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Fatigue Strength of Annealed 0.45%C Pb—Free—Cufting Steel

Yukitaka MURAKAMI, Kimio MINE and Hisafumi USUKI

Synopsis :

According to the conventional hypothesis, the high machinability of free cutting steels is attributed to
both the easy cutting due to stress concentration at inclusions such as Pb and S (MnS) and their lubricating
effects between cutting tool and chips. However, previous studies have not necessarily made clear the rela-
tionship between the strength characteristics and the cutting mechanism from the viewpoint of fracture
caused by the crack nucleation due to the stress concentration at inclusions. If these inclusions behave as
fracture origins, we cannot expect high fatigue strength of free cutting steels.

In the present paper, the effects of Pb and MnS on fatigue strength were studied by comparing the fa-
tigue behavior of annealed 0.45%C Pb-free-cutting steel (SAE10L45) and 0.46%C steel (S45C). The
effects of small fatigue cracks and small artificial holes (diameter : 40-500 pm, depth : 40-500 um) on fa-
tigue strength were also investigated by microscopic observations.

Experimental results showed no evident difference in both static and fatigue strengths between
SAE10L45 and S45C ; no evident decrease in strength of SAE10L45 due to the existence of inclusions of
Pb and S (MnS) was confirmed. This result should be considered to explain the high machinability of
SAE101.45, because the stress concentration at inclusions of Pb and MnS may not be the main factor for
the high machinability.

Key words : fatigue ; fracture ; Pb-free-cutting steel ; inclusions ; small artificial holes ; small fatigue

cracks ; machinability.
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SONEMSE L EH, TNOIPHEHI L BEOmE 2
WEHEZLIENEZOLND, b LEHMHORS A EE
LTPR SOAGEWCLBILHERERA? LELHLD
ThHhE, HEFERGOR L v —FEoEMRE X
NG CIEFHEICEET A LN TFEINRS, L L—
T, PbRAISRCIEET BRI ZNEILETLEZVE
WO ERED L H D, MBI, LD RN
WO HEDE LTS LIS T HLEINH S, ShHH]
WMOMZFICoVTRFLVRER RN DA, HH
WO FHE AT AR MR L2 INTES T,
SHEREORED-DIZH, RHMD» DT BHIFZEA
VETHA.

Iuf

AR THE, ZoOFE—& & LT S45C 4P
(S45CL2) B 3 LM &, ZOXEMM TH S S45C HE
% ¥ LD W T ORISR PS50 & S, B
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Table 1. Chemical compositions (wt% ).
c Si Mn p S Cu Ni Cr Pb
S45CL2 0.45 0.21 0.74 0.021 0.017 0.01 0.02 0.1 0.19
S45C 0.46 0.22 0.74 0.024 0.026 0.01 0.02 0.15 =

| 200 um | 50um |

Axial direction

S45CL2

Photo. 1.

FioswT varea=~10pum—~1000pum TH 5. 3k
(1) IEEFRAEREERRATII L, BELIZEHD
X2 ELTARRTHL LW FEEFRFICLY, &
DRI E ZICE T TR T 2o L TiE
LHN2HOTHA. PHIMICETLZARMEDL, Zo—H
DIFFER £ BRI AN TIT .

2. ERAMH, BRATEREIUKBSE

ERAEHE, Table 1 1IZ{b¥HS 2 /R T S45C $atRHl
BFEMEALME (EER 27 mm) &, S45C JEREAME (HTE 26
mm) Tdhh.

Photo. 1 BFEMICE I NLEEBNMEDOBITH 5.
S45C ERIREISE TIE S45C 12t~ HHERRIZERE L 7288
MIEEBATEW # B0 B, IEWICHKET D2 5HIK
L0 THRESEBNEY (5512 MnS) HEEHEI
HEiFshicd L, REBRCHEIhH#HEATEORAT
E (RAREICEMFIN) 13, S45C TH 20 pm T
A0t LT S45C SH1RHEISATIE MnS 2 HUY L Pb
LEDOTH Bum THAH. &8, KIHABHEORAE
ARSI & FATICER T A, L7252 T, S45C
SHREISRTIE, KBaE LCOIEEBATEW I £ O~ED
R EN R RKEVEEZ RITNER SR,

S45C S tREISEFEM B L 1° S45C EM i, FhEh
44°C, 1h DL F L2 T2 LML % L 7.
Table 2 (2 Z DKFETORMMME 2 /RT. % B Table
2 OMERFEELFENYI D B LKA X AETH S,
FEyh— A& HV 3R AOBEMRHEL 2R OME
Thh.

