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A Study on The Effect of Compressive Residual
Stress on Fatigue Crack Propagation Behavior

of Spring Steel

Chan-Gi Jung

Dept. of Precision Mechanical Engineering,
Graduate School of Pukyong National University.

Abstract

Recently, the request for the light weight is more and more
increased in the area of industrial environment and machinery and the
consistent effort is needed to accomplish high strength of materials
for the direction of light weight.

To accomplish the high strength of materials, carbonizing treatment,
nitrifying treatment, shot peening method are representatively applied.
The high strength of materials is accomplished as the compressive
residual stress is made on the metal surface in the process of
shot -peening method.  Special rescarch is  therefore needed  about
compressive residual stress on the metal surface in the process of
shot-peening method.

The purpose of this study is to predict the behavior of fatigue
crack propagation as one of fracture mechanics on the compressive
residual  stress. To  predict it. clastic -plasticity  material  behavior.

which resulted from the impact of the shot ball on metal surface,
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was observed and the finite element analysis was conducted.
Especially, this study compared the maximum size of compressive
residual stress and the finite element analysis.

This studv made an experiment on fatigue crack propagation
da/dN, stress intensity factor range 4K, respectively in  mld
remperature and in high temperature.

In the result, the size of the shot ball impact, energy was the same
as the size of energy in finite element analysis. When the speed of
shot was at 70m/sec, the compressive residual stress showed the
maximum. However, as the speed became higher than 70m/sec, the
compressive residual stress became gradually lower.

The compressive residual stress made a great effect on da/dN, 4K
and 4K, in fatigue crack propagation behavior.

Especially da/dN increased but 4K and 4K, decreased at 100°C
(critical point). After 100C, both da/dN, 4K and 4K, showed slow
change.

Paris law's material constant € in stage I of fatigue crack
propagation and m of fatigue crack propagation index relied on
compressive residual stress, temperature and the speed of shot ball
projection.

The compressive residual stress made an impact on tension and
compression of the plasticity deformation in fatigue crack plasticity
zone. That is. the constrained force about plasticity deformation was
strengthened by resuliant  stress,  which  resulted  from plasticity
deformation and compressive residual stress in the process of fatigue
crack propagation. The fatigue crack fracture aspect such as above

was observed by Scanning Electron Micro scope(SEM).
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Nomenclature

Definition
A w ek A Al <= (shearing modulus)
stE-stad Wel Sy A
(load-load line displacement curve area}
¥ (stress)
Q17 = (tensile strength)
&8 7} = (yidlding strength)

E S E T (effective yidlding stress)

=
3 2} 1] (Poisson’s ratio)
& 21 H] (stress ratio)
A1 % 1 # (specimen width)
218 3 A (specimen  tickness)
T 71 ol(crack length)
Z7] vt 4ol (original crack length)
-5 2 (shear siress)
=2 5% (vertical stress)

x¥FeFel L {stress in x direction)

vidEke] &¥(stress in v direction)
Tt A utefl 4 2] 8- (stress at crack tp)
zaFake]l 2 el(stress in z direction)

A8 & (Shear Stress)
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Unit
N/mw”

2
mm

N/mn’
N/mn”
N/mnn”
N/mm”

mm
mm
mm

mm

N/mn’
mm

N/ ™
N/mn®
N/’
N/~
N/

N "2
N/ mm~




KU]

AK

/—/]Kth

AK,,

»
[X' max

Kmm

(distance from crack tip)
22199 17] (Size of plasticity)
Aol WA (radius of plasticity)

thA -2 2l {elasticity stress)

fEsel By

(effective stress intensity factor)
BE[Ae) st

(stress intensily factor of mode )
mule) Aol g sy

(stress intensity factor of mode 1D
Erdilel Mo} o= g Al

(stress intensity factor of mode 1D
el sk 71 9]

{stress intensity factor range}
shek7l g e st Al g

(threshold stress intensity factor range)
ot S e o) A

{mean stress intensity factor)

{minimum stress intensity factor)
WA ge o
(critical stress intensity factor)

WM a5 g gl

1
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mm

mm

mnm

N/mn”
N/mm™*

MPa m"

N/mn**

N/mn?

