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1 ABSTRACT |

The effect of mode I fatigue precracking surfaces on branch crack threshold is studied in
ATSI 316 austenitic stainless steel at room temperature under mode II and mixed mode )
I/11 loading. A branch crack is formed at higher stress intensities when a large number :
of crack growth increments are introduced near threshold during precracking., It is sug-
gested that because of crack surface roughness interactions, the crack driving force at the
precrack tip(AKress, AKirers) was less than the nominal value.

i T

A method for estimating the effective stress intensity factors AKyesr and AKjreys is
proposed and the branch crack threshold is predicted by a local stress intensity factor
criterion. Scanning Electron Microscopy analysis of precrack surfaces showed damaged
surfaces due to surface roughness interactions. ’
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NOMENCLATURE 1
a crack length
a, initial crack length
2 branch crack length .
B specimen thickness :
Am material constants .
eff effective
hq space between potential drop leads
Kr, Krr stress intensity factors for mode I and II :
M bending moment '
Ny number of cycles to failure
PD potential drop
P applied load
Q shear force.,
R load ratio I—};:it
S span distance
th threshold
W specimen width
Y specimen geometry
A as prefix, range of stress or K
Aa 8-y &
- measured branch angle 5
be calculated branch angle
U closure ratio K—I;fr-f-
Vi PD across the crack for leads at spacing h;
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2 Imtroduction

In fracture mechanics, there are three fundamental modes by which fatigue crack extension
can occour, shown in Fig. 1, being (i) the opening mode, where crack surfaces move
directly apart, (ii) the edge sliding mode, where crack surfaces slide over each other in
a direction perpendicular to the leading edge of the crack, and (iii) the tearing mode,
where crack surfaces also slide with respect to each other but parallel to the leading
edge. In linear elastic fracture mechanics (LEFM) situations the crack tip stress fields
can be described in the terms of three stress intensity factors (Kr, Kr7, Krir). Near
the threshold for fatigue crack propagation (FCP), complex crystallograpic mechanisms
for crack extension occur (1). But at higher stress intensities, the FCP rate can be
characterised by the well known Paris equation (2) for mode I propagation,
da

= = AQAK)" (1)

where

AK =Y Acreff \/7}—5' (2)

where Ao,ss is the stress range for which the crack is open during a cycle.

The fatigue crack growth threshold range, AKy, is an important parameter, in the
determination of the safety of structures, Threshold can be defined as the value of the
mode I stress intensity factor range AK,;, below which a fatigue crack remains dormant
or grows very slowly at an experimentally undetectable speed (1). A large amount of re-
search work has concentrated on mode I models dealing with relationships between FCP
rate, stress intensity factor range, and the threshold condition for fatigue crack growth.
However pure mode I loading does not always exist, when fabrication defects or cracks
in structures and components are not normal to the maximum principal stress or when’
tensile and torsional loads are simultaneously applied. These defects lead to mixed mode
cracking.

"The growth of fatigue cracks under mixed mode loading was first studied by Iida and
Kobayashi(3). They examined fatigue crack growth in aluminium plates under cyclic ten-
sile loads, where the initial crack was inclined to the tensile axis. Under cyclic load, a
branch crack was formed in the direction perpendicular to the loading axis where AK)
was maximum. Since then many mixed mode FCP results have been published. Some
examples are given below,

Pook and Greenan (4) used the Jones and Chisholm(5) specimens (an edge sliding:
mode compact specimen) to study fatigue crack growth in En3 mild steel. The specimens
were precracked in fatigue under mode I loading, and then fatigue tests were conducted
under mode II loading at R=0.048. The results were plotted as an ”S-N curve”, i.e Ny as
a function of Ky;. The endurance limit of precracked specimens was defined as the thresh-
old, AKyyy. They reported that in all cases, crack growth was at an angle of roughly 70°
to the precrack. For some specimens the branch crack initiated at the end of the machined
slot, but for others branch crack was initiated at the precrack tip. For specimens with long
precracks the branch crack was formed on the precrack flank some distance behind the tip.

