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FATIGUE CRACK GROWTH FROM A SURFACE FLAW

Masanori Kawahara* ang Masayoshi Kuriharax*

INTRODUCT ION

ace flaw has been extensively studied for several Years as one of the most
important Subjects for the safe life estimation of structures such as pres-
sure vessels, piping Systems, LNG carriers, etc,

Analysis of fatigue crack growth has generally been performed by the use

of Parjs! formula which relates crack growth rate to stress intensity factor
range. The validity of this approach has beep confirmed by numerous” ex-
Perimental studijes On two-dimensiona] problems such as the growth of
through—thickness crack in a plate or axially symmetrical crack in a round
bar.

Several researchers [1-4] tried to apply the same pPrinciple to the surface
crack problems using the results of numerical analyses of stress intensity
factor of 3 semi-elliptica] crack performed by Smith et a1 [5], Shah et a1
[6], Rice et al [7], etc. This approach, however, has been only partially
Successful: parjgt formula gives a good interpretation to the experimental
results only for axial tension [3], but not for simple bending nor general
combined loads [2,4]. This apparent disagreement may be due to the diffi-
culty in obtaining the eéxact solution of stress intensity factor in real
cracks, which needs calculation for a three-dimensional analysis of elas-
ticity or plasto—elasticity.

ing and combined tensile and bending loads [8], and discuss the Possibility
of a simplified approach, other than the direct application of Paris' form-

ula. Analysis of fatigue crack 8rowth was performed separately on the change:

in crack shape and on the rate of increase in Crack sizes. Ap empirical
equation was obtained to estimate the safe life against plate-thickness
bPenetration of fatigue Ccrack, that may be useful in practical applications
in design,

EXPERIMENTAL PROCEDURES

Tests of fatigue crack growth from g Surface notch were conducted ip two
types of high strength low alloy Steels, HT-60 and HT-80, and a mild steel,
SM-41.  Chemicaj] Composition and mechanical Properties are shown in Table 1.

Three types of specimen were PTrepared as shown ip Fig. 1; T-type for axial
tension, B-type for simple bending and TB-type for combined tensile and

bending loads. The initial surface notch was made by the so-called '"notch-
in-rip" method: During the machining of specimen surface, a rib of height
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of 2 mm was left unmachined in the center of plate, and a notch was $EQe

in the rib by a saw-cut without harming the rest of plate surface. ;s

method enables us to obtain initial surface notches of a length more than
1 mm.

Fatigue tests were conducted in a 50 ton Amsler type mgchlne a; a frgq:enzy
of 300 cpm. T-type specimens were su?jected to pulsating tension. ;tygn
specimens were loaded by 4-point bending. The TB—typg spec1me3 wgs z =

a back plate and fixed by high tension bolts and.weld1ng_at en Tehge. e
plate. This assembly was then subjected to 4-point-bending, which yie

a stress as shown in Figure 2.

Fatigue crack growth was principally exgmined by the ''beach ma{k: Eecggg.

At appropriate intervals during the fatigue test, the load amplitude eyl

altered to one half of its normal value for 5,009 to 10,000 cycles,fw .
the maximum load was kept constant. This operation causes traces of crac

front contour to appear as beach marks on the fracture surface.

Test conditions are summerized in Table 2.

CHANGES IN CRACK SHAPE DURING GROWTH

A part-through surface crack is generally treated as a Seml-elllptézal
crack, which is characterized by crack depth, a and cragk length, "

as shown in Figure 3. In order to analyzg the changes in crack shap:he
during growth under various stress condltlgns, the re}atlon betweezamined
depth-to-length ratio, a/b and depth-to-thickness ratio, a/h was e

in each specimen.

