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ABSTRACT Understanding fatigue crack growth behaviour of components subjected to
steady state Mode I crack growth and transient Mode II overload, is important, particularly in
turbo-generator shafts, which are subjected to steady state cyclic bending, promoting crack
growth in Mode I, together with occasional transient torques, from electric faults, which cause
further crack growth in Modes IT and IIL. In order to predict fatigue life, the effect of transient
Mode II loading on subsequent Mode I crack growth must be understood. In this paper the
effects of both a Mode I and a Mode Il overload on subsequent Mode I crack growth, are studied
on atempered AISI 4340steel, using three and four point bend specimens. The results show that,
in contrast to Mode I overloads (where the crack was either arrested or retarded for a distance of
the order of transient plastic zone sizes), a Mode II overload gives rise to crack growth
acceleration (for a very short distance much smaller than the Mode II transient plastic zone size).
Based on a plasticity analysis, it is suggested that the mechanism of crack growth retardation in
Mode 1 is due to plastic stretch zones at the crack front. Such plastic stretch zones are
non-existent for Mode IT overloads.

Visual observation of the fracture surface indicated the presence of corrosion products (black
debris) at the points of Mode I overloads and absence of it at the points of Mode Il overloads. In
fact, fracture surface at the points of Mode II overloads appeared smooth and shiny. Scanning
electron microscopy of the fracture surface did not reveal any cavities or shear cracks at the points
of Mode II overloads in this material.

Introduction

Understanding the fatigue failure of components under multiaxial loading is
extremely important for improved design and new system maintenance
schedules. The traditional fatigue life prediction is based on the S-N curve,
which is a curve relating nominal stress or strain amplitudes to the number of
cycles to failure, Ny. The curve can be obtained from constant amplitude
fatigue tests on actual components or from standard ASTM specimens made of
the same material. Under variable loading, using a modified Palmgren-Miner
law and a specific method for counting cycles, i.e., ‘rain flow counting’ (1)(2),
one can estimate fatigue life.

An alternative fatigue life estimation method, which is widely used in nuclear
and aerospace applications, for example, is based on crack propagation. The
‘defect tolerant approach’, as it has been called, assumes that short cracks
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pre-exist in components. The number of cycles required to cause the sub-
sequent propagation of such cracks to a critical length (failure point) is a
measure of fatigue life. The majority of studies on fatigue crack growth have
dealt with Mode I loading in which the crack growth rate (de/dN) is related to
the alternating stress intensity factor (AK;) by an expression such as

de/dN = A(AK;)" 1)

where A and m are constants.

In service, however, most components are subjected to multiaxial loading,
and an existing crack may be subjected to a combination of Modes I, II, and/or
III. The mechanisms of crack growth under mixed mode loading and their
dependence on the micro-structure, loading pattern, mean load, and ratios
AK/AKy, AK/AKy are not well understood. The assumption that the crack
grows in the plane of maximum tensile stress (Mode 1) may not be accurate.
Recent investigation (3) revealed an undetected crack in a turbo-generator
shaft under transient torque can grow in Modes Il and III and cause catastrophic
failure. The results of cyclic torsion tests on four different steels (mill-annealed
AISI 4140 steel, AISI 4340, A469, and A470 steels with comparable yield
strengths) showed significantly different crack growth morphologies (4)-(11).
In mill-annealed AISI 4140 at high growth rates (=10"% mm/cycle) the crack
growth was predominantly by Modes II and III. However, at lower growth
rates (=10"* mm/cycle or less) when approaching threshold conditions addi-
tional Mode II branch cracks were observed. Similarly, in AISI 4340 at high
growth rates, the fracture mode was a combination of Modes II and III, but at
low growth rate the crack deviated to a factory roof type of fracture, indicating
Mode I branch cracks and Mode [ crack growth. The results of Modes IT and ITIT
crack growth in A469 and A470 steels showed no branch cracking at any AKj;
and AKjy values. The mechanism of crack growth at all times was Modes 1T and
III. These results indicate that crack deviation may have been influenced by
microstructure as well as stress intensity level. The crack growth rate was
related to either the alternating stress intensity factor for small scale yielding
(AKyy) or the plastic strain intensity, AT'y, for both small and large scale
plasticity in Mode III. However, in order to predict a turbine shaft life, the
effect of transient Modes II and III loadings on steady state Mode I crack
growth due to cyclic bending (i.e., from its weight and/or possible missalign-
ment) must be understood. The purpose of this investigation is to compare the
effect of Modes I and II overload on subsequent Mode I crack growth. The
specific aspects of interest are the microstructure, mean load, and transient
plastic zone sizes (due to an overload) on subsequent Mode I crack growth.

