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Ships operated at sea for a long time are subjected to various kinds of loads, which may cause various types of damage, Such

damages will eventually reduce the strength of hull structures, Therefore, it is necessary to estimate and evaluate the residual

strength and remaining fatigue life of aging ships in order to secure structural safety, establish a reasonable maintenance plan,

and make a judgment of life extension, For this purpose, the corrosion damage and local denting damage should be measured,

fatigue damage estimation should be performed, and material properties of aged steel should be identified, For this study, in

order to investigate the mechanical properties of aged steel, steel plates were obtained from a naval ship that reached the end

of her life span, The specimens were manufactured from the obtained steel plates, and static and dynamic tensile tests, fatigue

tests, and metallographic tests were performed, The mechanical properties obtained from the aged steel plates were compared

with those of new steel plates to quantify the aging effect on the mechanical properties of marine steel materials,

Keywords : Aged marine steel(.=S AEt2 ZIXH). Material test(XiE AZ]). Mechanical properties(7 |AA EAY). Fatigue lite(I|2 4~H)
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(a) Thickness: 9mm (b) Thickness: 12mm
Fig. 1 Aged steel plates as obtained

(b) Corrosion damage

(a) Bending deformation
Fig. 2 Bending deformation and corrosion damage of aged
steels
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(c) Fatigue test specimen
Fig. 3 Shape of material test specimens

Table 1 Dimensions of material test specimens

Dimension(mm)
[tem i i
Statl|o Dynarmc Fatigue
tensile | tensile
Overall length L 200 258 309, 315
Width W 12.5 6 25
Thickness t 9, 12 3.0 9, 12
Gauge length IG 50 - -
Radius of fillet R 12.5 9.5 200
Length oflreduced A 60 |50, 70" 60
section
Length of grip | g | 5 25 37.5
section

note: * for strain-rate 50/s, 100/s, ** for strain—rate 200/s

(b) A12-series

(a) A09-series
Fig. 4 Static tensile test specimens of aged plates
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(a) A09-series (b) A12-series
Fig. 5 Dynamic tensile test specimens of aged plates

(a) A series (b) B series

Fig. 6 Fatigue test specimens
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Metallographlc exammahon specimen of aged steel

) Examination specimens after fatigue tests
Fig. 7 Metallographlc examination specimens
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(b) A12-series
Fig. 8 Engineering stress—strain curves of aged steels

Table 2 Static tensile test results

Young's| VYield |Ultimate| Tensile | Fracture
Specimen | modulus | strength | strength | strain | strain
(GPa) | (MPa) | (MPa) | () =)

A09-series | 180.6 | 286.4 | 431.1 | 0.246 | 0.417

COV(%) 2.38 4.07 2.74 | 15.55 | 17.06

A12-series| 192.5 | 306.1 | 450.6 | 0.233 | 0.438

COV(%) 3.38 1.22 0.97 9.32 | 12.35

NO9-series| 165.4 | 287.4 | 353.2 | 0.259 | 0.463

COV(%) 1.24 2.46 1.06 | 14.66 | 8.71

N12-series| 181.2 | 271.5 | 447.4 |0.2371| 0.458

COV(%) 2.96 6.18 498 | 12.30 | 12.63
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Fig. 9 Engineering stress—strain curves(Raw data of A12-
series)
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Fig. 10 Engineering stress—strain curves (Filtered data of aged
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Table 3 Conditions of fatigue tests

ool Sil7| 2870l st SN MEe| 7|27 mE BS
7608 (BSI, 2014)2} IW ME (Hobbacher, 2008) 25 32 A}
F_Ho|.—; OIODE A|04 247 F_E_/L‘ A| 30 7(4%3}9&[}_

