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X 2 04wt% CE FHdte 71EY 7ATRE @27 Vi Nbg O5 Ev Efeg 373
Az g vz2IFY JAH HHE RASE, fARAY ME2EY ¥ ¥ 4 dFdgey
A7 Q2 FEE FF8 3y A8 I ARHE P

AAANY A7 BE AMEY AFF=E 70kg/mm? o] Ao Z 7]&e A% - 28 A (S45C) 8} 5535
A o1 ol goied, 2A4AY A YRE AR FAAIXe 40] olFE 7|E A8 o 50%
A= h

VEao] 010014 0.15wt% 2 F713t9 & A% UAZEE 4 20% 7189 ey SFAqAE &
23HT ole VCo wAAEd o8] &3l avel 4 HelolEo RuEgo] Frsln 3¢
A g2 7) dEelck. ¥bd Nb &3Fo] 0.05914 0.10wt% & F7H3 Afole 29 AMe 2
A% F/73%E e ole NbCe X&) o3 BAAYH mAMz &34/ VC 2o $497] o
Folth. T3 V+Nbel HEgH7te @5 H A A vldtad £2494 9 4 B g Hodon, B
Aol HA ZFre e 2L 2 FFFRAE 04C-1.19Mn-0.055-0.12V-0.07NbE A AU =
+ 84kg/mm’ o], FHAA L 34J o] Aok

Abstract 0.4wt%C steel added with V and/or Nb were forged and followed by air cooling. The struc-
ture-property relationships were examined and multiple regression analysis was conducted to quantify
the magnitudes of effects of microalloying elements on the properties of the steels.

All material’s tensile strength are greater than 70kg/mn? so they are equal to or superior to Q/T mate-
rial’s(S45C). Their impact energies are less than 40J, so they are 50% of Q/T material’s

Increasing the content of V from 0.10 to 0.15 wt% had brought improvement in UTS about 20% but
with some sacrifice of impact energy. These were the results from the precipitation strengthening by fine
dispersion of VC in ferrite, increment of pearlite volume fraction and decrement of pearlite interlamellar
spacings. However, increasing the content of Nb from 0.05 to 0.10wt% slightly improved UTS and im-
pact energy. NbC precipitates were more effective in suppression of austenite grain coarsening than VC
precipitates. Combined additions of V+Nb were more effective to bring impact toughness than sole
addition. Optimum combination of strength and toughness was accomplished with 0.4C-1. 19Mn-0.055-
0.12V-0.07Nb steel.
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Table 1. Chemical composition of the steel

specimens. (wt.% )

C St {Mn| P S V | Nb
S45C{042-0.4800.15-0.35 0.6-0.9 (0.030{{0.035| — -
NH 1/0.39|0.18 | 0.62 |0.010/0.006| 0.10 | 0.00
NH 2{0.38 | 0.27 { 0.69 [0.016{0.013{ 0.15 | 0.00
NH 3| 0.41 | 0.30 | 0.68 |0.003|0.046/| 0.02 | 0.07
NH 4|0.43 | 0.28 | 0.71 |0.011|0.005| 0.01 | 0.12
NH 5{0.40 | 0.38 | 0.66 |0.008|0.007(0.04 | 0.11
NH 6/ 0.40 { 0.25 | 0.65 |0.016/0.010| 0.10 ; 0.05
NH 7 0.46 ] 0.22 | 1.02 |0.016/0.010/ 0.10 | 0.04
NH 8/0.40 | 0.27 | 1.19 |0.004|0.054| 0.12 | 0.07

= o7t 2o 04wt% $Fo R 53 97
Vi Nbg ©E Ee Bgo2 ks NH
(Non-Heattreated) @ ®W® 3l 87149 3=
ghE Rl NH1% 2% ©5 Hrrek Aol
3 NH3# 4E Nbe A7he Al 4
%3 FrAYoE Vo] B&ER A&
& Z=7 39t NH59 6& Vi Nbg total
ek 0.15wt% S$F o= slo B3 F7sd
t}. =% NH73 8¢ ztzt Mn¥} So] dgg
dolmy] 993t NH69} #e FZo|X Mn
gFe 1.2wt%, S FFS 0.05wt% FFOE
< 3otk