Otsuka et al (6,7) studied the threshold behaviour of low carbon steel with two grain
sizes, structural steel and an aluminium alloy under fully reversed (R = -1) mode II with




superimposed static mode 1 loading. Instead of forming a branch, coplanar crystallo-
graphic growth was observed in the low carbon steel at low stress intensities. With static
mode 1 loading superimposed the coplanar cracks did not arrest, as observed by Gao et
al.(8), but little acceleration in crack growth rate was observed. It remained constant at
10~7 mm/cycle, until a branch crack was formed at higher stress intensities. No coplanar
growth was observed in structural steel as a branch crack was formed immediately. In
aluminium alloy at threshold mode I branch cracking was observed, but by applying a
higher load continuous mode 1T growth was observed with a higher growth rate than for
the branched mode L.

(lao et al (8) examined mixed mode threshold behaviour in AISI 316 stainless steel us-
ing beam specimens with combined bending and shear loading. They observed a very lim-
ited amount of coplanar growth from the spark machined slit when no fatigue precracking
was employed. However in precracked specimens, crystallographic coplanar crack growth
was observed, but the cracks became non-propagating. Not until branching at higher
stress intensities did the cracks grow to failure.

Smith (9) examined the effects of crack surface interaction on growth of fatigue cracks
under mode 1I loading in a structural steel. He reported that crack surface interaction
was dominant, the effective stress intensity was much less than the nominally applied
value e.g. (AKirsr= 0.5 xAKpy at AKn= 19 MNm*® R=0.05 ) and that a mode I
branch crack was formed after a short amount of coplanar growth. When static mode I
loading was superimposed, the crack surface interaction was reduced so that the threshold
of mode I branching was less than the value predicted by the maximum tangential stress
criterion using nominal mode I threshold.

Tn the present paper the effect of prior fatigue cracking surfaces on mode II and mixed
mode I and 11 loading is studied in AISI 316 stainless steel at room temperature for linear
elastic plane strain conditions. Different %’%‘ ratios and fixed R ratios of 0.1 and 0.5 were
employed to investigate the effect of fracture surfaces on branch crack threshold. The re-
sults obtained are discussed and the branch crack threshold is predicted by using a local
stress intensity criterion.The fracture surfaces were examined with a Scanning Electron

Microscope.

3 Material and Test Procedure

All the tests were completed on AISI 316 austenitic stainless steel plate, solution treated
and water quenched. The rolling direction was parallel to the longitudinal axis of the
specimens. The average austenite grain size was 40um.The chemical composition and
mechanical properties are shown in Table 1. The same specimen geometry used by Gao
et al(8) was used. For pure mode I three point bending was employed whereas for mode 11
and mixed mode I/II loading asymmetric four point bend specimens were used throughout
this work. |

For pure mode I the crack tip stress intensity factor was calculated using the formula
given in ASTM-E-399-83 (10), valid for all a/W,

PS a

Ky = B W f(W) (3)
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where
a __6(%ﬁ{L%_(#xL-%xzm—39a%)+zn%yﬁ
) = 1200 - ()

For mixed mode I/II loading, a four point asymmetric bending arrangement with the
crack plane displaced from the plane of symmetry was used, as shown in Fig. 2. The
crack tip stress intensity factors K; and Kj; were calculated by numerical methods for a
straight crack by Wang et al.(11), and tabulated and used by Gao et al.(8). However in
this report the results of Bentham and Koiter (12) for mode I in pure bending, f;, were
used with Wang’s equation (11) for mode IT cracks,

1 = 2
fo = ﬁ-ﬁ (fsYdz ()

which was numerically integrated to obtain the following K calibration for mixed mode
loading. For the mode I component

(4)

M
B W}

K= My ()

where
a )} a a ., a a
= — 12 - 1.39(=5) + 7.32(5=)? — 13.1(+=)? 14.-——4} 7
fi= 6 {n(p)} {112 - 13965) + 7.526%) B1()°+ 140G ()
after Brown and Srawley (13), and for the mode II component,
Q ay. -
Kip = —— fi{= : 8
Ir B W% f(W) - _ ( )

where -
a \% a L, @ g a .4 a4
fi = {w(—ﬁ,—)} {3.3645(—H7) = L081(35)" - 0.526(75)° +1.89() } )
For equations (7) and (9) to be valid, two conditions must be obeyed (11),
(1) 0 < & < 0.6 (il) G582

To ensure that linear elastic plane strain conditions were satisfied and boundary effects
were small, all the specimen dimensions B, a, (W-a), S; and S, were at least fifty times
greater than the crack tip monotonic plastic zone size. The average shear stress on the
uncracked ligament was less than 50% of the shear yield stress, which itself was taken as
half of the 0.2% offset tensile yield strength of the material.