- S45C

Non-metallic inclusions (Longitudinal section).

Table 2. Mechanical properties.

pie-[;eeslt\lo. Ist B IT 4 Hv v
1 321 | 606 | 1000 | 46.8

SasCLz| 306 | 616 | 1005 | 46.1 | 171.6| 7.84
1 356 | 663 | 1043 | 43.9

S545C 2 348 | 619 | 1041 | 49.1 | 178.7| 7.93

osi1 - Lower yield point, MPa
op : Ultimate tensile strength, MPa
ot : True fracture stress, MPa
¢ : Reduction of area, %
HV : Vickers hardness number (200 gr)
1V : Charpy impact value, kg'm/cm2
(JIS No. 3, 35°C, mean of three specimens).
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Fig. 1. Shape and dimensions of specimen.

Fig. 1 AR oBIKERT. REHF o AmiE
EhHmE—HLTwA. KRB, BN LH%RE%
2000 FOMLT D CHIE L /14, ERHBICLE
MY EETH SOum BEE L. ERBEOKDTIIN A
B 1500cc, ¥7F > 40g, L@ 8 30g ZAHK 500
cc Thh. BRRUEOHMIIHE T © MBI
SO THLIPIITH72OTH 5.
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h=d, § =120°

d = 40, 100, 200, 500 1m

varea =ydh—d*/4v/3
Fig. 2. Shape and dimensions of a micro-drilled
hole.

(40 um, 100 um, 200 um, 500 p.m) DO * REIZE A
ICFYLTHIT7Z. Fig 2 2RO ERT. $i2 40
pum BEOH/NADBEIE, REDITLBHOBRED
FEH R ESE>Z DB L ERL TAHOREHIT 2.
FOMER, BR/MTHOME*NES LM ETH 5.
2% 0 40um ORDOGE, REFORE Hi)7- 4 &y
DIBEBOPFTHRLEGVH DT HTEERICHLT 5.

RETMLE, REBEOBRBICHEBRET L0
600°C, 1 h DELZEHE% 3 L3770,

L2 BRI, BRIl T S AR (AR
98 N-m, [I#£%% 2100 rpm) TH 5.

ARIFFECER$ A7, 107 6l O LIS 2
REONHMTIENTH A, RGO EEAI1E 4.9
MPa(0.5 kgf/mm?) & L7:. EFHRDIEST 107 [l
B LT 2 2BRERF 2 oW T, R & RUR T & IE
CREEMEYHVTBE L R AROAELYHEIO 7.

3. EBRERLEER

REEOHH DO B S 13, Pb # SOATEY (MnS)
AEDHIBE ISR E L TR T A L L bi2, TB &
Yo THOBBIERB LY, Yo THEEEI 7as
Ty 7HMCRBELTHBEYH I LICED, YnT
AL T TAHIEDIIH B E WD) OHEBIT R
DTWALEHITHAH.

L L, Pb R SOANEY (MnS) e HEHREE LT
TERT 5% 61, ZhhdD, HEMES XK HEC
BRIz BEIREVWI e PHENS. EROMFEICSE
WTIE, REERICE TS Pb 2 S OATEY (MnS) 2505
NERRE UTER LEFREZET S ¢5288BIcow
T, ERCHMENBELIT 2783 AL RE:6%
WOT, AR CRFICCOBICENS Y BEAELET 2,
ZOT LT Pb R Pb B E L/ MaS 2SI )EEPIE &
LTHERT A LA, #HlltsEO5HORRME )
YU TAEELNERLTHS ).

Table 3. Relationship between micro-hole dimen-
sions and fatigue limit ( Rotary-bending fatigue).

Micro-hole dimensions Fatigue limit o, MPa (kgf/mm?)

