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Low Cycle Fatigue Life Prediction of HSLA Steel
Using Total Strain Energy Density

Jac Hoon Kim* and Duck Hoi Kim**

ABSTRACT

Low cycle fatigue tests are performed on the HSLA steel that be developed for a submarine material. The
relation between strain energy density and numbers of cycles to failure is examined in order to predict the low
cycle fatigue life of HSLA steel. The cyclic properties are determined by a least square fit techniques. The life
predicted by the strain energy method is found to coincide with experimental data and results obtained from the
Coffin-Manson method. Also the cyclic behavior of HSLA steel is characterized by cyclic softening with
increasing number of cycle at room temperature. Especially, low cycle fatigue characteristics and microstructural
changes of HSLA steel are investigated according to changing tempering temperatures. In the case of HSLA steel,

the €-Cu is formed in 550°C of tempering temperature and enhances the low cycle fatigue properties.

Key Words : Low cycle fatigue(A5-7]9 2), Total strain energy density(Cd®# & &l X2 %), Plastic strain
energy density(AAHE Fo YA LX), Coffin-Manson method(Coffin-Manson®), Cyclic

softening(F+714 A3}

k-5 L

de = total strain range

def2 = total strain amplitude

AW, = total strain energy density
AW, = plastic strain energy density
b = fatigue strength exponent

¢ = fatigue ductility exponent
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o/ = fatigue strength coefficient
e/ = fatigue ductility coefficient
K = cyclic strength coefficient

# = cyclic strain hardening exponent
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I E A e 7 (high strength low alloy, HSLA)
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Table 1 Chemical compositions of HSLA steel (wt.%)

C Si [Mn{ P |[Cu| Ni | Cr [Mo| Nb
0.054(0.202 0.5 |0.006|1.32(3.48 | 0.58 |0.48|0.036
Table 2 Mechanical properties for HSLA steel

tempered at various temperatures

Temper | Young's| Yield | Tensile :

Elongation
temperature | modulus | strength | strength %)
() (GPa) | (MPa) | (MPa) °
450 218.57 | 942.65 | 981.26 13.08
550 242.51 | 858.14 | 895.51 14.06
650 241.50 | 814.91 | 858.47 14.00
60 30

Fig. 2 Photo of low cycle fatigue test
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Fig. 3 Plastic and elastic strain density definition
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Fig. 4 Strain-life curves of HSLA steel tempered at
various temperatures

(2N)’+ ,(2N)°
A7\M, 0, = ARZBEAF, & AZAQAT, b
H2ZAEAF, ¢ & J2AHAF, 2N~ F874A

o wrE ot}
Fig. 5% 450, 550 % 650TColl A ® 333 HSLA

dey _ o
o =7 (14)
A

el WYE-SE 45D Yehd Anoldh ¥ A
A BE APEVE PN @ AT A%

7] 2 49 ¥ v olde 1F7] dgel ZA
olE|Eo] ¥ X311 Ut} Fig. 5ol B EYE A
3 24WEE warste A&
(2Npol Bt hH,
FHE
AellA deoid H2Ege 450C A1 P
< 1,112 reversal, 550°C ¥ ® 72 755 reversal L
g 650C BHHPAL 1,241 reversal2 RAHH &
= Qste] wet S8 S vErR ek
Table 32 4 (14)¢] Coffin-Manson?}2 ©]-&3}
of 42 ZAFE yEbd Aot dutH o YR
o] F&ollA HEAGAF & -0.5< <-0.7 Ak <]
#e, AEZHRERSF pE -0.05< p<-0.12 A}o] 9] gt

2]

Ly L=

i, HEFEAF
e UERiIT) ol e wE g2

OS]

FEY HHE s d@RAdS A¥ng,
Morrow®” = oldx]  APdezRE  HZshd

c=—1/(1+5%"), b=-—n"/(1+5x)8] BAHE =



AAE - A48 . FxHLDFEHA A19F AHes
01 . : . - QtatSA 31, Tomkins'”= Hxgste] o)y 7L
Aol et A&A] o] u@g T o] &
S ] o2 Fi¥l c=-1/(1+2x), b=—n"/(1+27)
2 | owd of #AAE AHEUTE webA o] F 4G o]
B sto] T8 b, caT B APAAM T G Table
£ 3 48} 5o wlaate] A stgivh. o] Aol ofshw
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- Linear fing of st stran #& YEHATE Table 4, 5914 B & %ol
3 .. e Morrow®] #7140 H]5tel Tomkins®| 74 o]
e e e e e B a9as Bk o A%e Aow ved
Reversals to failure (2N,
(a) 450C tempered HSLA steel Table 3 Constants of Coffin-Manson equation of
HSLA  steel tempered at  various
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01 T T T T
Parameter 450°C 550C 650C
N
E 001 b 4 of 1587.6 2090.3 1525.5
g | A .- &/ 1.157 0.471 1.486
3 el 4
5 b -0.074 -0.096 -0.062
E o Elastcstan c -0.793 -0.692 -0.818
: 1E4 | a Plasticstr'ain B
= e Linats e f st srgin n 0.094 0.139 0.075
= Linear fitting of piastic strain
7 T I I " .
e e e e Table 4 Experimentally observed and predicted val
Reversals to failure (2N ) able xperimentally observed and predicted value
of the fatigue ductility exponent( ¢)
(b) 550C tempered HSLA steel
T -
empering Experimental Morrow®” | Tomkins''”
temperature
> ' ' ' ' 450C -0.793 -0.680 -0.842
=y 550C -0.692 -0.590 -0.783
2 0.01 | <
E """"" - 650C -0.818 -0.727 -0.870
:‘3 1E3 | E
o Table 5 Experimentally observed and predicted value
E © Elastic strain .
© jeql| 2 Plasticsrain i of the fatigue strength exponent( 5)
£ = Total strain A
E ~~~~~~~~ L_inear ﬁuf'na of elasff'c stmm T .
a Lineer fiting of plastic strain empering Experimental | Morrow™” | Tomkins"”
g N I I . temperature
10' 10 100 10" 10* 10°
Reversals to failure (2N) 450°C -0.074 -0.064 -0.079
(c) 650TC tempered PFS steel 5507C -0.096 -0.082 -0.109
650C -0.062 -0.055 -0.065

Fig. 5 Strain amplitude and life curves of HSLA steel
tempered at various temperatures
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Fig. 6 Plastic strain energy versus cycles to failure of
HSLA steel tempered at various temperatures
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Fig. 7 Total strain energy versus cycles to failure of
HSLA steel tempered at various temperatures

Table 6 The predicted equation of low cycle fatigue
life calculated by total strain energy method

Materials Equation

HSLA 450 AW,=399.20 (N,) =05

HSLA 550 AW,=490.67 (N,) =%

HSLA 650 AW ,=492.92 (N~ 05
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Fig. 8 Measured life versus predicted life of HSLA
steel tempered at various temperatures
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