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Analysis of Fatigue Fractured Surface of Various High Tensile
Strength Steels at the Range of Low Stress Intensity Factor

Masae SUMITA, Norio MARUYAMA, and Iiu Ucurvama

Synopsis :

The fatigue tests were performed to obtain thresholds of stress intensity factor range, 4K, by the
incremental step method in air at R=0.1 using HY140, HY240, HP9-4-20, 18Ni (200) maraging,
I8Ni (250) maraging, MAS-MA-164, and PHI3-7 steels. The informations obtained from fracture
surfaces were analyzed in the low stress intensity factor range. The results are as follows;

1) The fracture surface consists of unit region, which is a bundle of lath-like-pattern, and flat

area just like a grain boundary.

2) The size of the fracture unit increases with 4K.

3) The size of units is about one half of the pre-austenitic grain size at the threshold region.

4) The width of lath-like-patterns is 0.2 to 1.0 ym at the theshold region. This width is almost
same as the lath width. This width increases with 4K.

5) The direction of the bundle of the lath-like-pattern is quite randum to the direction of the
macroscopic growth. With 4K increasing, however, the direction of the bundle approachs to the

macroscopic direction of crack growth.

6) The maximum intergranular fracture rate generally arises at about 30 kg/mm¥2 of 4K. The
maximum values of steels containing no carbon is two or three times as large as thoes of steels con-

taining carbon.

7) The 4K, of steels containing carbon is generally lower than that of steels containing no

carbon.
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Table 1. Chemical composition (wt%).

Sty T——— | G | Si |Mn | P S | Ni | Co | Cr |Mo | Ti { V | Cu
HY 140 - 0.13 ] 0.25 | 0.98 | 0.004/ 0.006/ 5.49 | — 1 0.5210.79| — | 0.1 0.9
HY 240 0.17 1 0.06 | 0.18 | 0.005/ 0.006/ 9.66 | 13.8 | 1.92 | 1.19 | — | — —
HP 9-4-20 0.23 ] 0.21 | 0.84 | 0.005/ 0.006| 9.29 | 4.6 0.781.25| — | 0.1 | —
200 Maraging 0.00 | 0.01 | 0.00 | 0.002] 0.004{17.1 6.9| — |4.48]0.24 — —
250 Maraging 0.00 | 0.01 | 0.00 | 0.007| 0.004{17.8 7.9 — |5.490.44| — —
MA-164 0.01 | 0.01 | 0.00 | 0.003| 0.007| 4.5 | 10.8 |12.2 | 4.93|0.22 | — —
PHI3-8 0.00 | 0.01 | 0.00 | 0.003/ 0.007| 7.79 | — |11.9 |3.39| — | — -
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Table 2. Mechanical properties.

\ kg";/B kg/ym Iy 1y é n kgd/yc n! Ty.c Oy.m
Steels \ mm?2 mm? % %o % mm?2 /0y.m /98
HY 140 (M) 119.4 113.9 14.6 7.5 69.5 0.036 93.4 0.17 0.820 0.94
HY 140 (L) 114.7 105.6 13.8 7.1 65.9 0.040 0.92
HY 240 169.4 153.3 9.3 3.6 62.2 0.041 | 149.3 0.10 0.974 0.91
HP 9-4-20 158.5 148.2 9.8 4.6 60.2 0.029 0.94
200 Maraging 138.6 131.4 12.0 2.3 65.5 0.039 | 111.5 0.10 0.849 0.95
250 Maraging 172.7 164.2 8.3 — 63.4 0.031 | 136.3 0.12 0.831 0.95
MA-164 (S.Z.) 144.8 136.3 12.8 8.9 62.3 0.029 | 119.4 0.10 0.876 0.94
PH 13-8 88.3 82.6 18.0 10.4 66.9 0.051 74.6 0.08 0.903 0.94

op : Ultimate tensile strength, oy.;, : 0.2% yield strength (mono.), 1, : Total elongation, I, : Uniform elongation, ¢ : Reduction
in area, n: Work hardening coefficient (mono.), oy.c:0.2% yield strength (cyclic), #’ : Work hardening coefficient (cyclic).
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Fig. 1. Crack growth rate, da/dN, versus stress intensity factor range AK.