Figure 4 shows the a/b vs a/h relation in specimens with a very short initial

notch: 2b_ = 1 mm, which agrees well with the following equation:
o

. 1
a/b = (0.98 + 0.07 RB) - (0.06 + 0.94 RB) a/h (D
where
(2)
Ry = ASB / (AST + ASB)
AST : range in axial tensile stress

ASB : range in bending stress
For a rough estimation, equation (1) may be simplified as follows:

a/b = 1 - Rpea/h (1
Figure 5 shows the a/b vs a/h relation in a specimen with a longer initial

notch: 2bgy = 10, 20, 40 mm. In this case, the following equation agrees
well to experimental results:

a/(bn _ bon)l/n
= (0.98 + 0.07 Rg) - (0.06 + 0.94 Rp)-a/h (3)
Or as a simple expression:
a/ (" - bO“)l/“ =1 - Ryra/h (3")
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where n is a constant nearly equal to 2, that may depend on material. All

the data were well explained by putting n = 2, except some data in axial

tension, which were influenced by a secondary bending stress.

Equation (3) leads to the follo

wing equation which enables us to estimate
crack depth, a, putting n = 2

>

0.98 + 0.07 RB
a* =

1/ (v? - bOZ)V2 + (0.06 + 0.94 Rg)/ h

(4)

Figure 6 shows the comparison between m
value, a*. It may be noted tha
tion of crack depth.
as follows:

t equation (4) gives a fairly good estima-
A simpler equation is obtained from equation (3')

3

arr = 2 12 12 (1)
/(% - b %) + Ry/h

CRACK GROWTH RATE

It was tried, as a first step, to apply Paris' formula to the analysis of
crack growth rate, using the numerical results on stress intensity factor
of semi-elliptical crack calculated by Shah et al [6]. The agreement with
experimental results, however, was poor as presented in Figure 7.

A number of empirical expressions, then, were examined in trial and error
approach to obtain a best fitting equation for crack growth rate, and
finally the following equation was obtained:

db/dN = C [(AS) + ASy/2) (wb)¥2]™ (5)

where C and m are material constants as in Paris' formula.

Equation (5) gives the crack growth rate in the length direction, db/dN,

as a function of half crack length, b, and independent of crack depth, a.
Figure 8 shows the confirmation of equation (5), the relation between db/dN
and  (ASt + ASp/2) (mh) V2 The validity of equation (5) is limited to the
data for cracks initiated from a very short initial notch and those from

a longer initial notch when the amount of fatigue crack growth exceeds 15
to 20% of the plate thickness in the depth direction.

The crack growth rate in the depth direction is then obtained by the com-
bination of equation (5) and equation (1) or (3), which gives:

a?/p?
da/db = s o Ry) (6)
for cracks from a very short initial notch, and
2,22
da/db = LR 7

(0.98 + 0.07 R (1 - p_P/p™)*+1/m
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for cracks from a longer initial notch. Equation §7) is reduced to equa-
tion (6) when bo/b is sufficiently smaller than unity.

i h
Combining equation (5) and equation (6), the crack growth rate in tE? dept
direction, da/dN, is given as follows, for cracks from a small notch:

2412
m a“/b (8)
A CLOS + sy DT g Ry
A more simpler expression is obtained by combining equation (5) and
equation (1'):

v o202 (8")
da/dN = c[(AsT + AsB/z)(nb)/ ] a®/b
Taking again account of equation (1'),

2-m/2 y
da/dN = C[(ASy + 48,/2) (ra) 1™ « (1 - Ry a/h) (9)

. i . . -
Figure 9 shows the confirmation of equation (9? in a sp?c1men STZi?giege_
a fatigue test under combined tensile and bending loacls(zl ;hinrfntegrated
i i between a an 3
tween a and da/dN is given as well as that i ;
form. It may be noted that the experimental data agrees fairly well with 5
equation (9). 2

SAFE LIFE ESTIMATION FOR PLATE THICKNESS PENETRATION OF CRACK
One of the most important objects in surface crack growth.anal¥sis ;ch
the safe life estimation against plate-thickness penetration of a ¢

detected on a plate surface. ¥

i h, b at
Putting a = h in equation (1), the vglue_of half cra;kliesgt p’
the time of plate-thickness penetration is given as follo

(10) i
bp = h/(0.92 - 0.87 Rp) :
Then, the safe life against crack penetration, Np is obtained by integra- §
tion of equation (5):
N 1 /bp d[/)z (11
o T m _m/2 m
Poc (ASp + asy /)™ m b b

