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A Study on Reliability Improvement and Rationalization of
Maintenance of Carbon Steel by Applying Surface Crack
Nondamaging Technology

Chang-Seok Oh

Department of Materials Science and Engineering, Graduate School,
Pukyong National University

ABSTRACT : This study evaluated the properties depending on the
carbon content using 0.44 wt% carbon steel, 0.61 wt% carbon steel and
0.57 wt% carbon steel (HV470, HV570). The fatigue limit was evaluated
based on the size of microcracks. Using the threshold stress intensity factor
and compressive residual stress distribution by shot peening(SP), the crack

aspect ratio (4s) dependence of the harmless maximum crack depth (a;,,;)

and crack depth, which reduces the fatigue limit of non-SP smooth
materials by 25% or 50%, was evaluated. The fatigue limit remained
almost constant up to a certain limit regardless of the carbon content.
However, the fatigue limit decreased rapidly as the crack size increased. As
the crack aspect ratio decreased, the fatigue limit of the depth (point A)
also decreased significantly. In addition, the fatigue limit ratio was lower
for steels with high carbon content. The fatigue limit ratio of the depth
decreased significantly because the crack propagation in the depth direction
was fast as the crack aspect ratio decreased. On the other hand, the fatigue
limit ratio of the surface cracks increased as the crack aspect ratio
decreased. The harmless crack depth (a;,,;) of 0.44, 0.57 and 0.61 wt%

carbon steels were all determined in depth. The compressive residual stress

distribution significantly affects the harmless maximum crack depth (ay,,;),
and the larger the compressive residual stress, the longer the a;;,. The
crack aspect ratio (4s) had an effect on a;,,; and as it decreased, the

value of a;,,, tended to decrease. Because both 0.44 wt% (As < 0.6) and



0.61 wt% carbon steels indicated a;,,; > ay5, ao; can be rendered harmless,
but a;, cannot rendered harmless because both steels indicated a;,,; < as.
Meanwhile, for 0.57 wt% carbon steel (HV470, HV570) indicated a;,,; >
(ays, ag)), a5 and as, can be rendered harmless. Hence, for the SP
performed in 0.57 wt% carbon steel, a ay, and ay, can ensure the safety

and reliability of steels. Because the 0.44 wt% carbon steel indicated

(anpri> @npra) < (ag, as), the crack depths of ay; and ay, can be detected
using NDI. Meanwhile, because 0.61 wt% carbon steel indicated ayp; <
asy, crack depth of a;, can be detected. In contrast, because 0.61 wt%
carbon steel indicated (aypr, aypra) > @95 and ayprs > asy, the crack
depths of a,; and ay, cannot be detected using NDI. Because 0.57 wt%
carbon steel (470HV, 570HV) indicated (anpr, anpra) > (a9, ag), the
crack depths of a,; and a;, could not be detected using NDI. Hence, more

sensitive NDI technology must be applied to cracks that cannot be detected.
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Fig. 2.1 Schematic illustration of a finite plate containing a

semi-circular crack.
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Table 3.1 Chemical compositions. (wt%)

C Si Mn p S Cr Mo Ni
0.44 wt%
carbon 044 | 0.25 | 0.77 | 0.02 | 0.02 | 0.08 | 0.01 | 0.05
steel
0.61 wt%
carbon 061 | 027 | 084 | 0.01 | 0.01 | 0.83 | 0.03 | 0.12
steel

Table 3.2 Mechanical properties

Yield strength

Tensile strength

Elongation (%)

(MPa) (MPa)
0.44 wt%
carbon .5 652.1 20
steel
0.61 wt%
carbon 936.4 1,033.3 9.9
steel
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Fig. 3.1 Schematic of a finite plate containing a semicircular crack.
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Fig. 3.2 Compressive residual stress distribution of 0.44 wt% carbon

steel and 0.61 wt% carbon steel.
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Table 3.3 Conditions of shot peening for 0.44 wt% carbon steel.

