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MECHANISM OF IOW CYCLE SMALL SURFACE CRACK PROPAGATION

N.,A. Makhutov*, I.V. Makarenko*

The methodology to study kinetics of sur-
face, semi-elliptic, inclined small-cycle
cracks is developed. The calculation model
for surfaces of cracks initiated from semi-
elliptic multi-directional crack-type flaws
is proposed and discussed. Formulas, obtai-
ned on the basis of fracture strain crite-
ria, with the purpose to determine stress-—
strain conditions along the front of cracks
can be used when selecting analysis approa-
ches and design factors based on fracture-
resistance parameters.

INTRODUCTION

In many cases, fracturing of structures subjected to
cyclic, rated, elasto-plastic loadings occurs as a re-
sult of presence, initiation and propagation in their
elements of surface, semi-elliptic, multi-directional
small-cycle cracks. Therefore, to predict structure
service life it is necessary to know the laws of crack
propagation. Until now, the literature on crack analy-
sig dealt mainly with cracks under mixed loadings on
the basis of the elasticity theory (for instance, Sih
(1) and a number of other works). The general charac-—
ter of stress-strain conditions along the front of el-
liptic and surface semi-elliptic cracks under random
rated loadings as well as strain mathematic expressi-
ons for individual cases of tangential loadings unifor—
mly spread over elliptic cracks, were also discussed.
Many papers elucidate the problem of the growth of fa-
tigue surface semi-elliptic cracks as a result of sur-
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face-perpendicular loadings (Scott and Thorp (2), Ho-
dulak et. al. (3) and some others). In such case, de-
velopment of the crack form is often used as a diagnos-
tic method to determine accuracy of solutions for sta-
in intensity factors related to rated elastic loadings.
At present, there are practically no publications deal~-
ing with kinetics of surface, semi-elliptic, inclined,
small-cycle cracks. The present paper baged on the pro=
posed methodology, discusses the results of studying
kinetics of the above cracks having various initial ori-
entations. Taking fracture strain criteria (Makhutov
(4)) and the proposed caleculation diagram for develop=
ed surface cracks as a basis, we obtained compact (ie€e
suitable for engineering designs) elasto-plastic solu=
tions for strain and stress intensity factors related
to the front of jnvestigated cracks.

Methodology to study kinetics of surface gsemi-elliptic
ncline small=cycle cracks

Experiments with kinetics and geometry of small-cyc=
1e surface cracks developing from ipnitial multidirecti-
onal semi-elliptic thin notches made through polished
surface on pipe samples from austenite cycle-stable sta=-
inless steels of 08X18H10T type, and perlite cyclical~
1y unstable refractory steels of 12x2MPA type, were do=—
pe by subjecting the samples to soft axial saw=-like 1lo=
adings (central compressionstension) with cycle asym-
metry factor R = -1, and loading fregquency 0,01 Hz. Up
to 12 semi-elliptic multi-directional thin notches 0.7
- 1 mm deep were made on the surface of each sample by
means of electroerosion (Fige 1) spacing between them
corresponded to the condition of pon-interaction until
the stage of significant damage of the sample (Makhu-
tov and Makarenko (5)). The depth of initial notches
(smaller semi-axes of ellipses varied in the range

b = (0.06-0.30)%, and their lengths on gample surfaces
(greater axes) - in the range 2a = (0,003-0.045)1ps
where t and 1lp — are wall thicknesses and external sur-
face perimetegs of the samples respectively. Angles
between the planes of initial gemi-elliptic notches

and sample cross-sections varied from B = O to B =N/2,
and the width of notches was 0.05=-0,10 mm. To make not-
ches, brass foil electrodes were used, whose width was
chosen to be equal to the given length of notches on
the sample surface (2a). Geometry of the electrode

ends (outline) was semi-elliptic with semi-axes a, and
Dae and b, constants were given according to  re-
qaire valueg of the initial notch gsemi-axes (a,b)e

b:b, ratio depends on both mechanical properties and
gizé of foil electrodes, and performance of an electro-
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erosion unit. Using square-type reticule (on polished
sample surfaces) plotted at the tops of notches with
steps of 0.05 « 0.10 mm (Makhutov ?4)), and a special
optical system it was possible to measure local elasto-
plastic strains in the crack propagation zones. Crack
growth length, coordinates of their tops and crack
openings on the sample surface were measured with accu-
racy of 0,001 mm, and distances hetween the reticule
lines - with accuracy of 0.5°10” " mm. Crack growth in
depth and their surface configuration were determined
by means of colorants, introduced into cracks during
the tension semi-cycle after certain numbers of load-
ings cycles.

