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Fatigue Properties of Carbon Steels (Containing 0.13~0.412C)
with Various Heat Treated Structures

Susumu HORIBE, Ryuhei SAGAWA, Toshio Fujita, and Toru ARAKI

Synopsis:

The relationships between microstructures and cyclic properties such as the Bauschinger effect, fatigue
damage, crack initiation, and crack propagation in carbon steels were investigated. For each heat treat—
ment the cyclic stress or strain response was measured until the crack initiation. Optical metallography
and transmission microscopy were used to characterize the microstructural changes during testing. Fatigue
crack propagation properties were reported using the empirical equation da/dN=C(AK)m,

It was found that Bauschinger behaviour was well reflected in low cycle fatigue properties, and the
higher was Bauschinger stress of the structure, the more remarkable was the softening. During high
cycle fatigue process the dispersion of the fine pearlite and cementite is found to facilitate the cross slip and
to result in high plastic strain, but the existence of subboundaries tends to restrict the increase of the
plastic strain. Fatigue crack initiation sites depended on the heat treated structures for one steel. It
was found that at the low AK level fatigue crack propagation properties were not affected by various
strengthening structural factors, but generally controlled only by the mechanical properties of matrix.
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Table 1. Chemical composition of materials (wt%).

C|Si|{Mn| P | SIN |Cr|Mo|Cu|5Sn|As|Al

S15C| 0130.29 | 0.47 [0.020/0.018{0.09|0.21 | 0.05{0.22 [0.019 {0.014 |0.013
$25C| 0.230.23|0.43 |0.014/0.014|0.09| 0.21 { 0.040.13 |0.011|0.0080.045|
S40C{ 0.41]0.20]0.770.016/0.010{0.08 | 0.18 | 0.04|0.13 |0.013 0.010]0.031

* EEAn 50 £ 10 ARLHEEASICTRE WM 52 £3 A7 HEA (Received Mar. 7, 1977)
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Photo. 1. Optical micrographs of steels after heat treatment.

(a) S 15C-structure A (b) S 15C-structure A’

(c) SI15C-structure B (d) S15C-structure C

(e) S25C-structure B (f) S25C-structure C

(g) S40C-structure B (h) S40C-structure C

Table 2. Heat treatment of steels.

No. Heat treatment Steel
A 890°C (30 min)FC S15C
A 890°C (30 min) FC, 700°C (30 min) WQ-—>Aging at RT (about 40 days) SI15C
890°C (30 min) S15C
B 850°C (30 min)->WQ , 780°C (45 min)—500° C—710°C (75 min) AC S25C
820°C (30 min) S40C
890°C (30 min) S15C
C 850°C (30 min)->WQ, 710°C (120 min) AC S25C
820°C (30 min)- S40C

(a) push-pull fatigue specimen
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Fig. 1. Fatigue test specimens.
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Table 3. Size of the structures (p).

Steel S15C S25C S40C
" Structure A A | B ¢ | B C B c
Ferrite grain size ‘ 17 17 8 2.5% 6 1.4% 4 0.7%
Carbide spacing _ — — 2.0 \ — 1.5 — 0.8
Carbide size \ _ — 0.4 0.3 0.8 } 0.3 0.3 0.3

* Sub grain size

Table 4. Mechanical properties of structures.

Steel S15C S25C S40C
Structure A A’ B C B G B C
U. T. S. (kg/mm?) 47.5 61.5 50.3 50.7 48.9 53.1 65.8 65.6
L. Y. P. (kg/mm?) 32.6 46.5 37.7 41.2 38.3 42.1 44 .4 56.5
Elongation (%) 34.6 20.4 37.9 29.5 31.4 27.5 30.0 27.8
Reduction of area(9) 69.8 65.5 75.0 78.6 75.0 79.8 65.5 71.1
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Fig. 2. Measurement of strains.
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F 79K EBR A (Fig. 1 (b) OB RS 2 mm,
PIKEHFE 0.05mm O F |1 Z L L
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Relationship between Bauschinger stress
and strain.

Fig. 5. Variation of plastic strain amplitude
during testing (S 15C)
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Fig. 6. Variation of plastic strain amplitude during
testing (S 15C).
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Fig. 7. Variation of plastic strain amplitude during
testing (S25C).
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Fig. 8. Variation of plastic strain amplitude during
testing (S40C).