.ShOt Sho.t Impeller Time | Current | Coverage |Arc height
diameter| velocity | angle :
o (min) (A) (%) (mm)
(mm) | (m/sec) | (°)
0.6 56.7 120 14 27 90 0.38

Table 3.4 The measurement conditions of residual stresses for 0.44

wt% carbon steel.

X-ray diffraction

Condition

X-ray source

Target Cr-V
Voltage 30 kV
Current 10 mA

Injection angle

U 15 , 30°p49°

Calculation method

20 -sin> ¢ method

20

140°

~ M0°

Detector

Scintillation counter
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Table 3.5 Conditions of shot peening for 0.61 wt% carbon steel.

Shot Air Shot Time Shot Coverage Arc
diameter | pressure | hardness (se0) distance %) g height

(mm) (MPa) HV) (mm) ’ (mm)

0.67 0.62 600 40 100 300 0.52

Table 3.6 The measurement conditions of residual stresses for 0.61

wt% carbon steel.

X-ray diffraction Condition

X-ray source Cr—K,

Collimator diameter 2 mm

Calculation method 20 -sin®> ¢ method
A0 R ~¥170°
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Fig. 3.4 Fatigue limit according to the size of micro crack
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Fig. 3.5 Comparison of fracture stress according to crack size at A

steel and B steel with different strength
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Table 3.7 Crack depth according to fatigue limit reduction rate (FRR)

at each As of 0.44 wt% carbon steel. (unit : mm)

As
1.0 0.6 0.3 0.1
FRR
10% 0.1856 0.1144 0.0823 0.0679
20% 0.5010 0.2990 0.2080 0.1710
30% 0.9554 0.5523 0.3775 0.3130
50% - 1.9170 1.2130 0.9740

Table 3.8 Crack depth according to fatigue limit reduction rate (FRR)

at each As of 0.61 wt% carbon steel. (unit : mm)

As
1.0 0.6 0.3 0.1
FRR
10% 0.0300 0.0190 0.0134 0.0112
20% 0.0730 0.0455 0.0325 0.0267
30% 0.1372 0.0872 0.0610 0.0493
50% 0.4140 0.2530 0.1774 0.1456
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Fig. 3.7 Relationship between crack depth and fatigue limit reduction
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Fig. 3.8 Crack depth dependence of AK, and AK, at 0.44 wt%

carbon steel. (a) As=1.0, (b) As=0.6, (c) As=0.3, (d) As=0.1
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Fig. 3.9 Crack depth dependence of AK, and AK, at 0.44 wt%

carbon steel. (a) As=1.0, (b) As=0.6, (c) As=0.3, (d) As=0.1
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Fig. 3.10 As dependence of harmless crack depth(a,,,), as,
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carbon steel. (a) point A, (b) point C
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Fig. 3.11 As dependence of harmless crack depth(a,,,;), a., as, and

ayp; N 0.61 wt% carbon steel. (a) point A4, (b) point C
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R 2T

Table 3.9 The values of ay,,;, Go, a5y anpr; @A appr, Obtained from

point A and point C of 0.44 wt% carbon steel and 0.61 wt% carbon

steel.
0.44
c;lvr%gn point A point C
steel
As Ahmi Qo5 Qs Apmi Qs Qs anpr1 | @nNDI2
1.0 0.394 | 0.682 - 0.859 | 0.523 -
0.6 0.386 | 0.408 | 1.970 | 0.862 | 0.540 | 2.170
0.300 | 0.418
0.3 0.349 | 0.280 | 1.213 | 0.908 | 0.759 | 2.204
0.1 0.424 | 0.229 | 0.960 | 0.977 | 1.886 | 3.020
0.61
c;lvr%gn point A point C
steel
As Apmi Qs Qs A Qo Qs anpri | Anpr2
1 0.394 | 0.104 | 0.414 | 0.859 | 0.084 | 0.328
0.6 0.386 | 0.064 | 0.253 | 0.862 | 0.087 | 0.339
0.300 | 0.418
0.3 0.348 | 0.044 | 0.177 | 0.908 | 0.122 | 0.477
0.1 0.424 | 0.036 | 0.146 | 0.977 | 0.309 | 1.215
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Table 4.1 Chemical compositions (wt%)