Notation
Co Initial notch depth
c Crack length emanating from notch root

N Number of cycles
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dc/dN Fatigue crack growth rate

Ky, Ky, K Stressintensity factorsin Modes T, I1, and I11

AKy, AKy, AK Alternating stressintensitiesin Modes I, II, and 111

Al Alternating plastic strain intensity in Mode I11

w Specimen width

B Specimen thickness

M Bending moment

Q Shear force

Ve Electrical potential spanning a notch with a crack
length ¢

Vi Initial electrical potential spanning a notch withc = ¢,

ro)is (rp)u Plasticzone sizes in Modes Tand IT

oy Yield strength

Ky Stressintensity at the point of crack opening

K ax Maximum stress intensity

Koin Minimum stress intensity

AK Effective stress intensity range

r Distance from crack tip

7} Angle of plane from crack tip

Oy s Oy, Tyy Normal and shear stresses

v Poisson’s ratio

E Elastic modulus

(e Joa (8 )es (ug)e Normal and shear strains in an elastic field

(&c)ps (&) (Waydp Normal and shear strains in a plastic field

(e ke (vs)" Normal and shear strains at an elastic/plastic
boundary

Experimental procedure
Materials

Studies were performed on AISI 4340 steel which had a chemical composition
(%wt) 0f 0.40 C, 0.78 Mn, 1.77 Ni, 0.81 Cr, 0.25 Mo, 0.26 Si, 0.007 P, 0.013 S,
0.14 Cu, remainder Fe. The specimens were austenitized at 870°C for 1.5 h,
followed by vigorous oil quenching. The specimens were then divided into
three groups and tempered at 200°C, 400°C, and 600°C for 1.5 h. The ambient
temperature mechanical properties are shown in Table 1. The yield strength of
the materials were obtained from standard ASTM tensile tests, using the 0.2
per cent offset plastic strain.

Specimens

Four point bend and three point bend specimens were used for Modes I and 11
crack growth studies. The specimen dimensions are depicted in Fig. 1(a). The
crack growth was monitored using a d.c. electric potential technique, for which
a constant stabilized direct current is passed through the testpiece and the
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Fig 1 Schematic diagram of three and four point bending tests: (a} specimen geometry; (h) To-
cations of current supply and potential probes

Table | Ambient temperature mechanical properties of AISI

4340 steel
Yield strength Tensile strength
Tempered e _
(°C) MN/m?  (K/in?) MNim?*  (Kfin®)
200 761 (110 967 (140)
400 640 93) 688 (100)

600 361 (52) 426 (62)
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potential changes due to increasing crack depth, measurcd across the inotch, see
Fig. 1(b). The calibration equation relating potential difference to crack length
was obtained from a finite element analysis (12)-(13). This study also provided
the optimum locations for probe positions. The theoretical calibration was
compared with experimental results, by measuring fatigue crack lengths at the
point of overloads, indicated by obvious beach markings. The results agreed
well with the theoretical prediction. The relationship between crack length, ¢,
and electrical potential across the notch, V, was found to be

chw = 1.0 — 1,17513 e~ 042283(1/V5) )

where V,, is the initial potential corresponding to the uncracked initial notch
depth c,,.

A four point symmetric loading, with respect to crack location, was chosen
for crack growth studies in Mode [ and an overload in Mode I. For a Mode 1T
overload study, an unsymmetric four point bend test was used, as shown in
Fig. 2. The moment and shear diagrams show that for S, = 0, the crack can be
subjected to pure Mode II. An identical set-up was used by Gao et al. (14) for
a mixed mode crack growth study. The fatigue crack growth rate was related to
stress intensity factors in Modes I and I1. For an applied moment, M, and shear
force, O, these are defined as (14)-(15).