Z 21702 AlH & AR ATE 2lsl ARESH AlHS H|Qlst
13702 AlHol| tisll FEst Zuts HACE 0] SollA| 171e] Al
H(A8)2 ZAMollAM mTt=(lon, LIHX| AJH2 25 285
M TEEACt A AlEDL B AlEe| AlY =T ZofE 242t
Table 42} Table 501 H2|sIC

AF = 38kN R =0.05 (F, =2.0kN, F,_ =40.0kN)

t AS= AS | Spin | Snax N, Cycle numbers to fracture Hours with 6 Hertz (hours)
(mm) | AFL/AE| (MPa) | (MPa) | (MPa) 2.4% 50% 97.6% 2.4% 50% 97.6%
9 0.258 | 222.2 | 11.7 | 233.9 1.4E+05 3.6E+05 9.5E+05 6.4 16.8 44 1

AF = 76.0kN R =0.05 (F,_ =4.0kN, F,_=80.0kN)

t A S= AS | Suin | Snax N, Cycle numbers to fracture Hours with 6 Hertz (hours)
(mm) | AFL/AE| (MPa) | (MPa) | (MPa) 2.4% 50% 97.6% 2.4% 50% 97.6%
12 0.388 | 253.3 | 13.3 | 266.7 | 9.4E+04 2.5E+05 6.4E+05 4.3 11.4 29.8

Table 4 Fatigue test results of ‘A’ series specimens
. Area Angula.r Force(kN) Stress(MPa) Cycle numbers

Specimen (mm?) deformation Min. Max. Min. Max. Range to fracture

(deg) (cycles)

A2 164.1 0.41 2.0 40 12.2 243.7 231.5 1,432,532

A3 166.2 0.76 2.0 40 12.0 240.7 228.6 891,928

A4 163.3 0.88 2.0 40 12.2 244.9 232.7 272,828

A5 160.7 0.80 2.0 40 12.4 248.9 236.4 90,044

A6 164.3 0.83 2.0 40 12.2 243.5 231.3 594,164

A7 165.8 0.33 2.0 40 12.1 241.2 229.2 690,251
A8 168.5 0.23 2.0 40 11.9 237.4 225.5 1,208,644

A9 166.2 0.30 2.0 40 12.0 240.7 228.7 962,796

Table 5 Fatigue test results of ‘B’ series specimens
Area Angular Force(kN) Stress(MPa) Cycle numbers

Specimen (mm?) deformation Min. Max. Min Max. Range to fracture

(deg) (cycles)

B1 3011 0.57 4.0 80 13.3 265.7 252.4 679,222

B2 299.6 0.77 4.0 80 13.4 267.0 253.7 1,796,271

B3 299.7 0.14 4.0 80 13.3 267.0 253.6 557,941

B4 300.0 0.33 4.0 80 13.3 266.7 253.3 566,834

B5 300.7 0.41 4.0 80 13.3 266.1 252.8 1,025,111
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(a) New steel
12mm

(b) Aged steel 12mm

Fig. 11 Metallographic specimens for scanning using
optical microscope

X2k Bl B5 A2 AlHo| SaFOIM 2 22 HHA
k|7t doiReHFig. 14(d)2t Fig. 14(f) &=x). ol= 8% 2
O|Lt i E2 Qlet WMo 2 HEtEICE

(e) New steel 9mm (f) New teel 12mm“

Fig. 12 Comparison of OM scan results enlarged by 1000
times

(a) Aged steel 9mm (Front) (b) Aged steel 12mm (Front)

d) Aged steel 12mm (Side)

) New steel 9mm

Aged steel Imm ( Slde

) New steel 12mm

Fig. 13 Comparison of SEM scan results enlarged by 2000
times
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Fig. 14 Fractured surface configuration (Yellow box:
initiation part, Blue box: propagation part, Red
box: fractured part)
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Fig. 15 Defects found in aged steel

Table 6 Fraction and grain size comparison of specimen
groups obtained from SEM scan results

Fraction(%)

Ferrite

Grain size(um)