The characteristic configuration of crack surfaces
at the initial stage of its development is shown in the
form of isometric chart on Fige 2. On the sample surfa-
ce, cracks develop parallel to the normal cross—secti-
on rate, and by the depth their surfaces acquire a pe-—
culiar distortion. With the initial notch angle B ap-
proaching 7/2, the surface of developing crack is chan-
ging (while retaining all features shown on Fig. 2),
and when B = 7/2, it assumes the semi-elliptic form.
That means that at the stage under consideration, the
crack growth path is determined mainly by the local lo=-
ading component according to model 1., However, the ini-
tial notch angle has a significant effect on initiation
of cracks and the rate of their propagation. Fig. 3
shows a characteristic kinetic change of calculated se-
mi-axes crack surfaces under consideration; 6_ ==1,04
(where & = =o_/G )e It is clearly shown that a
lesser anﬁle B resglis in decrease of the crack growth
rate, as well as that the rate in direction of axis b
is greater than the rate in a®* direction. This is il-
lustrated in Fig. 4.

Calculated and experimental analysis of stress-strain
conditions on crack fronts., On Eﬁe basis of fracture
strain criteria utov (4)), Fig. 5 shows a graphic
comparison of calculated and experimental values of the
range of relative elasto-plastic strains in surface po-
ints of crack fronts (elliptic angle ¢ = O) with vari-
ous B; on pipe samples having diameters d/D = 0.6 and

D = 50 mm from O8X18H10T steel. The calculation model
for developed crack surfaces, shown on Fig. 2, was
used. The calculation model represents a semi-elliptic
inclined surface with a given angle B* and given semi-
-gxes b* = b = ok, a* = ob1 = ob2. The range of relati-

ve elasto-plastic strain on the crack front was calcu-
lated by the following formula (Makhutov (4))
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P(k)
- (Aii((p)) e _ f( /1 ) (“)
e'- - 2 L e. * I" ‘- XXX
a Jz (2311-")P§"° m Jx

where Ki(¢) = Ki(¢)/6 0.2 = the relative stress intensi-

ty factor in the area of rated elastic strains e,

(5, = /e o), and it is Salculated by formulas (Scott

L J
and Thorp (2), Makhutov (4)) which correlate well at
b*, a*, p* parameters; f(r'/le) - correction function

depending on r* coordi?ﬁ e ofkshe poit under study in
the minimum section; P Pre - parameters of fractu-

re strain criteria u); 6; = ém-Sin? B*; experimental
value of elasto-plastic relative strain range near the
front ( Aész)exP =( & Ejz)exP°Sin? L angle p pa-
rameter, X, ¥, 2 - direction of coordinate axes (Fige1)e

It follows that provided a relatively adequate calcula=-
%tion model for developed crack surfaces in their sur-—
face point of the front ¢ = O (Fig. 5), and knowing

K* ?) on crack fronts in the elastic area of rated load-
iﬁ&s (2,4), it is possible, using fracture strain cri-
teria (4) to write an elasto-plastic solution for in-
tensity factors of strain on crack fronts (KEe)¢ . The

ing~to

range of the relative value (X%.)0 accord “)
is 1 =mn
(k) P(k)
_ (Kie)¢ _ m(k)(1+m(k)) —, ke
( AKIe)(p = 2 —6_—672—' = 2 6m ‘(KI(CP)) (2)

where Dog) = material strengthening factor, k — number
of loading semicycles. Tor a soft loading the dependan—
ce between the low-cycle cracks growth rate (dlBi/dN)
and (nK} ) is the following (4)

