 Il ®L &

Z zgzv A5y 2 e 10°~107orr AEAA W2 F A2 Fa
a2l gad we o2 725 g F3d 2y ¢¥HE MExAdd wE o 1~
10torr® FAIStAA &3ty Wi FEHFA, w7, d $9 EAH gl o
A APANEY 71Ee FRS WUHA ol FAFPOR N4F vdEHEn E¥E
7t 7 gagly] WEel d2A gAste FHEA) v T EABE Ay
’ﬁ°14.

o] & AWEY gxd g3 AAFEHe] SAHEE & A FH A
111 5‘5 Al 9 *117847501 Fhd g8 AFHoR oFAa, &% H f¥RH
fojgte] Al MA T 5ET AAAA glolx 3] AHEE FAIAE 5 ).
o] o = Al gk 7P‘£%9~i/‘1 Aulx] &0 i, WY EUSNFEZSTY ¥ ZHo
goldte] HAHL Ze ¢-FersNo #&& ¥E F glonz FA7 AFE F 4l
2 oy 712 FEE Az QoY

3, & Zgr2vl e 7)E9 DC E92v Ao wa] ofadkdol glomn,
Aol wpE o] YA YAl HeA %3 HCD(Hollow Cathode Discharge)& 371 4
o] hole &l E4% Ao FU3 AslEe 48 F+ de FEE 7HAx2 A
t},

- 249 -



4 f&F

EF mlolag WA Tetzul Aste HAAsto] uiE ofawd wWAle H& &3
Holnl R} #AF Askxg 2 AR LA 7} HE

Ao 2L el 74A gmwaw o] #¥o FHE AFAINZ] H3d A&
Sa g, A 4 58 dxg gRoEE g Q/THHS AHEsn, 1
AFE A3l A A, PVD CVD¥ ¥ & o} %%511 AT 2V F3E Adw
FEA I F8Ael g Za FE AxYe] A4 REE i}x}s}tﬁ Lo HIZM{M
a7 wj el HHe AT & *%E—st}o% 2
ok, 38 I AR L utel Wzl T s
B, aste AL Azbr] day, EHEXJ
A2 SKD61Ze] T2 Ab&E ] wepA] o] E
gaAol S7hE A ATt W, AT AL T4, 4 Wy ge H3g s
& WA He olEd dF g FAE & Jv ZAFH AP opgrl WA, Uvr
A, HEA 2 I R4 58 A vEAE ¢ sl PDT ¢ A st e e
#E A7 dasto

o
oE
P
ald
oft
2
'rﬂl

Jh i
=
i
o
g

o)zt e HAeA, 2 At AT 2 owee] @ FATPe zaleio
PDT% Astxele] gA4WSel e dgAse HAxug dudgon, ogey &
dzol 2R NG JPE 2A-DESG

wala B @AM E wlolan WA EetRu ARG olgdle] WEFF At
SKD1173 41k F7< SKD617Z 9] PDTA A Ae AU & 9 AW
54¢ Eata, b AEd Mgy Wd 1AM MEAsE o
o B Q/THAENE AAst AgAed vX g @ dsFe) 2uof
e fFAE Ao RA Astdeyieg HHxd R AGEEWY TE& A
a2 sk

ol &7 w7
2-1 Eehxoh AT 9 A3 54

zepan AsNe el Az EAvdelN S (cathode, ©) A NAYEN P
(anode, ) Abolel AASh slshe MAel & Folol T2 wdel A7, o wAe
2 Qakel A2 A4V BAEVoR YFEAL AL BHANAFLE 8F S 4
QA7 ol T

gepznp As7lFel Ud olel X shHel glout obAE wWaksl FYHel g

om, WAl 14 BRE Ao wolEd A it e Kobelo] AAF mA 1
REFEE Fig 210 GedRch. el W wel ol Eeze At 28
s S8 A, ABE B 2oy Y R AHED &7 FAAYA A

fu =
4 EowA gt ol ofFolHth

=250 -



AARE] Y4 9% BAAA BH AT 5

O H3prtzef o] 23 374

Ezul Yo FYE NH; 7h27F 23 Sl e o8 chga 2ol §33t4
e N, N2 @ H'E 3434 dd

2NH; — 2N, + 3H, (2-1)

2N, + 3H, > (N"N" Ny" ) + (H'H'H' ) (2-2)
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Fig. 2-1 Principle of plasma nitriding

Al ALGAZE YEE I HESY FesN(ed), FedN(y %) ‘:91 I}HES
(compound layer)® #AF&(diffusion layer)-& #HAsHA =n, 2 A4 B3 L e
B g

2FeN — Fe,N + N (2-4)

FesN + FeN — FesN + N (2-5)

&W+RW—>&W+N (2-6)

21(2-H3 (2-5)o 28] WA D FeaNI FesN2 383 Zo] whedla ¢-A3E (e
~nitride) ¢l Fez—sNi’: 2h=S

F€2N+ F€3N - FQZ__:;N (2-7

=, A@2-6)2k (2-7)ell el3to]l @A FeNI FepgNol ZWollA 33E5e A3
), A2-4. (2- ) 2N E-6elM 2, e Aot R R Fidse gadEs ¥