Photo. 2. Transmission electron micrographs of S15C fatigued at ¢,=37 kg/mm2. (a) structure A
: after 2X10% cycles (b) structure A :to failure (c) structure B:to failure (d)

structure C : to failure
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Photo. 3. Fatigue cracks on the surface of S15C. (a) structure A (b) structure B

(¢) structure C
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Fig. 9. Comparison of fatigue crack propagation
rate as a function of stress intensity
factor range.
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JU.T. S, (ultimate tensile strength) DESEGEL 75
XORSHEER LA B T O BHTRLAX D
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MBI AIL Lice X v 24 MRS BLTWizh
FTH DD, T OBEE HICTEF IR O BINAERD
vz, S40C o4 (Fig. 8) 4 ik C i e~ THLIK
B OB S#ALERIDS K TH D T L b b.
3.5 AMBEHEIUOERETRRBOSE

3.4 THISH Lin D - ERIERIRIED 2L 8) %
Wik s OBGTHLMICT 572, TR LBRET
D E BRI 2T o7k R % Photo. 2 iR L7z,
% 7= Photo. 3 13 S I5C LMK X WRLLAEE
RLIZLDTH . THhHDFMIC DN TIIHZEDIHT
WDz LT 5.
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DiF & Bauschinger HHFUT R & <, HIR(L L7z 3 0lE/h
SLRD T EZWE LTS, RERBROKREMSI5C
T L TRk b2 x o 24 MESBCHS T = 54 b+
Ne—=F 4 MEREA X D %Kk E 7 Bauschinger )47 L
TRY, —RFESOWELFETHES5CHE 25,
A DT ORISR 7 = 54 MhTRZD L 2%
2R, AHESRER L WA, E-EB, MG
ITIK DA VA Bauschinger |51 238800 U 7= 4%
RLEEA DR LMD L —F LT\ 5.

Bauschinger zhR R ERFEIC OWTHET O
EBICOVTHEDINTE D, MWREEIF Y Baus-
chinger ZIRBKTH 5 Z LML TWD. RERT
aed DL B & fE C @ Bauschinger & 1) D{ED %
DBIRBREOHEME & DiTkE < InoTw < fHmE, Mk
CORRR DREED R FER OIS L 2Tl
fiifmy (Table 3) L3ffin L, ZHdER R OTFEEDS Bau-
schinger [SJ DD TR ELFEEZ LTWD T &
ERTLDTHSS.

WICEBE R >nwCTH 528, Fig. 4icR L7
XS B & AR C OBk Em 22 R E R o Lo
THL BT &, 7194 20 E 294 7 VOREHE
PEDIED 753 Tn o b kR TR U722 E O A b ik
BXo#CoBIRIIWZ ERIFEBTRETHS. T
bbb T DX S I A ZOVEBES OB, Bk L
Bauschinger &) D K/N3 RO BRI LIE A 2 P E T 5 K
EREHTHE ZERRBEXNDE DT THS.

T =74 M= F4 MEBA TIREBIEROSREIC
3 ERILMEANZEED Bs oD/, it Bauschinger
IS N D3 bR D H T (Fig. 3) & ST 5. —7,
g A TERD BN AEEIE, M B O C THE X
M 7z#k{t (Bauschinger %h'R & BE#2 A3+ 5k(L) &1k
BEOLDOTHAHS EHBIONS. ORI, WLE
R B LRI E C T VW AEEICE S, ok
fLDERE & LTy, HEFONHR kALY BR TR
DHIT VW5 TR T HEEHSRS 3D R %2 5h
. TibbLBEHEALC X 2T e-BILnSwixt,
DR EIDPEEFRMELLTIC 5 L JEERRYIC reversion % i
T Ll bR, ERMIKILRRBED SR 0
LifEsha.

4.2 BYA JILESRY

Photo. 2 (a) (b) 13k A OFES AR (6,=37 kg/
mm2) KT 5 ERBHEFETH 5. (a) IEHTNE
BECET S 2000 %4 7 Vi BT BT H 5.