(a) Steels containing carbon,

&, oy.ms BV e, —RRMO, eu, D, 4, Th
WCHEFIMTAELIEE, n, % Table 2 w/RT. oyc B
XU bRIRHELTS. AEIr DK L35,
(1) HY240 §RLISh D 2 REFE(LD B\ id & — 2 F§s)
LD oy.m/os 12 0.94 BB TH Y, ZOfEILT5
W 2REELS D\t € — 7 IR S hicl B ch s o b
ARLTWBD. HY240 JRLISNDEMD oy.c/oy.m 1k
0.9 LI'FT, ZhLIBRKIEOAE VR THS.
(2) HY240 0D oy.m/os X 0.90 THDH, Zh
AL DRFHIC TR EN . Lo L, FEOBEANLD
FIDORBD oy.m/op 1L 0.80 TH b, 510°C ¢ lh
BED L LABACIMEY 2 KRB LD E 2%,

(b) Steels containing no carbon

D 0y.c/oym 12 0.97 THH, ZhIDIFEALE
FBEAL LT\ oo Eaidn b,
3.2 d,/dx-4K g

da/dN r 4K » oBf{E#% Fig. 1 (a)B L (b)ic
A AR Y TFROC &b,

(1) dy/dw 12 4K DD & L bBHCES L, T
RCOE BT Ky DFAET D, R T 4K 1T
dy/dy=5x10"8mm/C &x$32 4K LE&ETS.

(2) 4Ky ZEAMERTRLDD, oym HHWIT
Oy.c & DEWCIZMHEBEMILA Bhigys (Table 2 £8).

(3) ym=15pm ® HYI40 $q> 4Ky & 7m=250
pm © HY140 o> 4Kn EXE LA ERUETH .
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Photo. 1. Fractographs of 18Ni (200) maraging steel for various 4K values.

(a) 4K=12 kg/ mm3/2, (b) 4K=22kg/mm3/2, (c) 4K=>55kg/ mm??,

(d) 4K=170 kg/ mm?3/2

Arrows show the macroscopic direction of crack growth.

(4) HY240 $lick\ ¢, BARDE ¥ GEHA.Q)
EBEA, BEIR Ui L7ciRH(Q.T) o€ 4K 1213
LA EZED .

(5) AKiyn OFEDHEVGDIE MAS-MA-164(S.Z) §f
T, %t 17.8kg/mmd2 TH by, —Jj Ay DR HIE
Wik HY240 g, it 7.8kg/mmd?2 THD.

(6) 4pic, &4 CHID 4Ky 12ChEHF Lo
AKyy TR,

3.3 ZRGRBEESWEBM

18Ni(200) <= — v Z#iic kit B4 0 4K )
3 A8 EE %A Photo. 1 7R3,

(a) 4Ky T (@a/dxn=5x10-"mm/C) c dKgn T
$ DR By, photo 1 (a)iiRd Xk oic, 7 AR
Hok, FPHENEERENZ DRSS, 207 ARERK
DEDOFAL & BN X HEIFEH M & Oz R4
< H b\,

(b) A4K=22kg/mm3’2 (d,/dx=5x%x10-%mm/C) :
photo 1(b) w/Rd X 5 BRI i3 b A BB o E
L, 7 2AREREOROFEHERY BB H S
BIFEST B,

(¢) 4K=55kg/mm3/2 (d,/dny=T7x10-5mm/C) : i}
Wi ki, photo 1(c) wind X 5, BAENBEEIL
iBEAEFELRL Y, 7 ARBROEROHMTER
B X 2RI H I LIS Tonw—3T 5.

(d) 4K=170kg/mm?32 (d,/dny=8x10-4mm/QC) :
photo 1(d) R X 5 icHiE & 2R R E & IR Claak
M EwA S 4 =— g v(striation) HNEHE I 5.

—7, MAS-MA-164 ffic 33\~ Tix, Photo 2 1z%4-
L5, da/dy DECEAXALRD 18Ni(200) <=
— v v 7SO ESE LB UCHESEE R LTS
75, Photo 2(d) w3 X 51z 4K=90kg/mm3/z2 &5
Wi B & BRI BRI A bR X i
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Photo. 2. Fractographs of MAS-MA 164 steel for various 4K values.

(a) 4K=18 kg/ mm3/2, (b) 4K=33 kg/mm3/2, (¢) 4K=42 kg/mmb?/2,

(d) 4K=90 kg/ mm?/2

b, Chuk, FESA E & 2RI EEHER T dy/dyoc
AK™ TEZINRD m HMEOMO m T AkEWC
LIHIE LT 5.