C Si Mn P S Cu Ni Cr
057 | 0.25 | 0.86 | 0.022 | 0.019| 0.2 | 0.11 | 0.82

Table 4.2 Mechanical properties

Yield strength | Tensile strength
(MPa) (MPa)
1,243 1,311 Wli3

Elongation (%)

Semicircular slit

iy A
F )
. 2C

-

20

>
al
3

Fig. 4.1 Schematic of a finite plate containing a semicircular crack.
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Fig. 4.2 Residual stress distribution
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Table 4.3 Conditions of impeller shot peening.

Shot

Shot

Shot

diameter | velocity | hardness, |Coverage (%) Arc(rr}llril)ght
(mm) (m/sec) HV
1 76 570 95 0.57

Table 4.4 The measurement conditions of residual stress.

X-ray diffraction

Condition

X-ray source

Target Cr-Ka
Voltage 35 kV
Current 25 mA

Injection angle

U A, 23°% 0 32°, 40°

Calculation method

[so inclination method

Diffraction angle 26

156.4°

Diffraction

a Fe2ll
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Fig. 4.5 Comparison of fatigue limit ratio according to aspect ratio at

crack depth of 0.1mm.
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Fig. 4.6 Crack depth according to the fatigue limit reduction rate at
each aspect ratio (A4s). (a) 470HV steel, (b) 570HV steel
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Fig. 4.7 Crack depth dependence of AK, and AK, at 470HV steel.

(@) As=1.0, (b) As=0.6, (c) As=0.3, (d As=0.1.
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Fig. 4.8 Crack depth dependence of AK, and AK, at 570HV steel.

(@) As=1.0, (b) As=0.6, (c) As=0.3, (d) As=0.1.
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Table 4.5 The values of ay,,;, Gy, a5y anpr; aNd appr, Obtained from

point A and point C of 470HV steel and 570HV steel.

487&%}/ point A point C
As Apmi Qo5 ) Apmi Qo5 Qs anpri1 | OnDpr2
1 0.286 | 0.071 | 0.285 - 0.058 | 0.229
0.6 0.275 | 0.044 | 0.174 - 0.060 | 0.236
0.300 | 0.418
0.3 0.248 | 0.031 | 0.121 = 0.084 | 0.332
0.1 0.269 | 0.026 | 0.100 - 0.212 | 0.836
587&%}/ point A point C
As Al Qo5 Qs Qi Qos Qs anpr1 | @npr2
1 0.230 | 0.050 | 0.198 - 0.040 | 0.160
0.6 0.230 | 0.031 | 0.121 2 0.042 | 0.165
0.300 | 0.418
0.3 0.215 | 0.021 | 0.084 = 0.059 | 0.232
0.1 0.254 | 0.018 | 0.070 - 0.148 | 0.584
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Table 5.1 Conditions of shot peening.

Peening machine Direct pressure peening
Air pressure, MPa 0.62

Shot diameter, mm 0.67

Shot hardness, HV 600

Shot time, sec 40

Shot distance, mm 100

Arc height, mmA 0.5

Coverage, % 300

Semicircular slit

Fig. 5.1 Schematic of a finite plate containing a semicircular crack.
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Fig. 5.2 Residual stress distribution
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Table 5.2 The measurement conditions of residual stress.

X-ray diffraction Condition

Target Cr-K o
X-ray source Voltage 35 kV

Current 25 mA
Injection angle 0°, 14° , 23°, 32° , 40°
Calculation method Iso inclination method
Diffraction angle 26 156.4°
Diffraction e 211
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Fig. 5.3 Fatigue limit according to the size of micro cracks in

as-received specimen of 0.57 wt% steel. (a) point A, (b) point C
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Fig. 5.4 Comparison of fatigue limit ratio according to aspect ratio at

crack depth of 0.1mm.