COBBETE TIZ b 02 VEEE AR Sh TR D,
12700 B R VEEDIRNIBIE SR EIC B < T D LRI &)
BEESN, EHEORISRILLDEEZLND.

Mk A DEEITKE, Fig. 4 TERD SRk Tl
SD B, 0 HIEE TIXRIL Y OB -FFR A1 72 257
PETLEWE 5 TH D (Fig. 5, Fig. 6). La L
Ly, PR EWENEERSE28E (A.S./U.T.S.
=0.78), 10 % A4 7 )V PARIZE LW BOEEINEED B,
Z ORI X > TREIC KL Ok 2 T v
5CEBHEXNLEH, Ty uXBOREEEC X D
MO R EOHNBEE X 5CTh B.

FREB DBEITIT, AR AT IR TEHIRIE 2 E VI
LI O THE LI VWKRE MBS R LT Th 5
B3, IO ZEMEIAG HE (Photo. 2 (¢)) 2 S b/
X5 znX ot 24 FOSERENC LTI,
MEBATRD LN X S e Vi3RI TR LT, B
LMD R % < QI OERBEEINE. D% )
ML R EA FOGEREITISIDOZET N ARG
I % LRI, F B L 2iERC X 5 —FEo Baus-
chinger ZhRiZ X O THED TEHWEGE L BB 2 4 U
LD LEEZLND. ZOREE, vVBRHRRIRS
T2 T4 b= F4 MEABADEA XD RS ini:
BER LD EMHEEXNS. 1 T 2T\ 5 Bauschin-
ger zhR3 3.2 Tk~ 7z Bauschinger %h 5 LBy,
FRIK U C EA X N7 85Ar & AL & oM IL/ER T
ETBHREE L, [#E L Bauschinger $h# | LT3
BT HREBRGTHS. LiapoT Fig. 3 THELE
X 5 ik B o> Bauschinger %503 LSRR 7245
LRHOBRKE LTHBTRETHS. Dok d5
HLE B DA RALE BT 2375 0 DEER BRI
DHI, TOMRNEERD HERFEICE L 72Ric crack-
ing BRI LD ELTFHEIENS L ETHD.

Mk C o4 (Photo. 2 (d)) 1213, HEALTOEE
REEE DR LIS D CETHINL, % Cioh& ke
BEEI N TV SHFR LD Hvess, BN ROFEEDD
ZITMBORMT &K S Il bz Rd Shvt v X
5TH 5.

43 KEENORE

FRSEM DS & BRI Lk, TOMBS7 =5
4 BH7S— T4 (DI R | o U T LA 35 ~38)
THLEHEFICOWVTIE TN E TIC b 27 D BN BlES
fTinbhTw 523, [F—ETOX OO RE & O
MR DWW T o SRR IELZ L BET LG in b
EVRLNT V. B U BT O &303, Kue-
SNIL. 5 QIRAID I L, TR0 RFEET S0
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FEhTH 525, oM diERR, —54 /7=
T4 MERBD D WVIXIEEBNEN R E L K & O
LFET S Z & HEIE S X o TSI T 5328,
AEBRDOT =54 b+8— 54 MR A OBEITIT,
Photo. 3 (a)iz R L7cX 51, 7 =94 Mhickd T
BOBEMT ) ESEE N, LI ER/BREET LY
ANFEEALETHDOT.

F IR BT B SRBETOVWTIEED
— ANDRFINTFE LA, —fRICHRE LR L & bicdEs
BATE D B O Y & WFsd 0B &1 E < It W EH
T 53, KEROMEEC ERIMEE 2 24 MR ICE
W, TROFICERBFE LT SET S E TR
BB R, BRISH VAV E DTN EDC S F
AT HRERMHED TE L (Photo. 3 (¢)), mALHEEEA~E
Wi E X WL ANEMICTRE L SH OB X o THBk
7D THD. B ZOR 10 BEOKE X ONENH
5 XRFEAENRRD L.

WL B DB AT D —WONEM D 5 SRFEEPRD D
hies, REBOESHBAERBINIEDCT XD L1
MEMRTH 5 T LM TH % (Photo. 3 (b)). D
X S ITHLTEMSE D F — X T L W SRRAEE L L
T OB site B R0 ST, ZOMBT
i RILH O BB IR OEERAD DT E L IS
L, COEREERD SIEFIECE LR i,/ &
HABTIWARERRIORLEEZ D T ED—2D
ZE52Tw5 X5 bBEbh5.