Ki = i Vo)f (chw) @
and
Ki = s g(chw) )

where B and W are the thickness and width of the specimen, respectively.
Functions f(c/w) and g(c/w) tend to 1.122 and 0.174 as chw— 0, and 7,792 and
7772 asclw— 1.

Fatigue tests

Modes I and 11 fatigue crack tests were conducted at room temperature using
an MTS servo-hydraulic machine. The crack extension was continuously
monitored by passing 15 A d.c. current through the specimen. The specimen
was fatigue cracked at AK| = 20 MPa\/m, at stress ratios, R, 0o 0.050r0.25 and
a cyclic frequency of 20 Hz. After 2 mm crack extension, AKy was gradually
reduced until the desired AK; was reached. Tests were performed at constant
AK| values of 10 and 15 MPay/m, and R ratios of 0.05 and 0.25. Steady state
crack growth data at constant AK; were obtained by continuously adjusting the
load, for the next approximately 2 mm crack extension. An overload of 100 per
cent in Mode I was then applied, and its effect on Mode I crack growth at
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constant AK; was recorded. The crack was allowed to grow beyond the induced
plastic zone and, upon reaching steady state crack growth, the crack was further
extended before applying a Mode I overload.

For a Mode IT overload, the specimen was repositioned, so that there would
not be any Mode I loading; see Fig. 2. At this position $;, 5}, and S, were zero,
22,22 mm, and 73.03 mm, respectively. Force P was calculated such that the
Mode II overload would result in the same transient plastic zone size as for a
100 per cent Mode I overload. The plastic zones in Modes I and II for small scale
plasticity are given (see (14)) as

()i = 5 (Kifoy ! 5)
and
(o = = (Kuloy? ©

The same procedure was used for a 200 per cent Made 1 overload and an
equivalent Mode 1I overload. The specimen after each Mode II overload was
repositioned to four point symmetric bending, and the crack was grown at
constant AK; for a length of the order of the transient plastic zone size. All
Mode IT overloads were applied when the crack length was 12-21 mm (notch
length = 8 mm) in order to minimize friction effects between mating fracture
surfaces.

Results and discussion

The effects of 100 per cent and 200 per cent Mode 1 overloads, and their
equivalent Mode II overloads having the same transient plastic zone sizes, on
Mode I fatigue crack growth rate at AK; = 10, and 15 MPaym and R ratios
{Kin/Kmax) 0f 0.05 and 0.25, are shown in Figs 3-6. The results show that after
a 100 per cent Mode I overload the crack growth was retarded, but without
being arrested, for a distance of the order of transient plastic zone size (rp =
0.121 mm~1.946 mm} in all three microstructures. However, a 200 per cent
Mode I overload generally stopped the crack growth since the crack did not
grow further after 2 X 10° cycles. Such results are familiar (16)-{17) and are
known to be caused by plastic stretching and subsequent crack closure (18)-
(25).

The Mode II results, however, show that, in contrast to a Mode T overload
where the crack was either arrested or retarded for a distance of the order of
transient plastic zone size, the Mode 11 overload never arrested the crack, but
rather gave rise to an initial crack growth acceleration. These results are
explained below,
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Effect of residual plastic strain

The elastic stress field (Fig. 7) for a crack subjected to Mode 11 loading and
small scale yielding is described as

A 36

= =12+ T 7
Oy \/(2 "y sin (2 €os - 008 =5 ) N

Ky 9 0 38
gy = V@ sin = cos — o €08 == (8)

Ky # 9 34

= 1 — = 9
= Yo cos ( sin — 3 sin 5 ) )]

For plane stress COI]dltlDl’]S, the strains (£,)*, (¢;)%, and (y,,)*, at the boundary
of the elastic—plastic regime can be obtained by using Hooke’s law and
substituting for r = (r,)y; from equation (6). To avoid complexity, the plastic
zone is assumed to be circular in shape, independent of 6. However, r = (r,)nr
can be substituted as a function of & without changing the results
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_2V3 4 7 30
= =—(1+»2 1 — sin — sin —
(ny) (}'xy)c . 3 ( V) COS — 3 ( Sin 7 s 3 ) (12)
“The plastic strains (g,},, (&), (¥xy)p inside the plastic zone, can be approxi-
mated in the following forms