_99_



A7

Fig. 5.5+ 0.57 wt% &

AR

pay

Asoll A 23 E o

(10%, 20%, 30%, 50%)° ME== #4 Zol& et #4 Zol& v
235 Faso] FUHE wEtA Frtst o, Asoll dagle] v =g
T g 10%C vlste 20%oA oF 2.458), 30%°l4 <F 4.58, 50%°
A oF 14v) FA YEEH. 53] As7t 5% 4 =23 E FasolA
g Zolrt AA vEtgH oA ¥ AP JRIE=E= +E9
2 area o 2| &3 w=oltt 3l

- 100 -



0.12F '
| 0.57 wt.% carbon steel

L -O0-A4s=1.0 i

| —O-A4s=10.6 ]
-N\-A4s=10.3 |
7 As=0.1

L O p

| /A 1

0.00 —~ ; ' ' :

&
k.
(=]

S

=

&
T

—

=

=
T

]
£
L

Crack depth ¢, mm
=
=
(=)}

Fatigue limit reduction rate (%)
Fig. 5.5 Crack depth according to the fatigue limit reduction rate at

each aspect ratio (AS9).

- 101 -



542 733 Ao ¥4 ZA°l(q,,) B7}

Fig. 5.6 SP ¥ SSPAlA AK, 3 AK,9 #d Zo] &EA4E Yehd
. od71A AK, = 212.8)9 non-SP BEAFH I EIE(Ac, )9}
AK,, & dislsle Brlstden, AK,2 Newman-Raju 2(2.7) [4]°]
SP gl SSP HEAFHe] 2T E(Ar, )E HHsHY de #FF 4=
T84 21213 [5le= d& gts &3 AQ1DANA AT

Fig. 56 @-(d= SPllA 77 As=10, 0.6, 0.3 2 0.19] Az}olr}.
Fig. 5.6 A¥¥ CH9 AxE A dHepdAoh Pl ofg F3isk 7}

S Ad #4 Zolg,,, @t JQ1)E AAHE 4 7 q,= 4
A CHAA A2 dd= AR Fig. 5.6914 AK, 3 AK )4
ARyt AK, o= 340 Atk Mk o, 22120 ohebd A%
AT As1.03} 0.69) ay, = CHAM AREL, As-0.37 0.1& AF
A AR AT 4s=1.03% 0.6 73+ WO = F-H| A F

&3k, As=0.33 0.1 7%+ Zo] W&o zF{FFHo| AA 2E3IA7]
Fig. 5.7 (@-(d& SSPAA Z+7t As=1.0, 0.6, 0.3 % 0.1¢] ZH¥olr}.

Fig. 5.7¢ Fig. 563 vla7}A 2 As=1.03} 0.62] q, = CAANA AAH
N, As=0.337 0.1 AFNA AAHEF AT

- 102 -



7 . : _ .
L SP, As =1.0 _ -
6 _____ o
S = i
c;E 4 |
£ 5l
=
5 2 :
0 | AKth(l)= 6.09 MPa‘mO'S Ao-w = 880 MPa |
- @ Harmless crack size Aoy, =966 MPa
-1 ) .
0.0 0.1 0.2 0.3
Crack depth a, mm
(@
7 . | B |z.
SP, As=0.6 F /
6_AKth(s)A _/_:___ .
5r ]
c;E ni |
« AK.
& 3¢ e AKTrA _
; ) AK ¢
1 i
0| AK,,=6.09 MPa-m"* Ao, =880 MPa |
® Harmless crack size Aoy, =966 MPa
-1 . . . \ ] \ \ ) ) | ) ) ) ) . .
0.0 0.1 0.2 0.3
Crack depth a, mm
()