44 FHEWUEBR/M

Fig. 9 it R L= S15C O X BEIHHE da/dN L]ET]
VAR OEF 4K OBF» S, 4K % 40~110 kg/
mm3/2 4RI TR RIREEA UMl A 3o SRk It
AR THESD T BIFEY SREBIRNEE T 5 2 L bh
5. ZhiflziEA, A WlckTS miEsX0C
Bt S LHLNT, mEMTEHE LWL b
SFEME A OCHERIPEIEWERZRLTWS. T
bhE A OEBITHEREA O % A R R EE AT
g LiEr 5.

T 7-fEk B oMk C OERE, 4K s 40~110 kg/
mm3/2 QAR THELA L A OEMOBICALIE L,
Felgpf 4K voOr TR A i—5 L, Eom 4K
LARVTIEHLE: A ESL. ok 4K v RUVTOE
Wwo—3x, S25C2S40COMKB, HMBCTLRD
B, ¥ NETICH VL DOPHREIR TV L0,
coEFEFE m & log C ORBRPRIFLERELD T L
25 X DRSNS (Fig. 10). 2o X 57 4K fEIC
BLWTEREENBMEEHCIOT —EL b LT

A structure A
A structure A

P

O structureB
® structureC

Wy A 5
m

Fig. 10. Relationship between log C and m.

R LT ORI N ETIEEX BN TWRWAS,
ZOBESE, b AKECRT D XRRBRESE L
O LHBR T OB 22T, < MY s 2AKROWHE
(GRPE L8 OBz LHENT WL EERTRKRT DD
DTHDHEEELITIEZXD.

SRR 35 B FRHE 4K L ~0v (§9 40 kg/ mm?®/2)
COWMERO K X X3 0. 1mm BE LHEEINSD, &
PR : 10-5mm/cycle TH Y, HL1IHA I
e FIRMMER LT VD E HETHIE, BELIEIC
10-5mm¥ > XEERICOBEBRLEESRI DTS T
Licis b, Eiim b 2B A I VT LI EHBER L
LLTh, Hx 10-4mm FBETO [BEH > SRER
B 2R Io T ¥, AERO R CERE T o 5/
K& 7x10-4mm (S 40C ik C DR T RiE 7. F
bbb oh b LR T SRERIC DR HEEDE
ERIELET 5 C i b eFEzbhb. Horn®
4 5Mo-0.3C SHDEERE UHLIIC oW TS & 2R
M 3-8, lath BER O EI SRERRECEE LS
SN ERWE L TWVD. BLED X S I iEEN R i
RTERZD, ZTORESELLTWS & i, & 4K
L VT OZIREE PRI X 5T —E LI 5 DIXaH
MEEzzbnsd., flEgh A TEr»5K 4K LXVTYE
BT, BWERBEELZT Lchbd TH 555
Zhitw MY 2 2EEOBENEV (EER(EE kIt
W X HITHIR(L) b eF LS. SREmILLEIC
HFAET D Bgmls e~ b, 41 Tl7c X S iR L
HESTCHEBTAZL3FAONDED, R M) RO
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SERIEMD 3 D DEHELDIEIE LNV ETTFRS &
LB DT, MR A B n AK ET oS
XD HINNMAEEE 2 R Lic 2 & LD THENTH 5
RIS,

—77, 4K LAvT o X REEREE IAME ohE
s kgt s &2 bhd. Thbh S8k
B (AN L7- & 9 ioisE Lo boTo X
DY A 7 WVTHEET S EEE OBV EZ ) 1k 4K
DIINE & BIRPICKE <D, FRITHEBRT 0L
B2 5 icied. il Z0BEERT Haun 54
H Fe-3% Si CTOEERCTHE Ui 10xda/dN FLEE(1/2
xCOD) OR&E X0 HEMHE L HELUT 2 Lo s Bbh
4.

L7e 3 2 CmEDBSREARISG icikF+ % &3 % GurRNEY
DG ORIV AR TFT 5 & 75 2 72 MILLER D}
AL, £ OB ORE L~V L~ UViz ko Tk
B RBRTH S LEZLNS.