ANHe FFHA F 1Fy §E L2
A &8)3ted 10kgel 53 ¥ ingotE Al Z3t

(0 o< ol
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I, AEAZE 98 ol F 1200CA €
Z2E Y5t 30mmge] BFoz2 FIGHTh
A BEURA GREE7F UR Hod &
ol Fol @EHI, T YF god B

Yol zdsgtEn, FAAAH At @A
3tog 1100CeF 1200CE 9228 &4%9
simulationg ¥ A2FLEE H3to] box
furnacec Al 3087 &A3s AJE P F
WAFANA FY(EAEE oF 65C/min) A
L g AFANEFY FAANUE 7bFA
W2t& 5= M-C International A}¢] Raynger
model T optical pyrometer& o¢|&3te] r —a
Hef &5 F7H(850C~500C)Hol A 102 7t3
L2 &xE FASH Tk

7I4H 843 ME

2AAHLS ASTM E-239 A oA}
o FEe FHFANAM 3N FHOE
#3492 notchye= 2mm U-notch H e &
Az Lo 30kg &% Charpy %2
AlE7IR 48 AJEd F HEstd FHE
ol A & FEHET

AN FAAMNEE P87l A Rock-
well B scale®] Ax7]2 22AHe EHESY
£ 53] ol FH s HAGE HIAh

AAAHE GA| 85 FHAFGNA 713
go) 3 Holwgoz THYAL 25mm,
PP r9 A 6.25mm ¢ ASTM sub-size TF
Aol ANHE MFH 5 o™, Satec System A}
9] Model 20-1028 Al @7 & o] &3l Ao
A A &8sttt crosshead speedi= 4mm/min.
Aok

DjM=Z a3

Age mAzHFe HGd FAHAHS
28E A28 AFsto 3% nital® 15%3F
FAAZ F F45£FEE0 A S o] &34 100
WE gdatd 72 x23g FEAINAY FF
HQl v zA e AAE A7 Y5 LecoAt
o] 2001 Image analyzer& o) &3} 3 glolE
o &S FAF3Aem, ASTM E-1129
linear intercept method & o] &34 7] 9~
Huol®E AAY A7 & A3

T3 FAAAE P o8 HA spacingS
Z+= colonyE scanning3be] 100008} 2 & uh

3 & linear intercept method® &4 200
point o] ZA 3l HalolE FUHALE F
st ok

HelolE W AHEICIE Fo) F7), 12 o
S AP o3 AAH U

S,

[£,/0.15(%C)]1—1
S, | interlamellar spacing,

t=

—

» - pearlite volume fraction

AEH F 3RS BE D W4 BRe
EHAAE0 G & o] &3tk #EE AHE
AEAIH grip B4 AFHI}H 2, jet
polishing & perchloric acid(HCIQ,) 5% + ace-
tic acid(CH;COOH) 95% ¢ HAsjioz DC
90~100Ve] Moz oM Bsthrt

o

3 HEN

v A FHAR7 VIAX GE vixe I
€ AF3srl Yetd F3 7 24 (multiple
regression analysis) S o2 AL L9
Az 28 vARAH 7AH ARATY
A BAE JeElg & 3 A 2 (regression equa-
tion) & A4t H ow, o3t AN AT
TE B3A3HY 4 9¥ R-squared valueE A4t
st olg st AL F3H EHo] e
“STATGRAPHICS” &