N/mmfi 2

MPa m"

MPa m'”

MPa m"

MPa m"

MPa m'

354

5

=3

MPa m'~

o
N/mm™~




Koy

(plane strain fracture toughness)
TR AT

(effective stress intensity factor)
BHE 3] 22 (number of cycles)

A% ot (load)

-

A

3} & (maximum load)
A

A 3= (minimum load)
b Relrge P ] =

(fatigue crack propagation)

A &A= (material constant)

b e AR R

(fatigue crack growth exponent)
Abo] Z(number of cycle)

nlz Al = (friction factor)

Impellere] 7} = (angular velocity)

uix_

mm/cycle
N
N

N

mm/cycle

cycle

9.8m/sec”

rad/sec
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Y

o 0=N-2-Glg-w-» - (2)

o} 71,

N : mhaE (kg - m/sec)

7 D owpEA

g c 28 M5 % (98m/sec’)

v e FA A BH o A (m)

R . Control - cage WZ4 (m)

R, . Impeller W37 (m)

Ry . Impeller =74 (m)

G : Shot ball % (kgf)

w . Impeller®] 2+ % (rad/sec}

n  Impellers %A (rpm)

v, DA R £% (m/sec)

v, U Hd WIEFEHT (m/sec)

1% © A& Shot balle] FAFEE (m/sec)

Glg:r- o DA

2-Glg-w- » : Corioli’s force
ubelA] glHere] Egol=el 2% B B ¢ A (PH)AMe] FAF oy

A(EB)= Hadt 2

] 4 .
- * . ey - 2 . - .
EB—JDNrd@ Glg a)f{)Zr y - dt
=1/2-Glg-( v = R, - of
A7NN dO =wdt oIV}
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Fig. 6 Dimemsion of almen-strip

Table 1. Tolerance of almen-strip

f\llncr;:slrip Thickness(¢) - Flatness
N - 0.787 ' 0.025 +0.025
A o 1.205+ 0025 o +0.025
C N 2388 OOZS +0.038
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Crack tip

Fig. 17 Strain vectors and coordinate of crack tip in an infinite plate
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Fig. 18 Elastic zone and plastic zone at the erack tip
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Table 3. Mechanical properties of specimen
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Fig. 21 Condition of heat—treatment
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Fig. 24 Analysis model of shot peening process
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Table 6. Material properties

\
o i Elastic Poisson} Shear Yield Tensile
Material | Density ]
modulus ratio modulus stress strength
. 785x10° 200 , 77 1.027 1.369
SUPY . . 0.3 . . .
kg/mm GPa GPa GPa GPa
1650
1500
1350
E 1050
= 900
2 750
600
450
300
150
0
0 0.1 0.2 0.3 0.4 05
Strain

Fig. 25 Stress-strain curve (SUP9)

- 5 -




(o]
ar

SIEE

w"r

I
2
3t

H

o A

o,
LN

@aol gk
1

of
7] o

Q
T
I
e
7k
N

1

bo ae) 1hvh
ol s g e

i} 7o) 7}

7HA B

[o]
3L

6

=R
L
e}
=X
=]

A

1o

1] of 2

3
]

st gl o
6'8]'

o

5]

#f <)

5=
9
Ft

I8 ol A

Fol

[e]
s

oM Az T

g Al

L‘_T.i
AA 3
o] Apg-g

=1 7]

k-

o
a

(o)

T

2

w477
'

4ol

Aol
by

]
L

Aol th 3] A
ol M= A7

o o &

T

=

1

ol
B0

-

TO

A

L

A

[{;}

=
=3

NO

-ko_
L

H] 3}

o
FAse AAg T

Aael A

<}

‘\g— T

Lo g 7}7ézs
2k 7}

o

_56_

A
oA

o

=
=

]

o

}

o

OO

=

T

A 3E

o]

-

oV g




o} B

A el xEMS] SEE AT 4+ fi U AERa L
Abelel fEel elgh adel AWM e g Ada A Qo] &
oy ol ) mwel JFHYRA, 5 8HS BEUR s ne

w Abele] HSsteat wEAe FAH A Bk Mol AbgE Tz
e Awe) AR diMste d b el AlgEE MSCAY

of Abgd REe EgFeAE Abgdle 2adas
2 FAsAY. Fig. 2604 £E22 B al(rigid body), 2 #HE )
(deformable body)® 2l stw LB 7t 9o s HAr= A

LEIRERLEL RIS

Q.

£
u?"
o
ol
-
fr
=
-
Sl
ole
i)
o
{
[
il
o
=
Az
b
e
=
1z
ol
-

ol
AX

- /K7 -




t
$
+
by
bend.

i i )

L
£ 7 17T7
NN

AV

:

]

[

FO A

¥

by
WN:::::_.