[0}

where b, is the initial value of half crack length. In the case where
m# 2, Np is given as follows:

m/2-1 g

m/2-1
l/bo - l/bp (12)

Procowsy + asy )™ v e sz - 1)

liquation (12) is valid for cracks initiated from a very short lnl;;iis
notch, and gives an overly safe estimation for.shallow and long ¢ desi‘n
I'his equation, however, may be useful in practical application in gn,
where simplicity is important.
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CONCLUSION

A set of empirical equations to express fatigue crack growth behaviour fronm
a surface flaw was presented. A simplified eéxpression for crack growth rate
was proposed, other than the direct application of Parjs! formula. An
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Table 1 Chemical Composition and Mechanican Properties

& T
] ' =
G Si Mn P S Cu Ni Cr Mo v B ]/
i
= —— R e ——
. { | A j:
SM-41  0.13 0.24 0.93 0.015 0.019 - - - - - - C i J x
i
HT-60 0.15 0.47 1.36 0.018 0.011 0.13 - - - 0.04 - T type
i <
HT-80 0.14 0.25 0.97 0.014 0.005 0.27 tr 0.68 0.41 0.03 0.02f o =
! N
] ¥
.y
! 360 |
Yield Strength(MPa) Tensile Strength(MPa) Elongation (%) |
|
! °
SM-41 303.8 460.6 31 a2 S
HT-60 519.5 627.2 30 :I:J:t: o
HT-80 764. 4 823.2 26 ‘ L
\
B type
L - 1 £
. L 460
Table 2 Test Conditions < : 3 .
§ T . | a
_A?_ — :
T : '
Initial . i :t 3 :
Specimen Thickness Width Notch Length =~ B RB Material { o~ N
No. h (mm) w (mm) 2b (mm) (MPa) (MPa) ‘ | ‘ z
: = A
<~ Q|| 1f
T-1 3 25 1 254 0 0 HT-80 ; L]
r-2 8 25 1 254 0 0 HT-80 {
r-3 10 80 10 196 0 0 HT-80 § TB type
T-4 10 30 10 196 0 0 HT-80 |
r-5 10 80 10 147 0 0 HT-80 i
-6 10 30 10 196 0 0 HT-80 i
T-7 13 80 10 150.9 0 0 SM-41
T-8 13 30 20 169.5 0 0 SM-41 4 ;
3 Figure 1 Specimen geometry
i
B-1 18 250 1 0 222.5 1 SM-41
B-2 18 ' 250 1 0 279.3 1 HT-60
B-3 18 250 1 0 360.6 1 HT-80 1
TB-1 15 250 1 113.7 159.7 0.58 HT-60
TB-2 20 250 1 96 267.5 0.7 HT-60
TB-3 32 250 1 44.1  242.1 0.85 HT-60
TB-4 15 250 1 117.6  229.3  0.66 HT-60
IB-5 15 250 1 179.3  352.8 0.66 HT-80
IB-6 15 250 1 143.1  211.7  0.60 HT-60
TB-7 15 250 10 108.8  236.2 0.68 HT-60
TB-8 15 250 20 119.6  247.9  0.67 HT-60
TB-9 15 250 20 109.8 236.2 0.68 HT-60
TB-10 15 250 40 113.7  227.4  0.67 HT-60 :
; 1367
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Back Plate

Specimen
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Figure 2 Loading condition and stress distribution in TB-typ
specimen
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Figure 3 Semi-elliptical surface crack in a plate
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Figure 4 Relation between a/b and a/h for cracks
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Plate thickness _ { _______
TB 3 : B
28 h=32 Ry=0.s5 30
£ C=6x107 > |g 0
=~ m=2.1 £ °
g S o
20 20 o |°
o
L o)
o
10 101
© measured 5
— calculateqd !
#
0 b 1 N 1 L " A t
30 40 50 0 0.5 1
N (10% cycles) da/dN ( 10‘,?,m,cyd.)
Figure 9 Relations between a, N and da/dy in a Specimen subjected
to combined tensile and bending loads
=
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