computer program¢l

o] &3t A ot
3. 4Edn ¢ ui

741 YO 0|R= g3 I

A7t A & €9 04wt% Co 5%
A27FE Zzb 1100C, 1200CoA] A3 A
Hell dis] 2ALE RE 7[AHME L oAz
2 o] AuE Table 29 JelT Q.T.A
(S45C) ¢k v s & of ZF=of A4 elx
ARG AR Fud 4 2 9d £7
o 7] < We HzI gL etk
ole H#olE + HepolE A H|ZAY £
AFez AHE RozM ojn did A
otk 2#y 48 A8 (NH5 NH6, NH8) =
Hxd A Pt deA des AFAE
H Z (connecting rod, hub wheel Z)o] A&
e 2AJMAEE Ry ik dA dE9
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Table 2. Mechanical properties and microstuructural parameters of the steeels normalized

(a) at 11007C.

UTS YS EL RA Imp.E H:B AGB F vol PIS Thick.
kg/mm? kg/mm? % % J 4m % gm um
S45C  »70 )50 »17 y45 Y78 92~104
NH 1 75.0 47.5 194 47.6 34.7 96.6 — 27.6 0.288 0.0253
NH 2 90.9 60.5 19.6 42.2 22.5 102.2 77 15.6 0.263 0.0191
NH 3 71.3 44.3 16.8 39.2 41.2 97.1 74 254 0.282 0.0253
NH 4 71.1 41.9 20.0 44.6 45.2 94.3 — 34.6 0.297 0.0305
NH 5 67.1 40.3 25.4 49.3 519 92.3 - 38.5 0.273  0.0295
NH 6 89.3 59.9 20.9 44.1 48.3 102.5 86 14.2 0.266 0.0200
NH 7 not analized
NH 8 84.8 57.0 15.8 29.4 52.1 100.2 71 20.8 0.261 0.0214
(b) at 1200C
UTS YS EL RA Imp.E HgB AGB F vol. PIS Thick.
kg/mm’ kg/mm® % % J pm % ¢m pum
S45C »70 »50 y17 »45 Y78 92~104
NH 1 77.2 48.2 18.8 42.6 16.0 97.2 125 17.5 0.298 0.0227
NH 2 95.5 64.4 13.0 274 15.7 104.0 117 8.5 0.260 0.0173
NH 3 77.3 49.5 14.0 23.3 22.6 98.9 110 18.4 0.290 0.0236
NH 4 80.0 44.7 16.6 36.4 245 99.4 91 15.1 0.282 0.0238
NH 5 78.1 46.7 15.9 31.2 245 98.1 113 18.3 0.275 0.0215
NH 6 95.7 65.6 15.0 33.3 20.1 103.5 150 5.7 0.270 0.0183
NH 7 101.2 63.9 8.7 9.1 10.0 104.5 190 2.5 0.262 0.0200
NH 8 91.3 59.9 12.8 28.8 34.7 103.4 104 10.1 0.260 0.0186

% HgB : Rockwell hardness B scale,
PIS : Pearlite Interlamellar Spacing,

ZAF 2} Aol A oju] RpF A& crankshaft®2
G FE wzdZe FHANUA Fe
oF 40J A xolt.

| B A ApoA 71E ARSI QT.
Aol ARFE 2TAE VEHUA Y F
FANYAGE Ui E F, A= A
o] zfol 7HF & ol R & NHg®
A QA F T 84kg/mm’ o, FHAIA=
34Jo]1 4 o]

a2 17 29 28 44 VI Nbg @52
2 /e A a2 F0gd g A3
Z7AAA 9 WelE Ued Aolth V g
0.10014 0.15wt% & F7189& 2% A%
e o 20% FAHACY, FHAgYUAE F
A3tg k. 28y Nbe 0.0794 0.12wit% =

[o]

L

Sk L
j=]
=,

L e

e

3

AGS : Austenite Grain Size,
Thick. : Cementite Thickness.
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Fig. 1. Effect of vanadium contents on UTS and

impact energy.
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Fig. 2. Effect of niobium contents on UTS and im-

pact energy.
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% Zolo) 7118 Aol Hulka'™ Z¢ A
ol olshd 1200ToN A roll gal5+= Nb:
0.4wt% C9} A% <k 0.04wt% Hwolch wal
A DEHA FF NbC dats dtebzA] 7
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ANHogM A 4o 719 shH, ro
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Photo 1. SEM fractographs of tensile specimen normalized at 1100°C.