R EERENNENSNEIRN,

model for finite element analvsis

1xXis-svmmetry

[a

26 2D

g

~-

_58_




[

1.2b4e+03

™ 1.128e+03
M 1.003e+03

B g 7826402

7.531e+02

6.279e+02

5 028e+02

3.776e+02

2.525e+02

1.274e+02

2.206e+00

L PP s

Fig. 27 Von miscs stress distribution impact
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Fig. 28 Von miscs stress distribution after impact
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Compressive Residual Stress (MPa)

Compresswe ftesidial Stress (MPa)
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Fig. 29 Compressive residual stress distribution
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FFig. 30 Comparison of residual stresses

_61_




Table 7. Maximum residual stress vs deformation

. Depth of hole | Max. residual stress| Depth of compressive
Case ( pm) (MPa) stress zone ( pm)
I 33.24 1027 325
I 27.50 995 280
o m 16.99 958 221
v 7.23 364 140

Fig 272} 288 &£EE=F} aAjrelel HE53 HE5 a5 oldHds
&

W A el WFEHEEE VERd Zlelth Fig. 29+ ESJ T
AE FEDFSHEES Zolda =43 deolth HEK] FHIF

]_L
of AR rue) zelsh ojuh W E g o
o

AHE-gEe] Advlols gk Aol Case 19 4

=
S =

sl nEsde] o8] AR & 9l o 24l Ao AFSAY 277}
Aol A £ vt AdubH o ssZelit AE ALRele] AEHYE 3
A5 gk

ZAFgEe] 7A7F 900~ 1000 MPa W el A lejzlvha &
W, Case ToF Caselll®] FdollM FARgE A Wl o] #9o]
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Time step 11, t=1.649¢e—-003

Displacements

Max = 3.26e—02
Min = 0.00e+00

(2) Maximum delormation during impacting

Time step 35, t=5.100e—003

Displacements

AAAAANAAY

Max = 2.94e-02
Min = 0.00e+00

(hy After fullv impacted

Fig. 33 Displacement distribution for velocity 70m'sce of o hall
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Time step 35, t=5.100e-003

Displacements

(a) Maximum dclormation during impacting

Time step 35, t=5.100e—-003

Plastic strain

h) After fullv impacted

Fig. 34 Plastic strain distribution for velocity 70my/sec of a ball
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Time step11, t=1.649e—-003

Vonmises

Time step 35, t=5.100e—003

Vonmises

Max = 1.17e+00
Min = 8.19e-03

{h) After impacting

Fig. 35 Von Miscs stress distribution for velocity 70m/sec of a ball

_68..




S)d A el AgE LR JARel W AEARele E4E

el b de AEE = LS/DYNAS Agatln™ s e n=gs)
248 25 SUdesn wdwgste] s)Ae 2a0Y 249 ALAas
2 Rdgd g A e

te s M3 daAl 2EI YRS 9l wstr] 9ste 08mm A A 4 E

= FAMEEE STm/sec, 70m/sec, 83m/sec, 96m/sec® #ato] s Als

Ak
Fig. 33, 34 &EE A7 0m/secd) A ZTE A2
of EAlEtth o714 Fig. 339 (a)s 2EXR FEH7Me) Fugpagy e

olu, (b FH% arFo] ¥wolA $dd] olg Hgaye WMoy
AT Fig. 349 (w9 (b) A, RER9 Zisd(hy

2 }
FOETol WYL 2AYE EES dea o742 mwel

W
!
{
W
e
°
ofie
ﬂ"llﬂ
ol
-
|
~
s
o
£
m
e
_hz
i
iy
7
-
-
i
%i
.\i.
1
e
<
90
a
="
142]
4]
o
-
o=
o
(o]

MEEE 2B FEA9 559 @ol ¢ —0.2649 € =0.2%63°0.%
gt -

HEE TET G4Y aAuvRe] dERHSEHS AEwo sy
Qoo w2 1 ke aEE R Auele FaEqlu)

...69_




o oW SFa e BN FALE Tom/secell d BAE 240

“1ﬂﬂﬁﬂﬁ§ﬂﬁH:ﬂﬂ6WﬂW*

Table 8. Comparison of FE analysis results for various shot ball

velocities
Ball . . . .
Duration of . . v S0
shat o “ | Depth of dent | Plastic strain Ot TTHSES
) contact residual stress
velocity um f rate
. Husec M Pa
mssec
57 239 0.23 1040
70 296 0.26 1120
s 075055 -
33 35.3 0.31 1140
96 ] 41.4 (.39 1110
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Effective Stress (MPa)

Effective Stress {MFa)
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(d) Shot velocity =96m/sec

Fig. 36 Distribution of effective stress for various shot velocity
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Fig. 37 Compressive residual stress distributions produced by shot peening
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Compresive residual stress (MPa)
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Shot velocity (mvs)