(&) = rau (e (13)
? 0<rs(r, )y ¥

@, =y (14)

(k| = = {u g, ye (15)

Substituting for (e,)*, (g,)", and (yy)* from equations (10)-(12), into
equations (13)-(15), the plastic strains are

V3o, {. 6 ] 30
= —2= Y lsin = (2 + cos = cos —
(ec)p v 3 51513 cos == cos — )
. 7] 7] 36 (r )”
2 cos = 220 Mpie
+ v(sm o €OS -~ Cos = )} . (16)
V3o, [, 6 g 30
(EY)P D<rs{rp)1[ e 3 E sin ? COS 7 COS T
. g 7] 36 (r )li
il =z 2200 el
+ v sin > (2+cos 5 €08 = )} . a7
2\/3 6 g (rp)u
1+ —[1 - sin— b=
(Yxyp)p . —A ) Y cos 3 ( sin > sin > ) . (18)

The above simplifications are similar to those suggested by McClintock for the
plastic strain distribution in Mode 11 (26). Similar analyses can be performed
for Mode I, and residual plastic stretch zones can be compared for Modes T and
1I; see Table 2. The results show that there is indeed stretching of the material
ahead of the erack in Mode 11, but these streiches are much smaller for Mode
IT than Mode I. Furthermore, the material in the crack plane (6 = 0, and ahead
of the crack) has zero stretch in the y direction, in contrast to Mode 1 which is
characterized by significant stretches in the crack plane. On the other hand,
the material behind the crack tip shows significant stretch in the y direction in
Mode II, with very little stretch in Mode 1. The results appear to confirm the
Budiansky model (18), which describes closure as due to the residual plastic
strain (stretch) in the y direction in front of the crack. Such residual stretches
are missing for a Mode Il overload. The results indicate that the residual plastic
strain behind the crack tip from an overload may have little effect on closure in
plane-stress crack growth. The results also suggest that closure may depend
very little on the plastic zone shape, Indeed Mode T crack growth rate in a
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Table 2 Data on residual plastic strain in Modes I and 11, The residual plastic strain is given by
(ephlrir)(Ela,), where j = x, 3, or xy, and i = I (for Mode I) or TI (for Mode H), for elements of
material located at a distance r and an angle 0 from the crack tip and the crack plane, respectively

ModeI Modell
7 X ¥y xy X y xy
0 0.70 0.70 0.00 0.00 0.00 1.5

10 0.67 0.73 0.22 ~0.16 0.09 1.46
20 0.58 (.80 0.38 -0.31 0.17 1.35
30 0.45 091 0.46 -0.43 0.22 119
40 0.30 1.02 0.42 —{.52 0.24 0.99
50 0.15 1.11 0.26 —0.56 .22 0.81
60 0.04 1.17 0.00 —0.58 0.17 0.65
70 -0.02 1.17 ~0.32 -0.57 0.11 0.55
80 —0.02 1.09 ~0.64 —0.56 0.04 0.51
90 0.04 0.96 —0.92 —0.55 —0.02 0.53
100 0.13 0.77 -1.11 ~0.56 —-0.05 0.60
110 0.24 0.56 ~1.18 -0.61 —-0.06 0.68
120 0.35 0.35 -1.13 —0.68 -0.03 0.75
130 0.42 0.17 -0.96 -0.77 0.04 0.78
140 0.45 0.03 ~0.73 -0.87 0.12 0.76
150 0.41 ~-0.05 -0.46 -0.98 0.20 .66
160 0.32 -0.07 -0.22 -1.07 0.28 0.48
176 0.17 —0.05 —0.06 -1.13 0.33 0.26
180 0.00 0.00 0.00 ~1.16 0.35 0.00

spherodized 1090 steel, following a transient Mode IT overload causing a plastic
zone of (r,); = 12 mm, showed significant crack growth acceleration, with no
closure; Fig. 8.