(a) NH1 (0.10V)
(c) NHS5 (0.04V + 0.11Nb)

(b) NH3 (0.05Nb)
(d) NH86 (0.10V + 0.05Nb)
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T NHEsle H27A3E deozig a8y V
of ALolE 1100CHAME 7ol & 7Cwt%
ol falHEE Higo] B 1Ed & o
. A nEFHA B VC el 2%
A9} A Vg & gz ngd"H Vi
T AEY FATE IE F de Aolrh

8 & & 0.15wt%= V + Nb E§3
7het Aot ¥ V g5 e
sl E W (Table 2), 0.04V + 0.11Nb
(NH5) A$dle Zx7 of 20% T&3z
FAGUA = o 100% F7HskE o™, 0.10V
+ 0.05Nb (NH6) A= HE7 ¢ 1% 7
23t FHAA 7L oF 80% FrhstAch ol
v Aed vl e VCo HE73tet NbC
o AAHUAME adr7 BFHo2 FE)

#oltt.

AR 1 V# Nbg Zhg ¢9E ©
(0.15wt%) H7Ista 1100CNA £
Hell tigt dAFHHo|t}k. VI Nbg Z+zh
E2o02 I ASddes AR (a), (b)) 2
AYEHY AT FdE Bol UEHR
o, H9Ade 799 AAREFEE & + U
2& 49 river marking® #&E FU}
[k 2y BFHIE e %t
AUz Qe giiEE 28 (o), (D%
Z& dimples UYElE 494 EME H2Yow
A e FHAQETIE B 543 4 E
LER A

)

& 300 o e

D|MI=Zlof OjXl= Erad4Le 28

AR 2% Zbzh 1100C 9 1200CAAM &2F
g Al¥e) Ug dEAHQ 7B 2FAAAR
A &7 e2HUolE AAYA $MHe=
NEd 24 HeolEE B & 0. #Hlo
Eo By B&E 1100CoHNA 14~38%,
1200CeoN A 6~18%9 EXE YeY o
o, e2HUelE AAYY =] 1100Ce 4
9 74~86um, 1200C2 S 91~150 xm2)
EEXE Holn th & AFLT7 2
el HelolE B &L F71EL L AHUUE
449 A7]e éﬁ&:—% o 4 gt
900CH M £%3% 04% ©27e FFZF
HZgolE Egol 9$ 50% A=u uka)
289 Ao dalolE Bgol A%
3 iAo olv &AsAE =7t v

e oo
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ojthy. o]9} o] Heo]E Eg&o] 80% ol4
2l Zeol ZxE Aulste 24 & dHeolE 4
AY arirds HaolE9 Zigk, & H
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FA Fol F 847t HY 7] QAHUE
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o2 geH Ut uetA ol g mA =3
o gk FFHA £ g F3tod v F FFY
29 4L A RUTH
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02 sodolE Hi g WaE JEd A
o7A SRz BHEFIIA FI) 2 YU}
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(a) 1100 (b) 1200C

Photo 2. The microstructures of the steels normalized at
(a) 1100C (b) 1200°C

AFR 32 1200CoA 253 Alyel Het A9 ¥WaE BogFa Uk (a)9) (b=
olE FATZ SEM AprloRA Vit Nbel Z+zb V(0.10wt%) 3 Nb(0.05wt%) & wE3H
3 HelolE HtAele AHEloE 74 AlH o R EhAEE 7 0.298 4m,
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Fig. 3. Effect of vanadium and niobium on ferrite Fig. 4. Effect of vanadium and niobium on austen-
volume fraction of the steels normalized at ite grain size of the steels normalized at
1200°C. 12007C.