Fig. 39 Relation between compressive residual stress(MPa)

and shot veloeities(m/s)
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Fig. 41 Profile of surface roughness pattern
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Photo. 7 Microstructures ol specimen (unpeening)

PPhoto. 8 Microstructures of specimen {(shot peening)
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Fig. 43 Relation between crack length and number of cycle
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Fatigue crack growth rate, da/dN(mm/cycle)
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Fig. 45 Relation between fatigue crack growth rate

and stress intensity factor range
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Table 9. Experimental constants by

da/ dN= C(4K)” for the fatigue crack

growth
AK Range da/dN Range
m C
(MPaV m) {(mm/cycle)
7.42 4305% 10 °
221
unpeening = AK < da/dN 2.592 .
B X 10
<1791 <4057 X107
7.92 3982x10°
1.31
57m/sec < AK < da/dN 3.555 "
- 10
<1761 <3531 %107
8.65 382410 °
6.83
70m/sec = AK < daldN 3772 oW
] =
<1722 <341x10°7
871 3.853x10°
1.16
83m/sec < AK < da/dN 3.547 .
_ x10
<16.77 <312=10°
8.75 3.89x10"
2.01
96m/sec < AK < da/dN 3.351 0"
10
<1043 < 265107
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Fig. 47 Correlation between da/ dN and shot velocity
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Threshold stress intensity factor, AK, (MPa)
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Material constant (C)
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Compresive residual stress (MPa)

and temperature (C)
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Table 10, Experimental constants by da/dN= C(4K) ™ for the fatigue crack growth

AK range da/dN range
[ MPavm) [em/cvele]
RT 130710 °< da/dN
i, 839 AK<17.22 '
e <3510

i | 172710 °< daldN

100°C ; 626< AK<1812 )
<326% 107

) ' 166210 "< da/dN
10T 583 AK <1768 )
3042107

] 169410 "< da/dN
180 557 AK <1759 :
< 307%10°
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Fatigue crack growth rated a/dNmm/cyde)
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Table 11. Experimental constants by da/dN= C(4K) ™ for the fatiguc crack growth

AK range da/dN range
[ MPaVm) {mm/cvele]
RT 175710 "< daldN
) 875 AK <1772 _
25T <2210

181210 °< da/dN

~60C 9.08= AK <1801
338107
, 19210 "< da/dN
-~ 065 AK< 1815 , ,
2787107
7 _ 131210 °< da/dN
-100°C 1001 AK <1971

13454107
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Fig. 65 Relation between fatigue crack growth rate

and stress intensity factor range
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Fatigue crack growth rate da/dN (mm/cyde)
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Fig. 67 Correlation between da/ dN and low temperature
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and emperature(T)

- 118 -




574 da/dN= C(AK)"2] A28 °|EA

Fig. 697 #|&FA 0 d7) &l M Stage 119 dHA 2 daf/dN= C(4K)™
of w gEaF e VRTAVAAF mE [ RAC60T, 80T,

00T A S e A Auka o uln =Ashsdvh L Fig., 70 Aza
= ool A& AL EASE 1 S 71 s A5 me

qeadel e wAs oy Agesddel wek co) g
Maabls Ageln, mel e Fhshe 4% welin ok

whil A dard Rl 4% o) Stage 11 A H 2 dofdN= C(AK) ™A A
gk oob )t A Kool g AR EAAE et 3ol

Al ket Sk,

—g0C < T=25T <! uf

C= 5.37187%10 " «1.01076 © e (43)

m=3.8401-0.00345 T cem———(44)

—~1200 = T= —60C 2 uf

C=2+10 "~1.0286° - (45)

m=3.6276—0.0068 T —o--——- (46)

- 119 -




Material constant(C)
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Fig. 69 Correlation hetween € and e in paris law  daf/dN= C{AK) ™
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Fig. 72 Relation between crack length and number of cycle
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Fig. 73 Relation between fatigue crack growth rate

and stress intensity factor range
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Table 12. Experimental constants by da/dN= «(JK}" for the fatigue crack growth

Stress 4K range da/dN range
rate [ MPaV m] [mm/cyclel
1.755107°< dafdN
0.1 891< K <17.39 )
=252x10°
2 A3 X107 < daldN
0.3 870 AK <1772 )
<<423x107
25710 < dafdN
0.6 691 < AK=1702
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Fig. 74 Correlation between  da/dN and stress rate
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Threshold stress intensity factor, AK (MPa)
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Fig. 75 Relation between threshold stress intensity factor range
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Fatigue crack growth exponent (m)
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Fig. 80 Relation between crack length and number of cycle
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