4 Experimental Procedure

All the tests were carried out on a Mayes servo hydraulic fatigue machine incorporating a
bending fixture. The machine was operated under load control, with a sinusoidal waveform
of frequency 20 Hz to 80 Hz. The crack length was measured by using a travelling
microscope and the D.C. potential drop (PD) method simultaneously. A crack growth
increment of 0.04mm at 30X magnification could be resolved, The PD exhibited a better
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sensitivity than the microscope, specially when the crack grew at mid thickness of the
specimen. A constant current of 30 amps was passed through the specimen. The leads
for measurement of the PD were made from 316 stainless steel, spot welded onto the
specimen. The position of four leads is shown in Fig.3. A change in the voltage ratio %
of 0.043 corresponded to 0.1 mm crack extension for straight crack of length 15 mm. The
straight crack length can be derived from a pair of simultaneous equations given by the
Gilbey and Pearson formula (14), after eliminating the unknown K,

Ta

COS(W = A sech(K V1) (10)
wa
cos(-g—ﬁ—/_ = Ay sech(K Va) (11)

where constants Ay and A, are determined by fitﬁng two measured crack lengths, being
the initial and the final values for the test.

4.1 Precracking down to threshold

Some specimens were fatigue precracked down to threshold under mode I conditions by
using three point symmetric bending. The crack was initiated from a slit produced by
spark erosion. A stress intensity factor range AK higher than AL, was applied to
produce a fatigue crack.This was followed by periodically decreasing the maximum load
in 107 increments. At each step the crack was allowed to grow a distance of several times
the previous plastic zone size to minimize the effect of residual stresses. Precracking was
ceased when no crack extension could be detected after 6x10%cycles, indicating less than
8x10~®*mm/cycle growth rate.

4.2 Precracking at Constant Load

Three specimens were fatigue precracked at constant load. A higher load range was applied
than threshold and the crack was allowed to grow to a certain length. The detailed history
of precracking is given in Tables 2 and 8 for each specimen. Specimens B5, B6 and A10
were precracked at constant load, giving the increasing ranges of stress intensity in Table
2.

5 Results

The thresholds, AKy;, of fatigue precracked specimens were determined by the load de-
creasing technique. The threshold values AKir, for each test under R = 0.1 and R = 0.5
are listed in Tables 2 and 3 respectively}.' For R = 0.1 the average mode I threshold value
was 4.95 MNm3 and for was 4.94 MNm? for R = 0.5.

The results for mixed mode threshold conditions using the load increasing sequence
with fixed %{f— and R ratio are listed Tables 4 and 5. Three distinct types of behaviour
are identified, initial coplanar growth, non-propagating cracks, and formation of a branch
crack. In Fig. 4 it can be seen that coplanar growth from the precrack tip is a mixed
mode growth, for which a crack initiation threshold can be measured when crack exten-
sion is first detected. However such coplanar cracks are quickly arrested, and both at
threshold and at higher stress levels, cracks become non-propagating after a small crack
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extension Aa. At a higher stress level, the crack will branch, at an angle 6,, , and may
then propagate to fracture.

In Figs. § and 6 the lower bound curves show the initiation of coplanar growth and
the upper bound curves indicate the formation of a branch crack. It can be seen in Fig. 5
that the branch crack for precracked specimens with large crystallographic crack surfaces
was formed at high stress intensities, whereas for specimens precracked at constant load
the branch crack was formed at lower stress intensities. Below the lower bound curve
no crack growth was observed, but when the load was increased to such a level that the
stress intensity factors reached the upper bound curve a branch crack was formed, which
generally grew stably to failure. However in tests B7 and B8 a branch crack continued
for short distance and then stopped growing. Not until the load was increased, could
these cracks accelerate towards failure. Between upper and lower bound curve in some
specimens at certain load levels non-propagating coplanar cracks were observed, as listed
in Tables 4 and 5. In all the specimens the precrack front was not straight, some were
curved and others angular, But no correlation was found between precrack front and
branch formation, '