& C#ic BT, Photo 3 wwiRd X5k, LitsH
BLU T M DR T2 23505, K€ 4K s 5 8w -
CIXBEERD DO X 5 OnSHBEIND. TOH
% Photo 4 wiR3. DX 5 fE 4K $EIFCORED
Bz E Gk TRelincx bhih, CrgE
WIS LTI L A EBE I hichoTe.

3.4 B 4K (LB 3 HESMOTERIL

] & SRR E R T A B HE SR B E
HOEETZTTIRAADIR TS, FixiY, striation
DG & Rdle SHBEHEEE & do/dn®, HBHIX
dimple DA XX & do/dn® L OECIIRIEMED BB 2
ERTTIRBE IR TWE. 2 CIE X AUEHEEEH
BB bh A BE 5B O A EROEEEERE 5.
Photo 1 s X ¢ Photo 2 CHR L7 X 51z, = DERTIT

BRI 4K & & LB kT, ChbDEHEN L
BB BRI TR O St % 3 HHIE R BB EE D
DUEEBAL L EFHT 5.

& 1:1000~2000 553 [ CHE I 5 F—T)
BlD 5 ARBIEDO R SIn B, 7ok, HOFALAE
CThBECEE (B 23558580, ORI
EOTWBEFTCHET 5.

&F 2 BEOFAEE LTl T, BHER
EEOLE T, AU E IR0 kit B3 % 6
5.

& 3 — oK RKE

FEROWHEB A OFE Fig. 2(a) HIT (b) WK
T, 7 ARBREOR O G M WRNBEEITAL & E 36T
5. 7o¥, PH9-4-20, HY240 /e &0 & CHi i< B
T, 4K % AdKen 0 E\EEBE B OH)E DR E 7o
B hotc. Tz L, ACHRCEE Tindhc
HARUE 4K SIS CIBERM DS S BEIhizs &,
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Photo. 3. Fractographs of HY 140 steel.
(a) 4K=11 kg/ mm?3/2
(b) 4K=22 kg/mm3/2

Photo. 4. Example of the fracture surface adhered
with corrsion products of HP9-4-20 steel.

AKy, 2MEGC & EWBEENH B O Livio s,
B Cit Z OB E M OFEMIIIATH %
WAL DK X X DOFIHE Tru. & 4K L OBIR, ¥
X OB R 5 6 0 BN X ZURIE T & DEDOF
B Adm & 4K & 0B{FE% Fig. 31RT. 22T Tru
IO Adm 3 FRFh 1000~2000 5T Ihic
BEhDTXCOREBRA E I DOFHE, I0TX

Fig. 2. Examples of the fracture units.
(a) 18Ni (200) maraging steel. AK=13
kg/ mm3/2, (b) MAS-MA 164 steel.
This figure corresponds to photo 2 (c)

TD 7 ARBAE DR O F OB EBUEETT IR & DZ=E
DEBETHS. BRI FRDOZ Labhb.

(a) Tiu 3 AK O EEBINZL TS,

(b) Ttru. FEWCHIA—ATF1 PRKEZ 1
DVPNZTENZ . D rm % Table 3 i3
AKin T CD T, k7 @ 1/5~8/5 S H\WTH
5.
(¢) ddm 3 4K=40~50kg/mm?¥? i3 10° <
ThY, MEHBE AL ERR S BURTE T8 & i
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| Table 3. Various values obtained by the analysis of fractographs,

) 4Kn AKpie | AKpis LFy, Tm Tt Tit
Steel kg/mmd/? | kg/mm®? | 4K, (%) pm pm pm
HY 140(M) 9.2 29 3.2 6 15 5 12
HY 140(L) 9.2 — — — 250 — 200
HY 240 7.8 24 2.7 5 20 —_ 11
HP 9-4-20 9.8 28 2.9 3 17 — 5
200 Maraging 11.0 29 2.6 10 11 5 11
250 Maraging 10.7 22 2.1 13 12 7 11
MA-164(S.Z.) 17.8 30 1.7 16 22 8 21
PH 13-8 13.0 28 2.2 7 28 10 26

4Ky ¢ AK threshold, 4K.;.c=4K for max. intergranular fracture
7m : mean prior austenitic grain size, I.Fp : intergranular fracture percent for 4Kp.i.¢
7£-u- : mean size of fracture surface unit in the vicinity of 4Ky
7i-¢ : mean size of intergranular fracture
40 1 210
° = 1o Hy 240
o © HY140 (15um)
5 O HY 140 (250 um)
©° a HP 9-4-20
o]
o
| g 5°
. g £ 2
R 2 g
g 2 g
£ 0
0
°
4adn %, (o)
4 @ HY140 a
O & 200Maraging A
& a 250Maraging 15— mA-164 I
o m MA-164
0 v v PH13-8 0 . 250 Maraging
0 % 50 =
4K, kg/mm3/2 o
o]
Fig. 3. Relationships between mean value of the g 10 4 |Maraging]|
deviation of the direction of bundles e
from the direction of macroscopic crack -
growth, Adm, and 4K, and between o
mean size of units of fracture surface, g A
Teu and 4K, S 5
[o)]
|
e @ a4