- 252 -



AARES SH4e A8 wdADe) BE A7 7

AskA |,

T3, Aarolel &I EW £E3te] SIEW EASE NS L AFFo| o
29 2¥EYY ST EA T AR YA oA Dioleo g
& golatd i, m &F9 2% AFdE AA rlosts Ao el Yok

S, FARRE YA £rolLe AFE Aol HE AFo] Fonz &
AR 7 Hol, &3 AWEPo} &5 Asol mAE Qe AAT, LT ¥

A ES FUANINAY, e 229 UHAE Lol3A SAANTL FAlH A st 7]
oJste Aoz dHA ot
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F)ol AP EF stagtge] HHRARG UF FoW, 55 XWANA EIEHE
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Aol o] adtA sHo AFFY FAN gadg®
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® 3§ E % (compound layer)

FE e v E err Aoz FAHE BESE 4%, EFAEA A
AA ¥z A7 ddo] Ay Ha WiF HFgHo| ¢sirt. e @A
S ¥EGFEEo) HA A ¥u wA sty FAHo] AW RS A
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saez: di(f) = BVt +kt (2-10)
g8z d(H) = bVt @-11)

A7NA, dy  dy © A2 HFESFH Fa59 FAoln kl, k2 L k3 v Agol
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49, AgAGE FB2A o] AHAslHE ddo disiAE A8 kA o]&F ]
AAE T Uk

a FAAM 53 Al-CrAl A87S Ald} Cro] Ao AFsle A3 A3E n
BALE WEL, olEo] a-FedA JoA Sliptdat Ao & HyS oA Azd
g o]&#, Al Crol a-Fe Aol &A3lA ol E0] BEH3E(FexCryN)-& A
FogA ALY NG v dRlolFo] A Al & WHE HE A3
Frie ol ol Y.

2-2 vholaz W2 Eezve 57

Egznte HAFFPHE B v DC, pulsed DC, micro-pulsed DCZ Y& 4 gt

Zetzvl AR AN HF 23 24t XULE 2 RAPLEY Aojo|th. &
AAE ] Aste GAAIF7E X o E&sng wan g FAE ol F ] sl
A RE 2E & fEdd. a8y 250 A g AAMHLE ol 4Y A$-
Z9 WHrt 2YHEE HJudd 2EFHo AYgyez g7

AEE EHE o2 2E2 A&Hog Lu7 AS3A HEg, DCEatzal
At Ae Al A& HAB7] 8te] zgto] wolop 3t B2 AFY Y=
Hojof gttt oy B g oHF AYLLE MBS AFA T oHLE FA AL},

agl i, DCEHZuE ol 8% A A B9 PFoly HHd EAs:s B E
o o8 FSFHA SR oL Eo] FTHAL LYHELS doA 2 Y9 2%
& F7MA7I, AEd FANE A ola s HASA drk. ol F ola:
AERXUE ST A5 W s,

wetA FSFHA EAde FAHFNY FHE AU AJEAAE FHI}A oz LA
S WAt Ha2WHE o &3 g2 EhEvr Ao Mus A,

Zat = Ao H2AE AR A9, DCHAINE= 2E pause time(A o] 7t
27 Ee Alzbo] EAgozs £HHoR AR ol AAF o] WA E
o] &2 HHAQ LHAFANE FHAHL oINS WAL F vt wFBA FAAHIYE
o] 227t A5dA =W pause timee ZojAn 2E7F WolA W pause time ol
A}, pause timeo] HOJAW FFAaFoA W& WA Hol AIFHo HEA Huh
a8 pause timeg ofF FHA FA Y o] A} FUdAE HAFAAAY v A
& APsA ek, wrgo] 2AHd] Hx=E w9 pause timee WEF 1ms(1/1,000 sec.)
ol3lolt}. pulse time®] U pause timee] us® $(1/1,000,000 sec.)ol A #32 = ¥, pause
timeFol = 4L A4 AYFoE 58 d¢ addoz A% £ 9g®,

w2k 4] PPN(Pulse Plasma Nitriding)2 7]1&¢ DCE#zvt Fsfol] Hls] ofzawtd
o] glow, FHAd wg oj2dddAdel 4HIA &x, HCD(Hollow Cathode
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Discharge) & 37} Ao holeF % d4s AHAEEHS ¢
=

838, MPPN(Micro-Pulse Plasma Nitriding)& PPNell 8]&] olzutalo] dojrtx
gron] Wt FAd AstMert tedal dA® SRAN stEEtnE R ¥
ol A7)el #AGlel thEH A Tkt

MPPNeo] PPNel| wla] #ds #A3}Aert 7153 olfi=, pulsed ¥ glow off
timeo] F(negative)® #<E 7lsle] daed FE&EEE G w2A 7] wEo
th. A9k pulseA & glow off timeol H3te] F Aol AAFsPLoR A A=A
9 micro-pulser 28 A3 S AL odla] Ao r FIAIEZ pulsedt
ARt 94e gojd ang a4 & qg