(um) (u}:n) h/d @ VT 6|V 27,7 S\?S:(f;o

Plain} — — — — 250(25.5) | 260(26.5) | 240(24.5)
40 40 1 37.0 | 240(24.5) | 250(25.5) | 235(24.0)

H 100 | 100 1 92.5 211(2].5; 206(3].0) 201(20.5)
oled 100 | 200 2 136.2 | 186(19.0 191(19.5)
200 | 200 1 185.0 | 181(18.5) | 181(18.5) | 181(18.5)

500 | 500 1 462.5 | 152(15.5) — 157(16.0)

* . MurakAMI & ENDOY

3-1 S45C $REISAE S45C DBNBE DR

Table 2 IZ/R¢ X 512, S45C §QiRHISE & S45C D%
KIeH (TR o) LEIREE (op) B XU ERBRT
o (o) 2HEBETHE2£1E 10% LT ThHBH, T72,
B () IK2WTEAEELERRONEW., ¥y dh—
28 IE 8 HOFBETHAEHIEIISS UTTH5.
37, HREICODWTHLEELRERRS W,

INET, BUNMTEMOFTESEMEARE, BRRICH B
LUBIRME 2 Liikd T BT, K HBEMEE
KT&EBEVDbRTE. LA L, Table 2 THED
% T AR, REISEIZBVTPb 2 PhiclEIh
7z MnS M ESEE LTERL, 2RORELHEE
PIREXELLEVOLFBREIRN TRV, JRICHL
T, R BERIC A SR T ORI ITE L vwE
BHDoT.

3-2 S45C SRtREIA & S45C DEHMEDHE

Table 3 IZEFREERZ $ L O TRT. FEHOR
EXF D fEFHRRIZ B Tid Photo. 2 IRT & ) 2fEH &
BAH, BN RAM OESTBRIC B Tt Photo. 3 IZ7R
FTELILEREREIFAFRBIE SN, FHHIcBY
% EBBAEIE S45C SIS B LN S45C & b E L
LTCTRDFELZBNFATHOL T LS MnS Tidieh
D7, L2L, MaS 25K &EWhHIEFHIBIEET S
FERIIURELEBLDERDbLRS,

ZOEHI, EFBRIEEIGBETLRBEOEH T
B, BRELEEEMEERELTLIBRROENTH 5.
TFBMOEFRICBESND 20X D LHRAES X3
D|ATERL, EHTRECRIT TN EDOFLE Y EEN
WEHEi Y A ETRO TEETH 5379,

SA5C SHIRHIM D IE ST % S45C & LE T 5 &
varea =100 um %8z 26 (FEF, RES =100 um)
I E AL LEFREERLTBY, FEHBLY
HZE 40um, FEX 40pum ORM (Varea =37 um) iZ2

— 175 —



1116 % & M

% 74 4 (1988) F 6 5

-=
GE} Crack tip.

(a) S45CL.2, ¢,y =250 MPa
Crack length =~ 80 pm

Axial direction

(b) S45C, (=260 MPa
Crack length = 30 um

Photo. 2. Surface conditions observed on plain specimens at fatigue limit.

~(%/w”0‘hﬁﬂ PPN
AV i fff’%%.’?"?f“i«
( 100 um Axial direction

S45CL2, d =100 um, A =100 pm, ¢,=211MPa
Photo. 3. Surface condition observed on holed
specimen at fatigue limit.

WTbHbHTH 4% (9.8 MPa, 1.0 kgf/mm?) DT 2§
Ehwv., FHMB LY Varea =37 pm ORMIZBIT S
YR O T X, Photo. 1 OFICA SN A K I
S45C SRREIMOIEEBNTEY (£ LT MnS) DK &
S, SASC LN RRANEVIEICEBLDERDbRS,
TR LT Varea=100um L Lo b &, ATR

A ERKEG GEEBNEY) LD iEsricKkEd k5
729, BAKKOZBIIEFE RN L 2B, RERT
S45C SAHREISHCBIZ S N - E S BAEWORAED b
DRH Bum BETHH, DI &L S45C $hHLHIHE
D FEM DR ITRAS, S45C 12 Varea =37 um D/
REDIFZLODEFREFUMHE ZL>TVAZ L IEHE
FehrdrLrbDEEZONS. Thbb, S45C HHLEIHE
IR R DB 513 SA5C ICEAEH 40 pm, EESH
40 pum ODNTLH/NRE ST -ME LTS Re s h
HDTHD. LizhHoT, NLB/NOFENRKE (R
i, EHEEIXAARKBL Y KREVEORDIEEH

(BECRREEDILNGH) X2 TREL NS, 1R
KIS L S45C DIEFHEIIITIFH L ZBDTH 5.