- 103 -



AK, MPa-m"?®

AK, MPa-m"?®

7 . : . —
SP, As = 0.3 / -
6 _AKth(s)A — _ = _/ ______ y
5 N _-- i
4 i
AKth(s)C
3 i
AKTrA
2 i
1 ' i
0 | AKth(l)= 6.09 MPa‘mO'S Ao-w = 880 MPa )
® Harmless crack size Aoy, =966 MPa
0.0 0.1 0.2 0.3
Crack depth a, mm
(©
7 : : . 0
7
2 g
————— 2r
5 - —N— b ‘4 i
- P
”
4 AKth(c)C i |
AK,, , H A
3 v AT |
AKTrC
2 i
1F/ i
/
0 | AKth(l)= 6.09 MPa‘mO'S Ao-w = 880 MPa )
® Harmless crack siz Aoy, =966 MPa
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Crack depth a, mm
()]

Fig. 5.6 Crack depth dependence of AK, and AK,, at SP specimen.

(@) As=1.0, (b) As=0.6, (c) As=0.3, (d As=0.1.

- 104 -



.E i
®
m =
=
® Harmless crack size Aoy, =1320 MPa
AR . LS " A,
0.0 0.1 0.2 0.3
Crack depth a, mm
(@
/ . ! Y
SSP, As = 0.6 / 1B
6 B y e~ - _
AKth(s)A —f=
w 5 il -1
E 4} ]
®
A
S 3r i
E’\ 2 AKth(s)C AKTrC 1
1 i
ol AKyq=6.09 MPa-m** Ac, =880 MPa |
® Harmless crack size Aoy, =1320 MPa
g
0.0 0.1 0.2 0.3
Crack depth a, mm
(b)

- 105 -



7 . .
SSP, As =0.3 _
6 = — —
7o) S - -
E 4 1
&
2 3 rC |
" AKTrA
E 2 / AKth(s)A i
1 4
0l AK,,=6.09 MPa-m** Ao, =880 MPa |
® Harmless crack depth Aoy, =1320 MPa
-1 e M R
0.0 0.1 0.2 0.3
Crack depth a, mm
(©)
7 T T T T T I
SSP, As = 0.1 7
- ==
——————— s
7o) 5 A 4 -
s 7
E 4 1
“ ~
A
= 3 1
3 2 _
ol AK,,=6.09 MPa-m"? Ao, =880 MPa |
® Harmless crack size Ao, =1320 MPa

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Crack depth a, mm

(d)
Fig. 5.7 Crack depth dependence of AK, and AK,, at SSP specimen.

(@) As=1.0, (b) As=0.6, (c) As=0.3, (d As=0.1.
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Table 5.3 The values of ay,,;, Gy, a5y anpr; aNA appr, Obtained from

point A and point C of SP specimen.

SP point A point C

As A ags s Al Ags 50 npr1 | ANDI2

1 0.252 | 0.028 | 0.116 | 0.133 | 0.022 | 0.087 | 0.300 | 0.418
0.6 0.231 | 0.017 | 0.069 | 0.133 | 0.023 | 0.091 | 0.232 | 0.324
0.3 0.087 | 0.012 | 0.047 | 0.204 | 0.032 | 0.127 | 0.164 | 0.229
0.1 0.217 | 0.010 | 0.039 | 0.510 | 0.079 | 0.300 | 0.095 | 0.132

Table 5.4 The values of ay,,;, Gy, G5y anpr; aNA appr, Obtained from

point A and point C of SSP specimen.

SSP point A point C

As i Qg5 s Ayl Ags 50 npr1 | ANDI2

1 0.224 | 0.028 | 0.116 | 0.206 | 0.022 | 0.087 | 0.300 | 0.418
0.6 0.212 | 0.017 | 0.069 | 0.184 | 0.023 | 0.091 | 0.232 | 0.324
0.3 0.164 | 0.012 | 0.047 | 0.285 | 0.032 | 0.127 | 0.164 | 0.229
0.1 0.249 | 0.010 | 0.039 | 0.556 | 0.079 | 0.300 | 0.095 | 0.132
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