Specimen

Pearlite | Ferrite | Pearlite

Aged steel 9mm
(Front)

Aged steel 9mm
(Side)
Aged steel 12mm
(Front)

Aged steel 12mm
(Side)

New steel 9mm | 99.65 0.35 14.04 1.61
New steel 12mm| 81.35 18.65 28.02 12.81

87.98 12.02 14.06 7.04

84.70 15.30 16.07 9.99

85.30 14.70 14.07 7.25

88.98 11.02 13.77 7.51

H|Z0| 7He| gict SEX|2 Ci2 ZM SR pearlite?t 10% O]4&
EHRE0{ICHTable 6 &), W2lAM 9mm 54| AlZRl= o2
(mild steel)o| of CI= ZAZ Eel=ict 2 A7E Azt &
Aol == 24| ZMAABEA (il sheet) = =fEer 4= 81
QUCE OIZ Qlal MHEAIHE F=lst0] Eelely| Molle ME Cf
E MEo| ZAels mrtet 4 = giHo| AUCt

12mm S AIZRYe| A Z™Ee| V|7t =T ZRECt of
2 30, G 28.02m MER AT TVt A ZRe] ZEt
o2, eldo| B Z2 AR FAECL =% ZAl= 304 0f
0| 3=t 20l T, ferrite@f pearlite2| 201 4zt 2 &}
O HolX| oict ZFRlel 277t 3H B, o, mZJt

2

FloklE = AX|TH =T R Z2ME FV|e HaEeRE =
| EMoM R5E Hoz HEiECE

IZAE Zolz P2 miciHe| SEM & ZolE Fig. 1601
M 20iFD UCt ZE A AlHS| JiARME SH ABHE
goleiion], miohHollM Ler SHEelQl river patterns OIFH
A miElo] ZEIS S 2 4= ULt MuFoMe ol 87l 3
7|(cleavage facet size)2t LT #¥e| G{FEE gole = U=
o, okl B2 37|71 AL Bo| M7|9d F|ekst =&loj2} &t
£ UCE A AlHS| Tl Bl 37| AX|gH ZE A AlEC|
MupFoM L dE 2 WAsiRict MoFollM d2M8 ©

=
=
e dg & 7 AUt ol LT o] YYSIESS 2ol

T =
ot W5 o€2 =Xo| Fefet o ek, Fo =22 Hut
o Taist oke Fa wate LekXlah A AlHe| Ao}
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Table 7 Comparison of static tensile test results of aged
steel(A-series) and new steel(N-series)

Yield Ultimate | Tensile
) : Fracture
Specimen | strength | strength strain strain (<)
(MPa) (MPa) (=)
A09-Series 286.4 4311 0.2463 0.4169
NO9-Series 287.4 353.2 0.2592 0.4630
A12-Series 306.1 450.6 0.2329 0.4378
N12-Series 271.5 447 .4 0.2371 0.4579

Table 8 Comparison with mill sheet data of mild steel

Yield Ultimate
Material | No. strength strength or
mean | COV | mean | COV Oy
(MPa) | (%) | (MPa) | (%)

A09 3 286 4.07 431 2.74 | 1.51
NO9 4 287 2.46 353 1.06 | 1.23
A12 5 306 1.22 451 0.97 | 1.47
N12 5 272 6.18 447 498 | 1.65
A 2323 | 312 0.09 451 0.04 | 1.44

B 22 315 0.06 448 0.02 | 1.43

D 46 315 0.07 451 0.04 | 1.43

E 3 316 0.14 | 452 0.03 | 1.43
NO9-Series= CHE 2ol Hlsl AEs| W2 gt 2ol1 AUct

HollM grel 9mm A4 = SF/7tHCHE 2

TolM Alelg et ZAel E48 B|ush| Qo =
ZMBABHME 2,3947 =H=510{ Table 8
tet 20| B|wSIACt HAZe| MEAIHAIRIAM