Fig. 3 i Table 3 O E %R % R £ varea
LT Tay FLZBDTHD. RMOEHBREFEA
B OEREBD, FHEHOEFREE L DL
D Jarea & S45C TH 27 um, S45C $LHRHIHTH 30
um £ %2THEY, ZRUTOKE X OBNKKR AT
WILIE TR ICRR R S A v FRERS.

3-3 WIRKEEERET D S45C RRFIMOBEHREDTF
p:L]

KX)oy h— 28 & RBARESE Varea »
SEFRELY FHMTHATHY, Th$THV=70~
700 D& O 10 MEU FLOMBEICHEREHATES
TEMRERTWAD, L, (1) AFEDOHRHIHE
Kb 20 3FTHEATENE, EFEEOBE»S I
SA5C SR HREISA D MMOME & RS Ik>TEnwa L 28
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300
2509
200
&
* 150
¢ — O® 545CL2
100~ .o sasC
—-—A A S45C ( Murakami and Endo?¥ )
oA h/d=1
50 | @A h/d=2
| | I | _
0 100 200 300 400 500
vyarea wm
Fig. 3. Relationship between 4/ area and g,,.
Table 4. Comparison of predicted values by Eq.

(1) with experimental results of fatigue limit in
S 45 CL 2 steel.

Micro-hole dimensions 0w MPa

Varea Error
d h area . (%)

(um) (um) h/d (um Expt. Pred.
40 40 1 37.0 240 228 —=5.0
100 100 1 92.5 211 196 —7.1
100 200 2 136.2 186 184 —1.1
200 200 1 185.0 181 175 —3.3
500 500 1 462.5 152 149 —2.0

S45CL 2, HV=171.6, 5,=1.43 (HV+120)/(y/ area )"'¢

L, et Lo BHT 2L BEEI VW &k b,

Table 4 13 S45C SHPRHISR O f/NKFaM O 9% 57 BR 0 FE
BEe, X1 XB2FIfEL 2 HEL-bDTHS.
Tl & KB OB DORZERIRKTT7.1% TH D,
FERHET D RBETEFRAFH S A TN S,

Fig. 4 i3 Table 4 x5 7270 b L
b0 ThAH, F(1)TIHFEAWIC Varea—0 LT 5
E g ER DD, EBIZE Varea—0 b L 4,
o, %A, OB, KB CTHEERO TN
DHRHE O TERDPREL, ZOEBENLS o,
HiREDLDPSTHAH. Fig 4 DEBTRENRDL LI
Varea #hELHED TV E, HHBRT 6u=0,, &
0 ZNLUTO Varea T 6,=0,, £ % 5. BilZ bl
~N72 X 91T Photo. 2 D£8R Fik L BE L T S45C
S B TR(1) 2 EH s 25 TR RME
Varea=30um BETHS. {(1)IEH s s LR
EHETIE R VA, ThITOMHLOMEOREEHHH

1000 -
c’ldc) : —————— \O\\O\O
\O\O
g pa—
=
100 L
8 [
r 0y=1.43 (Hv+120 ) / ( /area ) /6
10 1 Loaoaagaad 1 Lt aal
10 100 1000
Jarea  um
Fig. 4. Log-log plot of predictions by Eq. (1) and

experimental results (S45CL2, HV=171.6).

(i)
2c

/ 3 (i)

area=10c?

area=10c?

Fig. 1A. Estimation of area for irregularly

shaped crack and very slender cracks.
Wi¥nhe, BLZ Varea=1000pum TH 5.

4. #

HREISEOBEIMED B S 12 Pb 2 S OAFEY (MaS) #%
PIEIRE I D ERIEE LTER L, —HoBETH 5Y)
HIZAEZI DR ThLEDBII, TELYD S THOH
BEHOZRBORET I EICERT L E W) OASEH &
HOTWAHEITHAB., b LINSOMEWIILIED
e LTERT A0 THNIE, S, HICESTHREICIE
EFLAEEYBIEFTIENTFRSA, EHOHEHIOF
DEBLHOPIZLTBLENDH L.