6 Discussion

For R=0.1, the branch crack was formed at low stress intensities in the specimens pre-
cracked at constant load, compared to specimens which were precracked down to thresh-
old using a large number of increments near threshold. In two specimens Bl and B2
the branch crack was formed at rather low stress intensities, because the extent of the
crystallographic crack surfaces was smaller than for the other specimens precracked down
to threshold. For R=0.5, all specimens were precracked down to threshold with a large
number of crack increments near threshold, so the branch crack was formed at higher
stress intensities.

In mode I there are three main theories of crack closure (15):
(i) oxide induced crack closure is promoted by rough fracture surfaces, which at low AK
value promote the formation of frefting debris between mating surfaces. The presence of
oxides in a crack can reduce the effecive stress intensity for both modes I and II.
(i) roughness induced crack closure can arise at threshold stress intensities due to the
rough nature of fracture surfaces, since the plastic zone size at threshold crack growth
rate is equal to the grain size of the material. Here single shear growth occurs at the crack
tip, and fracture surfaces are crystallographic, or generally faceted.
(iii) plasticity induced closure in plane stress is considered to arise from lack of constraint
in the wake of a crack. Behind the crack tip, material elements permanently stretched
within prior plastic zones lead to interference between mating crack surfaces.

The specimens for R=0.1 and 0.5, precracked down to threshold with a large amount of -
crystallographic cracking, all exhibited the higher branch threshold. But those specimens
for R=0.1, precracked at constant load, formed the branch crack at low stress intensities.
It appears that in the former case the crack driving force (AKy.; and AKjy.ss) at the
main crack tip was less than the nominal applied stress intensities (AKy and AKjyy), due

to rubbing and sliding of crystallographic crack surfaces under mode I or mixed mode
I/1I loading.
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However no satisfactory criterion for the formation of branch cracks appears to exist.
The branch crack could be formed when local effective stress intensity factor for an incip-
ient branch crack reaches a critical value, AKpy (16). By considering this criterion to be
valid branch crack threshold curves in Fig. 5 and 6 were predicted by calculating a local
stress intensity factor Ak; as a function of AKp.ss and AKjr.gy for the main crack and
0, direction. It was supposed that the crack surface roughness-interaction under mixed
mode loading may occur from the start of crystallographic surfaces up to the precrack
tip. However crystallographic surfaces under mode I loading commence where the plastic
zone size is equal to the grain size of the material (15), during precracking. Therefore
the amount of crystallographic crack surface dg, was estimated from Tables 2 and 3 by
reference to the pure mode I plastic zone size,

o L {AKF (12)

B | Oys

where AK is stress intensity factor range and oy, is yield stress of the material. The
extent of cracking for r, < 40pym was determined from Tables 2 and 3 %o give dq..
The local stress intensity factor for a branch crack was calculated by the maximum tan-
gential stress criterion (17) and used by Pook (16),
0, o0 3 .

Akreff = Co8 E AI{Ie'jf co8 Tz- - -2" Affueff stn Bc (13)
where kpr.; is the local stress intensity factor for a branch crack, and 0, is the branch
crack direction given by

AKIef] sinb, + A.Kueff(?) cos, —-1) = {) (14)

for branching in the direction of maximum tangential stress.

In equation (12) the terms AKyepy and AKjres; were calculated from Uy, Upr, AK7,
A Ky, where

AKppp = UiAK; ' (15)
AKipeps = UnAKy ' (16)
dao AKn i
=1 - = .
Ur dB {AIfII + F AKI} (17)

Uy = 1

dac { AKpp i 8
T dAlAKy +F AI{I} (18)
Here d is the grain size, dac is the amount of crystallographic crack surfaces, A, B, F
are constants with values 140, 280, 0.02 respectively, by fitting the experimental data.
As the threshold values for mode I for R=0.1 and 0.5 were nearly the same (4.95 and
4.94 MNm_Ts), this was presumed to be the effective threshold value. The results are
correlated in Fig.7, for all tests with precracking down to threshold. Here AKj.¢s and
AKypeps were normalised with AKpy, and showed good agreement with theory, i.e