310MPa0|H, QIEZY == 2F 450MPa& QIE T
dTEC 40% Ol 2 A2 & & ot 5 2ot

o 25 eiulay} NaEle Selsigict AlZRle] 2 olot A TS BOFD ok
B2, B3 A|HC| A ‘A A|HED} 1|25 oato 2 Tz} Al = Al ZnE HIEoR o] alElojt M=ol HA 7|
HElRNSS U 4 T T2I} BIZ} B5 AlHE Fig. 1doix g M SUS Bk eEChl 2E 5 i
2I5I R0l 8 LFolM mhe|7t Lojut Cl2 FAkS LiEk
oIt S2f FEHOMRE] HRZOR river patternS &Al510] i} 4.3 S& QIFAIH
=X ek, Mupge| SAFE river patterno| SHAMES = Ui
Y ol ExEt ez motEch Y R river S CIMAIE ZUE HM2[5101 Table 90l M2[SIRACE O] &
patternS EAISIH Th|7} 2E Wakoz s =& M0 = HYEST H2 57 ¥53, 33 AdEE 12l =4
F|okst 2= 2lch SPA5=(Dynamic Hardening Factor, DHF)E 2031 Qct &
DI SisH e} 0,0007/s00 SHESHE HE oIaiA|

5
I Zeksidict sdsTE 8 54T tish S5
Skl w2l SLsHTE S
Ct MYHE S| St w2t 3=
5 C

2 ool 43 B OIFAES TS Table 70l Hal  JfRke S Sl 4 3

Sgich o EolE SEUT, YT, olMHEEI mEkIE ol Zoleks Hae seld 4 ot 57, Byl e 55
S0l Zaslof ok =Yl Wols 271~306MPa0Ick 3t siES Wi Zae] AP HHE 455} Zulell wel Zes
Righ gm0l ujs) BEAL0| Hofn Yokl oFATN  Zlle Zste Holth 0F WS 3% Hdsranae
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Table 9 Dynamic tensile test results

Strain rate Yield Ultimate
Specimen (~/s) strength strength DHF”
(MPa) (MPa)

A09 0.0007 286.4 4311 1.00
A09-V050 50 372.7 563.2 1.30
A09-V100 100 387.0 584.2 1.35
A09-V200 200 403.4 608.3 1.41

A12 0.0007 306.1 450.6 1.00
A12-V050 50 412.2 592.6 1.35
A12-V100 100 428.0 614.3 1.40
A12-V200 200 446 1 639.2 1.46

NO9 0.0007 287.4 353.2 1.00
N09-V050 50 367.1 442.7 1.29
N09-V100 100 379.4 456.5 1.33

N09-200 200 393.4 472.5 1.38

N12 0.0007 270.0 447 .4 1.00
N12-V050 50 356.1 594.1 1.48
N12-V100 100 369.7 616.2 1.54
N12-200 200 385.4 641.7 1.60

note: " DHF=Static yield strength/Dynamic yield strength

800
700 1
£ [
2 600 L==Fg s — Mill sheet
g " ~+-A09
Rt
z i —=-N09
2 500 |
2 i — AL2
= i
i ~+-NI2
400 ; ; eeNe2
0.00 0.05 0.10 0.15 0.20

Fi

True strain (-)

constitutive equation at strain rate 200/s

g. 17 True stress—strain curves obtained from the dynamic
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Fig. 18 Fatigue test results compared with Mean S-N
curves
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Fig. 19 Effects of corrosion rate on the fatigue life of ‘A’
series specimens.
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Fig. 20 Fatigue life depending on angular deformation

-2 2002'47 1=
[ oI s £
[lowsz e st

s Toce Tme [ 15590 312

Bahan

i

EEINAEINIS

)
pl| 2] 2]+ | Eefoder -

SI0RNFi

o Er T 50004 Frame Gt ]

i 80.037 kN 1215 cycles
i 4.090 kN
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