AFFE T3, BEL T L L7 SA5C EREISH & 23t
WM T D S45C OFEFHHEE X HBERFTT L2 LK
D, RHROEFEELTHONICTAI L ERAL. T
7z, BE1E 40 pum~500 pm O A LHUNREE % B EH

Tl
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WWEATH I LWL, YR EBUENE L N EWOTED
PELERMICTMT A LB HEME L7

BoNHER*TLOLEUTOLI IZh A,

(1)S45C $a1RHISE & S45C D ERIGRE D E /N3
v B ERRIG S, BRI S, BERRTICHOZEIX 10%
UFTha, T/, EHiionwTiFELERIROAL
V., Eo h— AW S IE 8 HOEMHETEIRS% LTFT
ha. FT7, HEBEIIOVWTLAELEEIROA LD
7oo ThII LT, HERA RUYERIC A O R TE O RHEI
HIZEFLVERRONL. ZoEHRIEICRTITOH
%1)14)15) &*“ﬁ(?‘%.

(2)S45C SpRAISM DI TR % S45C L BT 5 &,
REE, NiRS =100 um DR E /T HREBEF OB,
WHBE IR EAEEN RSN D7, 7, T
MR OTERE 40 pm, & 40 pm O KH (Varea =30 pm)
oW Thb$d 4% (9.8 MPa, 1.0 kgf/mm?) DK T
S X ahor. Thid, S45C HREIEE 0 JES B ATE
W (£ & LT MnS) O~Fik (RAKTH 35um) #°
S45C DA (KB TH 20pum) KHETREWI L
LB EDLRL.

(13)S45C S HREIRILIE F7 L DB E 2 H 12 7 D HEH
MTHH S45C HIZHEE 40um, EE 40 um FBE O
IR EBHFIMEEIZIZEMERL S NB205, ZOKRT
KiEbEh A%) ThHAH. LEM2T, RPRYREH
KELGNEMEORGEEZITIILALEBHTELRE
AN

(4)S45C SRRHIROYIR S BUEME* ChE TEEDS
DT N—TH, 10 HEL EOME OREFERED FHlT
KIh % B 8o FRTERM L 28R, oM & &
¥y = Z2AWE HV L YR EXRBEOZETA
Varea THERTFRTEZ. 20FAREIUTO X
I B,

0w =1.43(HV + 120)/(Varea )'/*
2720, EROFBEEOHAE LT, g,: MPa, HV :
(kgf/mm?), yvarea :pm ¥ £ 56D ¥4, T ERX
OB HEP I S45C SpPiIaBEL T LA (HV=171.6)
WKBWTBLE Varea=30um~1000 um TH 5.

DiEo#g &b, S45C sHIRHISI et LoFtE+ %
VBRI N EDHERTE A,

(5)%am(2)&(4), M OMBEES X O TE
OB £t IR L 2R, Pb R SoNME
¥ (MnS) 2IeHEDEE LTERLEAASRBAE L
XM MnS DO FA L7- 25 L @k L ChRER ¥
LT EELEW) LI RBBRIROA L0 &
DX % EFLERBRE BB LIS TEL VD, L%

CELMEL LR THIEERNTRLZVE I THA.

C O IETTBREOMBMBE ORI LD THS
P2 H DT, 2 Pb 2 MaS OIGHEF T 14
OFAERERSIECE L CRRAMEOHEIZET AR
D, ERILIEHENTVAHIFERE (3w, LA L,
O LITRHIHOFNES LV IFE RO A ST E L
WHDTHAH, BEHEED SHEITEERRL 50 EE»
b Lhhwds, —HEOBIEE W) B % T L srBn#
DHEHIED R 1%, Z ORI D Pb 7243 Pb (2
FlE N/ MnS (XA PHIOBEREHOELS B it
EWIIFER*ROLXETHEHERDRSL. 26N
LZRERHOFTROAENZLDE, I HEHI AT
ZYN LK FLETREBOBEEERV‘EZ 605,

PLEDOSEREBEZR T L7 S45C $AHREIMD Ao v
TOEBRERIILLEDLHDOTH Y, HEISFIHOEE
TE LI E/BL1-0I245%, B B L O ol
OB A SHEREIR) onwT b RHEM A E1T D
HETH 5.

Bbhi, EBRICBHD S ZBLIEER (WNET
(BR)) EREERIK (UNKRFERER) (RSB L BT
5.

Appendix

Fig. 1A 2@ MM E L v E R mim iRy &

BIZDOWT D area DENETRT.
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