Photo 3. SEM photographs showing pearlite interlamellar spacing of the steels normalized at 1200C.
(a) NH1 (0.10V) (b) NH3 (0.05Nb)
(c) NH5 (0.04V + 0.11Nb) (d) NH6 (0.10V + 0.05Nb)
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0.290 g mo]r] HWEO)E =7+ oF 23nmE
v =3 z2+2 e A total ¥ 0.15wt%
2 EFHAT (8 (de F20ALYUN 42
0.275um, 0.270um, AHEoE HFAE <
20nm Hzolty. & B IS A EUA
g7 F2E¢E B F AN 3 VI Nbe
9=l mE F7AY dEI3E vz
B (Table 2), V $ako] 0.10014 0.15wt%
2 ZFtstd e AS FUAR-E o 10% #
A% 0w, Nb ko] 0.074 0.12wt% 2
F7hst g A Eoe WA % 1% #

(&

(b)

Photo 4. Bright field transimssion electron micro-
graphs of vanadium carbide precipita-
tion.

(a) in proeutectoid ferrite
(b) in ferrite laths of pearlite

28k ZF, Ve #uld 9% F7Ade
& ZA7E o A JE G

A 4+ (a)2M #HlgolE S (b)gelole
Wi-o #egtolE Fo MEd VCo £X&
e = bright field imageo)th. 2243 3 glo]

o AAY WRE F nm @99 VCr}
o AlstA Fxsol gg B+ AUz, ¥
golE9] HelolE Foj= VCr A Fol
T4 nm 992 HEHo UEE B F U
Th. olg} FE& 4 F YL Sage'™ 2}l Burnett!
W g Biex dUXste HAo2H HEFH
g2 98 FAAHQ sized ZAEHL & &
A ot

37 2M g

FEA4E, 531 V3 Nbol vz g 7)
A2 QA vxe 9TFE JFsa =9
oAl Z1AAH AEATe 453 #AAS
E&37] Y3t RE datag FHs F 3
A NS g3 Aoe orde Ak

Tgad4a9 7148 44,
UTS(kg/mm? = — 432 + 990(%C) —12(%
Mn) +119(%Si1) +357(% V) ~ 146(%Nb) +
0.065(Temp)

R—SQ:0.84
HiB= —123+430(%C) —1.1(%Mn) +58.51
(%Si) + 113.8(%V) —~ 101(%Nb) + 0.03
(Temp)

R—~SQ:0.67

Z3 Aol el vlep o] C VY
Qg go] Zxo Aot o= Coll 9% ¥
glo]E Huli go Zriel VCo & H&%
st ZA=9 A= FrkEY, 2FAzqN
a8 4 AUk FH A A5 A wpx
o e 2FLx(T)e Fo24 o]E Bur
nett'¥ol A Ao} wlwslr] Yite =Y
MER A9 Ao,

EL(%) =210 -~ 312(%C) — 11(%Mn) — 56
(%Si) —4(%V) +147(%Nb) —0.05(Temp)
R—SQ:0.65
Impact E(J)=512-627(%C) +18(%Mn) —
113(%Si) — 56(%V) + 337(%Nb) — 0.2
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(Temp)
R—-5SQ :0.68

ANE ¥ FHSAL G247t A=
ZAxd viAe G dnEdg. & ga
ol F7te dile R FASAH 234 A
8 g9leld, V, Si g8y sEexY F
Jbe FE3 As a<de] A

a2y Nbe A& 9 3454 49
F2Y AEolth olv H&T Hig Zol
2 2EH ol EdA &3 e NbCrt &
ZHUolE AAY Y AQ ¢ 2F
B uAstet L AEHUolEd 4R &iE
Nbo] ®ej& AAANIH AAAE AAA
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