F Qe gHe AR 9

.
tilo

2-3 Eehzast AskAAY 44 L AP}
Fohzvh 48 AY: oe wuPn s vael ded 2 A 7
2tk
o ARME AAE & ge AsEsd dus FAS LA Y
31

E3, éli}ﬂiﬂl%fir 1}1&14} BES

Lo E R R e BRAG T4UA Fi
o wel weAm, Eelxuio At RE e BANA H4HEE FYHOR R

ARFe Eezuhlel A ol &3 4AEY F7b AFHoR FriHna
s Aagoel WAL Bl wal A¥HC BEHAY F

2eln 2ANRE ERx AHAGAN AR R A EFAE Ao
BEE AAIAA D MRS AANA SUERE B Bde dehi,
D sAow Qstel RRAY ¥R S7HIA F& dpae .

u}
& ol A iﬁiﬂ%} F 0”1}”".
Eagidl
/‘\l_

A A Al & & o]l F(mass transfer)® 7Fg3ly kel o8] gz S e
H, HZdE AquUALEE oS @aAA7E wHor BxdI9AAY hot wall
systemS AHlo] A A ALgha QT

SE, Febza Aste 74, AFARE, 7Y, 7% 98 ok AA 2 H e
A7 How oz B g Ao KT}

3. Aguhy
3-1 A#EEn 9 93¢
B3] AHg9 Al#He FF 749 SKD117 2 SKD61Z e 2 AjHe] slexyge &

FEA71(TJA, Atom Comp. -181, USA) & o] &3to] ®BA3tgoen, 1 A3}E Table
S-lell WeEbigich. Al @8-S 209 x4mAV 2 doste] €8s P& U @
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Bxg AAT = 7 A471Fste Azt a

MPPNAHE & A% A2 22X o dd B Q/T(Quenching and Tempering)X 2] & 3
ddow, ojdy 2 7t Agnig ZF3k9 il‘l g %7] 98ty # Z(Carbolite, RHF
17/10E)E A}-&38le] BI0CAHA &2k 60&3 2 & 23ty

Q/THE & %53%1:1170‘9—i/‘1 ZtF- o] of E} NAH AAE ¥oq37] A3t 970C,
1020C % 1070CelA 6082 FA& F FW3ldt. 2 F JdA4E Fd3t7 98 10
0°C, 200°C, 300, 400°C, 500C, 550C % 600CANA ZZ 6087 F23%5 FYP3z
A AP o, 2 wHoe g 23] wEste AAEHC.

3-2 PDT(plasma diffusion treatment)

3-2-1 A3A=

B Adge A8® PDTHAE= u}o]a;@,}: Zgtznr A X (RaBiG, PN 50/80,
Austria)& Ab&3tdeon, 49429 AT =e Fig. 3-19% 2.

FUT A E g8 AW Tl +1H6}t BEegolut Atsluurg A3 9
o] RH-E AnAH120002 Anfg obg oM E FAlA 29 AHTE F EYER
ZAANCICHCC) 2.2 AF AA3e 2o ZF3Act. AIAge Az, 2%, ¢
g @ 7lau &5 WSS Table 3-29 28 2hog AAdYT

Table 3-1 Chemical composition of specimen (wt.%).

Element )
Specimer C 51§ Mn | S Cr | Mo v Fe

SKD11 1.43]0.18 1041 [ 0.02 10.01 |11.20] 1.10 | 0.28 | Bal.
SKD61 0.4111.12 1041002 ]0.01| 52 |1.23[1.10 | Bal.
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Fig. 3-1 Schematic diagram of micro-pulse plasma diffusion treatment
apparatus.
Table 3-2 Micro-pulse plasma nitriding conditons.
Paramete:satment\\\ Sputtering Nitriding
Ar 8 -
Gas(9%) H» 92 80, 60, 40
N: - 19, 39, 59
CHq - 1
Pressure(Pa) 70 100, 200, 300
Voltage(V) 820 540 - 600
Current(A) 3-4 2-3
Pulse time(ps) 200 150 - 400
Pause time(ss) 80 - 100 80
Holding time(hr) 0.5 1, 3,5, 7, 10
Temperature(T) 450 - 540 460, 490, 520, 550
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Table 3-3 Condition of the XRD measurement.

Target/Filter Cu-Ka/Ni

Voltage/current 30kV/15mA
Scan speed 5°/min

Scanning angle range 10° - 100°
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Fig. 4-3 Hardness profiles of
SKD11 steel plasma
nitrided at 490T for 5
hours;

Fig. 4-4 Hardness profiles of
SKD61 steel plasma nitrided
at 490TC for 5 hours;

(a) annealed
(b) quenched (1020T) and
tempered (5007T).

(a) anneaed
(b) quenched (10707T) and
tempered (5007C).
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Fig. 4-7 X-ray diffraction patterns from the surface of plasma
nitrided SKD11 steel pre-heat treated at various
temperature;

(a) annealed (b) 500TC (c) 550TC (d) 600T.
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nitrided SKD61 steel pre-heat treated at various
temperature;
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