Effect of branch cracks

Recent experimental results obtained by Lankford and Davidson (25) and
mechanistic models developed by Suresh (27)(28) have shown that post-
overload crack tip blunting, crack branching, and crack closure due to fracture
surface micro roughness and fretting oxidation can substantially reduce the
effective driving force for crack extension, thereby retarding growth under
Mode I loading conditions. A Mode IT overload, however, will not blunt the
crack, and any crack extension will be in the crack plane. Indeed, the fracture
surface at the point of a Mode IT overload appeared shiny and smooth. On the
other hand, a Mode II overload leaves some residual shear stress at the crack
front. These residual shear stresses may cause further crack surface roughness
interactions and may give rise to crack closure in subsequent Mode I crack
growth. However, the results did not show such a closure, and neither did they
show significant crack growth retardation after an overload. Furthermore, such
residual shear stresses may activate slip planes that are closer to the crack plane
and reduce the faceted fracture surface, Figure 9 appears to show a smoother
fracture surface after a Mode II overload. Finally, the roughness induced
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closure is mostly observed at low growth regimes, where crack extension along
a single slip system can result in serrated or zig-zag fracture paths {27){28). But
at higher stress intensity values, where maximum plastic zone sizes exceed the
grain size, an increasing restraint on cyclic plasticity activates more than one
slip system at the crack tip leading to a more planar striation mode of crack
advance by alternating or simultaneous shear (27).

Fractography

Previous Mode 111 fatigue crack growth studies (5)-(10) showed that the
mechanism of crack growth in Mode III is by the generation and linkage of
clongated cavities at the crack tip. Detailed fractography analysis using scan-
ning electron microscopy at the point of Mode II overload did not show any
such elongated cavities in AISI 4340 steels, Fig. 9, The fracture surfaces showed
signs of rubbing due to Mode II overload (29). This may have even reduced the
asperities and further reduced roughness induced closure. Zaiken ef al. and Yu
et al. (30)-(31) have shown that a compressive overload flattens the asperities
close behind the crack tip, so that subsequent crack growth shows less closure,
giving rise to crack growth acceleration,
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Fig 9 Micrographs of the fracture surfacc, in AISI 4340 steel tempered at 260°C (o, = 761 MPa)
before and after Mode 1I overload, (R)IL = 0.985 mm, showing less intergranular facet after Mode
It overload and shiny beach marks at the points of Mode IT overloads

Visual observation of the fracture surface indicated the presence of corrosion
products (black debris) at the points of Mode I overloads and absence of it for
Mode I overloads. In fact the fracture surface at the points of Mode II
overloads appeared smooth and shiny. A Mode II overload caused permanent
crack faces displacement in 1090 steel (29).




EFFECT OF OVERLOADS ON SUBSEQUENT MODE | CRACK GROWTH 281
Coinchisions

Effects of 100 per cent and 200 per cent Mode I overloads, and equivalent Mode
il overloads, on subsequent Mode I crack growth at AK; = 10, and 15 MPaV/m,
and R ratios of 0.05 and 0.25, were investigated for AISI 4340 steels. These
were austenitized, quenched, and tempered at 200°C, 400°C, and 600°C. The
results showed that, while a Mode T overload either arrested or retarded the
crack, the Mode IT overload accelerated the crack for a very short distance that
was much smaller than the transient plastic zone size. Based on plastic strain
analysis, it is suggested that the mechanism of crack retardation in Mode I, is
due to the existence of residual plastic stretch zones at the crack front. Such
residual stretch zones do not occur after a Mode I overload. Crack tip blunting
and crack branching does not happen for a Mode 11 overload, so there is no
promotion of roughness-induced closure from a Mode Il overload. The residual
shear stress due to a Mode 1l overload may activate slip planes which are closer
to the crack plane, thus producing smoother and less faceted fracture surfaces.

A thick oxide layer was formed on the fracture surface at the points of Mode
I overload. Such a thick oxide layer did not form at the points of Mode II
overloads. The fracture surface at the points of Mode Il overloads appeared
smooth and shiny,
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