Akpyy = AKpy, (19)

No attempt was made to include data for precracking at constant load, in view of the
unknown residual stresses remaining after precracking.
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7 Fractography

Detailed fractographic analysis using a scanning electron microscope (SEM) showed that
the specimens precracked down to threshold contained damaged fracture surface regions
just behind the precrack tip. Examination of specimen B8 in the SEM revealed this
surface damage with evidence of rubbing on mating crack surfaces behind the crack tip,
see Fig. 8(i) and (ii). Where mode II coplanar growth was seen , some sign of erosion in
the mode II coplanar growth was observed, as in Fig. 8 (iii). In specimen B6 ( precracked
at constant load ) no sign of rubbing or damage was seen,Fig. 9. These observations are
consistent with the fracture surface rubbing predicted in the Discussion above.

8 CONCLUSION

Near threshold fatigue crack propagation behaviour in Type 316 stainless steel was stud-
ied under mixed mode I/II loading conditions. The results obtained depend heavily on
the method employed to produce a fatigue precrack, prior to mixed mode loading.

In plane strain conditions, branch cracks formed at high stress intensities for the spec-
imens precracked down to threshold with a large number of increments near threshold. It
is suggested that because of rubbing and sliding of precrack surfaces under mode II and
mixed mode I/II loading, the true crack driving force at precrack tip (AKessandAKresys)
was related to a critical value, i.e AKy,.

The values of AK sy and AKjp.ss for the main crack are estimated and the branch
crack threshold is predicted by a local stress intensity factor criterion. Scanning electron
microscopic analysis of precrack surfaces showed damaged precrack surfaces due to surface-
roughness interaction. :
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Table {1) Composition and Mechanical Properties.of 316 Stainless Steel

Composition, wt.%

C Mn si S P Cr Ni Mo
0.049 1.36 | 0.54 0.018 0.023 17.26 11.20 2,15
Yield Stress Tensile Area
(0.2% offset) strength Elongation Reduction
N/mm2 N/mmz‘ * ®
246 595 67 66

|
o




Table 2 Precracking Histories for Two Specimens

B 11 with Load Shedding and B& for Constant Load

Test AK Aa da/dN
-3/2
No. Mdm nm/cycle
B.11 8.22 1.16 0.99
8.06 0.38 1.06
7.48 0.47 0.88
7.11 0.27 0.66
65.88 Q.29 0.49
6.21 0.19 0.35
5,60 0.15 0.20
5.15 0.10 0.19
B.6& 7.50 0.90 0.989
7.90 0.70 1.20
8.20 0.80 2.10
8.80 0.75 1.80
3.00 0.82 2.00
9.30 0.82 2.50
Table 3 Precracking Results
Test Notch a Ax d
No, - depth ° " It? ac R
mm ram- I«il\]‘m“3 /2. mm
B.1 9.02 14.34 4.71 i.99 0.1
B.2 $5.08 15.38 4.60 2.10 0.1
B.3 9.02 15.58 5.25 3.00 0.1
B.4 8.94 16.06 6.0 1.82 0.1
B.7 8.81 14.51 4.47 3.41 0.1
B.8 8.72 15.19 4.56 3.63 0.1
B.9 9.09 15,70 5.12 3.50 0.1
B.10 8,27 13.36 5.10 2.64 0.5
B.11 8.92 11.93 5.15 1.00 0.5
B.12 8.70 13.28 4.75 1.50 . 0.5
B.13 9.94 14.75° 4.96 2.35 0.5
B.14 8.66 14.62 4.71 2.20 0.5
B.S . 01 10.40 9.26% 0 0.1
B.6 8.95 13.74 9.30% 0 0.1
A.10 9.82 11,16 10.96% 0 0.1

¥ Final K value applied
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Fig. 8 Fracture surface for specimen B8, precracked down to threshold
‘ showing — 8(i) and 8(ii), region of rubbing behind the precrack tip
and 8(iii) (a) branch crack, (b} coplanar growth, and (c) precrack.

1000 um Fig. 8lii) - 30um

Arrow indicated crack growth direction

Fig. 9 Fracture surface for Specimen B6, precracked at constant load,
(a} precrack surface, (b) branch crack growth,
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