W—FLTw%. Lnl, ddm (X 4K < Tl 40° T a

e b, MR ALY ERR & ZUERE 5 M st PH13-8
LT4&KL 7 v AR DT 5. 0 [ © |
WA ENHEE L AK L OBR% Tig. 4(a)% 0 20 40
L0 (b) wwind. FKF X Table 3 Lok & 4K , kg/mm3/2

s, Fig. 4. Intergranular fracture rate and 4K.

(1) FRERBEZY 4K=20~30kg/mm3? <% (a) S.te.els containing carbon, (b) Steels
. . containing no carbon.
KEZTR L, Fofiix Table 3 12 4Ky r & LTRE
T3, MickiT s X Chkg i VEficE TR .
(2) 4Ky ;¢ BT 2RAENBEER LF, 134 C (3) 4K BB X0V 4K>40kg/mm3/2 OFFTH |-
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60 o 10 B 35 (Murakami)

O En 24 (Cooke)
A HY140
v HY 240 Q

< HP9-4-20 ///
® 200 Maraging /
& 250 Maraging

A MA-164
v PH13-8

[2)]
(=]

AKpif , kg/mm3/2
o
[>]

I

4

208 12 16 20

AKin , kg/mm3/2

Fig. 5. Relationship between 4K for maximum
intergranular fracture rate, 4Ky ;.¢, and
AKLh'

AR REIRIZ & A EFEE Lis,

(4) HCED 4Kpi.¢/dKm B3—cCEEFE 0
MOFRICERTRE . Tibby, Fig. 5wkt L5
e, 4Ky .0 —EOHA, CEEFVHO 4Knm 1E
Céio 4Ky XKL 5.

4. = P

2l

dy/dy 75 AK DR E LB /NEL Y, dKpm I
Sufe & ¥ OBEHEO—BRENL, FiBR0 X 5w (1)#
BREOTRE H A ERR FAERITRCH LTal 7 v
AETeH T b, BIO(2)HEBALL AK O AL & D
Xy ARy L TERNCRB Z ETHOL.
ARy EL TOWHEALOKRE SIHIA — AT 74 PR
KEZ rm D 2/5~3/5 $BWTHH, L >TEH
i —"2 DR A — A F I FRIOHZ 3 ~ 6 [BOHAL
WERAEEWLC LIRS,

5 2 EFTHRIA— AT F 1 PRI, TASr
FE— T ey, 7 EMDILD, HY140 $oBE& 27 »
FHBIET Ry ZOREZ L rm OHERELDIIKE
1B, KEBRTHOCKEMED rm L5 A7y b
X X L OBRITE LTIV, iy, 9%Mn ¢
EI\NT Fm A 10~20 pm DFF T A7 » PREZ
i orm o 1/2 BEWTH Y, REBRICET S 4Kpm 2
CORMFMBMOKEZD tm D 2/5~3/5 THDHZ L&

:E_L © 200 Maraging
- A 250 Maraging
£ o MA-164
i 8 HY140 o
g
o20 4fﬁr~j
..\5 a
.& o * a
:6_ A a g 3
- L] z fu's] g -
oW —g e o
3 a2 °° 3 .
'-g o BAO a
el a
g |
=

010 20 30 40 50

4K, kg/mm3/2

Fig. 6. Relationship between mean width of
lath-like-pattern and 4K.

Photo. 5. Transmission electron micrographs of
PH 13-8 steel.

SR L T 5. LiaioT, 4Ky i< OBASRAIL 5
2y PBBVET By 7, ThbbAEAERYH
T AN Y TR L ELDRS. AdKn 12X
EEOTFRAMETH Y, WEMHCIFHEAULAED D
DEFELBLRTWANY, 735272757 4L,
AKyy STOOWELFEEM D 5\ R ER Mkl % g2
RABOWE L ELUL TS EEZ DR, ARG
WERIC IS AHIC—FT 5% X 5 1 TX) % b oR/PIK
BEARLD B\ R R & BURIRE (LB T O & /o2
T3 EBbh 5P,

7ok, Al HEOFENHETIX, JXZURTREE DK
it B, {100} 110023/ TH D &\ 5 iy A
2%515)16).