—RRCIRE L oW E S miEr R B LI L TV
LHTHAH5Z L1E, SHCOBELEED FHICESH
PEDEEIMD m B2 T IS5 2 L %2R L/ DDk
R LoRFEEEER (Fig. 9) olt#g» 53 - TH
D TIRbBLANKS O RTIIEESE < L Sic Lian
Vom HEOMINASEED SN D T LI B0, AREERES R
TRHTH 2 (Fig. 11). F20AL®E S45C ol
R URED X 0 IRWERIC 2 W T SEUZRRE S 3,
m{EICFNMAEPSTFAET S 2 LR L, mifA 2 gk
ELTRELTVWS. LTI zofiic 3o
DDA DO~ AE s BB SRS F T
BEDTWIEWE S TH 5P, WPhiz LT mffiz R
EERTITRL, Mk & <ICF DR L #kic ik < B
BZTHETHDL LFERMTEDL XS5 ThD. FfEA
D7 wy ot Fig. 10 OEMS 51 Fig. 11 ofigiss
LRE{HNTHEELTWAIER, M A oFEys
WEBFEPBOMBO T & KX B D & L2 IR
FT5LDTH5. '

A structure A
A structure A
O structure B

£4F \oZ

01& @ structureC
5
Qo
3 1 1
30 40 50 €0

YIELD STRESS(kg/mm?)

Fig. 11. Relationship between m and yield stress.

5. f& B

M (0.13~0.41% C &) D% OB,
bbb 7 =54 b+~ 54 ML (A : sk, A
IGREEARD), e v~ 54 bl x &4 hodhfFul
i B s X OHR R OFET BRIk & 2 > 214 MR C
COWT, BRBIOEIGNOESRBEZITY, ITFO
7.

(1) Bauschinger |k 5 OfFAES % ik C 23
b REL, DUTHE A, @B, #EA olgchs-o
7z,
(2) ##B,CE b REE ORI LV Bauschin-
ger JSIIVEEEIN U72A3, MR Gz 351 % BN 5 23 5HE
Thore. THIXRFROEICLE S R Crh o MR £t
DWTERT B LFE 2 S,

(3) XY A ZVBEEY RBOKIII BIC  Baus-
chinger $h 5% [t L, Bauschinger [ 70\ KEIT
EETRIE ST @ T ORKILER S IEE T h o7,

(4) M A TREIYIPOEREE LEBETom (L
Fic g EHi SEALEM P ERD Dz hs, THITREEN
HR FoBEERS & LCHEBI .

(5) EISHEH RO, MA CIXERMIC#
{b—>fafn—m b —> X BB L OBWESED bhih, oh
VI NERIR AR O 2 Ll 5 2 & SRR S hu 7.

(6) MFEBIX, A XD LHAVRESE VT S
b B, MK LIS WE LW BIRIE Oz R L
7203, TRITNEBIEAMER O BIER0 5, b AL &
1 DSBS IO ET R BB BT LI &,
¥ 72— Bauschinger Z)F [##5K L Bauschinger %j
Rl LT EIGERAT S EF 2 Hh.

(7) HERCIE, BRRROELED F2 DK Uiz b5 ¥
BB IZ B, F722NEEERHEoZ LD
BT i o .

(8) KM &2T, MBACH IR0 ssT
H5LDONRERTH B0 L, Mk CTradesENED
HRATLHDORLETH O/ /B O SHFRAE
BATE R, ~ b 2 2ARETH % LHE IRz

(9) UIREEGF T X DY S U ERBEHEL P75
B, 4K=40 kg/ mm?? THELA, B, MEECH 3
R D Z 1R HE pUTIE—F+ % (10-5mm/cycle) = &,
FoHRE A OEFEEERHABAOEZN X D LR 4K
DI 72D TIRWEZ R T 2 L 23 U7z

(10)  (9)DfER» 5, Iy S ZERBETE 4K v
NIV TR E & ORE DB 2 2 %55, K 4K
L~V (10-5mm/cycle BEOZIBEREL 525 4K)
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FHEEh5bDEFE 2 L7
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