-, ¥6(9)
dlsi/dN=oG-(q>) ( AKIG(¢)) PRPSPEP SR R R I (5)

where 1 4 = crack length in 1 direction; N = number of

loading cycles; 1 = direction of coordinate axes X,Y,23
0(5(¢), X6(¢) - characteristics of material and loading

conditions. Fig. ©, 7 and 8 show experimental data on
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dependence of low=cycle cracks growth rate in directi-
ons i = x and 1 = Y on values ( AK&e)¢ for two struc-

tural steels and elliptic angles ? = Q0 and Q@ = 77/2,
Points on these figures correspond to experimental va-
lues for cracks with different B at different maximum
rated cycle loadings, and the full line ~ calculated
dependance (3). The shown results suggest that parame-
ters Cs oy and Y5,y are constant by crack fronts,
thus co 'zming thé ﬁroposition (4) that for a wide
clasgs of structural steels ¥g = 2, Comparison of frac-

tographic parameters for the studied crack surfaces
(Fige 9) with calculated kinetic-strain characteristics
confirmed that the chosen calculation model is correct.
The microfocal pattern of fractographic pictures can
be explained on the basis of low=cycle crack microtun-
neling at the stage of its growth according to Model I.

As a result of calculations and experiments, the me~
thodology to study kinetics of surface, semi-elliptic,
inclined, low-cycle cracks is developed and tested. Al-~
80 was proposed and tested the calculation model for
surface cracks developed from initial multi-directio-
nal surface semi-elliptic crack type notches in the zow
ne of cycle elasto-plastic rated loadings. On the ba-
gis of (4), was calculated a dependence to determine
strain and stress intensity factors on the front of
cracks. Parameters of kinetic dependence Cg and ¥g
were found, and their independence on angle B and ang-
le ¢ was shown. Also, the proposition regarding the
universal meaning of ¥s= 2 constant for structural
steels was confirmed. Thus, knowing the stress-gtrain
conditions along the front of cracks, it is possible
to predict their development in the process of opera-
ting the equipment, determine their initial acceptable
dimensions, evaluate the equipment service life,
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SYMBOLS USED

[SR3—ad——Seee

greater semi-axes of ellipses (mm)

calculation semi-axes for developed
crack surfaces (mm)

smaller semi-axes of ellises (mm)

calculation semi-—axes for developed
crack surfaces (mm)

= characteristics of materials and load-

ing conditions

jnside diameter of a cylinder (mm)
outside diameter of a cylinder (mm)
relative nominal atrain

range of relative elasto-plastic strain
on the crack f£ront

yield strain

elliptic angle (rad)

correction function

direction of coordinate axes X,Y,%
angle P parameter

relative stress intensity factor in
the area of rated elastic strains

relative intensity factor of strain
pumber of loading semicycles
crack length in 1 direction (mm)

external surface perimeter of the
sample (mm

material strengthening factor

log-cycle cracks growth rate (mm/cyc-
le
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N = number of loading cycles

Pég)and ng) = parameters of fracture strain crite-
ria (4)

b o = coordinata of the point under study in
the minimum section (mm)

t = cylinder wall thickness (mm)

X, Y, Z = direction of coordinate axes

B = angles between the planes of initial

semi-elliptic notches and sample cross-
sections (rad)

p* = calculation angle for developed crack
surfaces (rad)
6n = maximum rated cycle stress (Pa)
G~ = stress of the material yield strength
062

(Pa)
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Figure 1 Sketch of a sample
with initial notches

5.
a
z B* S0
calculated i 8
crack surface P
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' *
b‘bz-ljl-zax
front
of real crack : aja.= 2a
surfgce = b=B = ok
a = ob,
r*= b,d
rs- bfﬁ

poins of real crack surface

Figure 2 Isometric chart of a surface of crack grown
from the initial semi-elliptic notch
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Figure 3 Dependence b and a*Figure 4 Photo of crack sur-
on the number of loading faces after complete frac-
cycles N ture of the sample
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Firure 5 Comparison of calculated and experimental va-

lues for ranges of elasto-plastic strains in crack tops
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Figure 6 Kinetic dependence of crack growth in i = X
direction
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Figure 7 Kinetic dependence of crack growth in i =Y
direction
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Figure 8 Kinetic dependence of crack growth in i =X

direction

Figure 9 Surface of developed crack with P = /2
(08X18H10T steel (x5000))
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