HEBAL A & B b 5 AREREORREL, Fig. 61
T Lok, AKob & &/ dL<eh, dKn L
Tt 0.2~1.0 pm 7%, Z OFEFEDK % X123 Photo.
SiIRT o AMRELVIECHIE LTED, X5
i 9%Mn o FARRELWIRCREUTEB®. s
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B, WA —ATF 41 PRKEIBRRLOTE 5 ARBRE
OMEXDEVEIL LTI 5 THS.

4K DR E Ly ARBREOMRBIEXL, o
FHALk B & BURRR I e fiio T 5.

AK=30~60kg/mm32 C&% < Zbhb, BEREXHE
FBHACET T AR L v REWEEEET 25 2%k
HREDOH (Photo 1(c)BH B\ %k Photo 2(c) HMR) 1%
AKin L D5 ARER LB okboTths. 4K
M) 60kg/mm32 T h k&L TeB L, BWERIZA T 1
== g VIREbI LD S, LidioT, 4K=30~
60kg/mm3/2 T L LTHE IR 5 ARBEEOEE I
AK < OBEBHEN D EEDOA NS4 =— > g v
W~ DOBEBBICHFETHHWHETH 5.

Fig. 3Icip Lic X 51, 7 ARBEOROF LUK
W7ef e LTt 4K & & S e b LT 5 25,
i 4 DFE S AR T D05 B\ X Lo
THhTHD. Tichb dKp L CRBEIIEE LTS
ARG T 5 7 ARERTHD bh, 4K ok
7o T AR RHE Lisw 5 2 RERE IR O 5
DB EELEEM LT &, 4K>50kg/mms/z TI13fk
MR EAEBETHD RS XIS, Lo
4K ARG TR, MR ERERIIRER CH
HEEZDRS.

R R E BT 21 4K=30kg/mm3/2 TRKIZT % 1%,
Fig. 1(a)B X O(b) TR L% dy/da-Bhfit 4K=30
kg/mmd/2 CHEHI7c BT, FChE& %\ i
B TR RENEEHRILE VD do/dy 1384 CHO
BETE. L > THRENE DS AT X BUEREHE
Bzt A LB RITI &2 5.

BB dKen T < OB _IT & B i fE L 5
LA R THEIIBE 7 A b CORRBE® & EL L <k
D, RERFERCK\ T Rircaie o 4Ky, 11kED
HEROTBETHELTY BEENTHS. Tl
X, 4K L OBEEICOVTH L HEE, BEO
IERTEINNZ LIXFENTH 5.

5. & £

1) {E 4K R COREIL S A REREOR, SR
D X5 I LI BIR s & OBEE AL BB S h T w
5.
2) BEHA X % 4K O L L bk 5.
AKin SEL COWMEBAK X JLFA —AF F 4 PRK
ZIDOK 1/2 THY, WEEMITT R4y FBHBWIE
TRy IRHIETHEEZ DD,

3) WMEBEALOK X X 4K &M oL,

4) 4Ky T TO 7 AREEOMIEIE 0.2~1.0pm
THH, 7ARBERULAEXTHS. ZoOMFIL 4K
DR L LDICKEL 2D, 4K=40kg/mm¥2 G131 ~
2pm Lith.

5) 7 ARBURED RO Iz 0 E L & ZUEHE T
THVIGEEZ L dKin 5L TIRK 40° C, H & OFILE
TV EADF (% LTWBD, = OEXI1T 4K ok
LEbPEL TR, 4K=50kg/mmd2 CTRljH I & A
ER A =T,

6) & CHiDIK AK OREE ik C& & ISl b
NTERERYHE L 2 bR 5.

7) CEEFGEICR L, 4K K& s &
& B ICIHEHBAZ OB OWE I AN Teb.

8) 4K=30kg/mm?¥2 CH RENPHRIT TR D
B, ZORKEZ—Bc Cha o ic kL,
HCWD 2~ 3 fEcET 5.

9) AR ECHD AdKin 12 Ch&E i o 4K,
X gL,

10) HY140 ${ic s\ ~C 4K 30iA — A5 >4 MR
REIDFEEL 1.

11) HY240 iz s\~ C, 4K 3BEAD % ¥ ORE}
EBEANBER L LICRURIFIClg & A EE2 e,
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