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ABSTRACT

Experiments and analysis have been carried out to investigate the effect of vibration +cyclic loading on
fatigue crack initiation and fatigue crack growth life of piping component. Three Point Bend (TPB) specimens have
been tested for evaluation of Paris constants under vibration+cyclic and cyclic loading only as per the ASTM
Standard E-647.These constants were used for predicting the fatigue life of the pipe having part through notch.
Predicted results show that the life of the notched pipe subjected to vibration+cyclic loading has been reduced by
50% compared to that of cyclic loading only. Predicted results have been validated by carrying out full-scale pipe
tests. Experimental results of full-scale pipe tests under vibration+cyclic loading showed the reduction in fatigue life
by 70% compared to that of cyclic loading only. The analytical prediction for the crack initiation life and the crack
growth behaviour were compared with that of experiments. Fractographic examination using Scanning Electron
Microscope (SEM) of the tested specimens shows the higher presence of brittle phases such as martensite (in the
form of isolated planar facets) and secondary micro cracks in case of specimen subjected to vibration+cyclic
loading. This could be the reason for the reduction of fatigue life in pipe subjected to vibration+cyclic loading.

INTRODUCTION

Piping components are subjected to vibration loading caused by rotary equipments viz. pumps, compressors
etc. These vibration loadings are of low amplitudes but extend over the lifetime of plant operation and causes severe
mechanical damage that may affect the life of piping components. Vibration induced fatigue may lead to excessive
pipe vibration which can cause real problems like loosening of threaded connections, leakage through flanges,
knocking off the pipes from their supports. Vibration induced fatigue is a kind of high cycle fatigue that may be
caused by stress vibration or thermal fluctuation. S.N.Huang [1] brought out the procedure to assess the fatigue
damage of the piping systems and explained the feasibility of the estimation of piping responses resulting from
pump-induced vibration with the limited test data. ASME O&M design code [2] calls for qualification of piping
system in terms of velocity and deflection of the piping system subjected to the vibration during plant operation.
These piping components are also subjected to higher amplitude cyclic loading due to plant startup and shut down.
The effect of simultaneous occurrence of cyclic loading along with the vibration loading on piping system is not
discussed in ASME.

Fatigue crack initiation has been studied in the past using notched specimens by evaluating local stress or
strain at the notch tip considering the stress or strain concentration, equivalent energy density method and low cycle
fatigue curve [3]. Number of cycles to crack initiation has also been reported using fracture mechanics approach.

Austenite to martensite transformation has been observed in 300 series stainless steels, which results in a
reduced fatigue life [4]. The extent of the martensite transformation depends on several factors such as the chemical
composition of the steel and the temperature at which the deformation taking place [5, 6, 7]. The formation of
martensite during deformation at the room temperature in austenitic steel such as 304L and 304LN steel has been
reported [8-11]. Strain induced martensite has a great influence on the mechanical properties viz. tensile properties,
strain hardening behavior and fracture toughness.

In view of this, effect of simultaneous occurrence of vibration and cyclic loading on fatigue life of the
piping components is required to be investigated for the safe operation of the plant. In the present paper, a
systematic experimental and analytical study has been carried out to investigate the effect of vibration + cyclic
loading on fatigue life of piping components.
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EXPERIMENTAL DETAILS

The piping material under study is austenitic stainless steel SA312Type SS304LN in solution-annealed
condition. The chemical composition of SS304LN is given in Table 1.The Yield strength and ultimate strength of
the material is 298MPa and 620MPa respectively. Young modulus and percentage elongation of the SS304LN
material is 195GPa and 69%.

Table 1: Chemical composition (in wt %) of pipe material

Cc Mn Si P S Mo Cr Ni Ti N Nb Cu
0.017 | 1.76 | 0.29 | 0.022 | 0.0029 | 0.19 | 189 | 9.65 | 0.006 | 0.08 | 0.02 0.2

Cyclic stress—strain and low cycle fatigue properties have been obtained following ASTM E606 for
different strain ranges at room temperature and air environment [12, 13]. The cyclic stress— strain curve and low
cycle fatigue curve are given in Eq. (1) and (2) respectively. The various constants in the equation have been
obtained by fitting the test data points and given in Table 2.

Ag /2 = 100 (Ac/2E) + (Ac/2k) " (1)
Ag 12 = 6E (2N;)® + & (2N)) © 2)

Table 2: Constants for cyclic stress strain and Low cyclic fatigue curve

k(MPa) n oi(MPa) &t (%) b C E(GPa)
217.36 0.3248 1116.515 333 0.1428 | -0.5266 195

where Ag is strain range, Ac is stress range and N; is the number of cycles required for failure (complete separation).

Three Point Bend specimens have been machined as per ASTM E-647 [14] from the pipe of outer diameter
168 mm and thickness 14.3mm with notch in L-C direction (L refer to load in longitudinal direction and C refer to
notch in circumferential direction). Location of the specimens and crack plane orientation with respect to pipe is
shown in Fig.1.The width (W), thickness (B), initial crack length (a,) TPB specimens are 20 mm, 10 mm and 5 mm
respectively. These specimens were having different crack tip radius as 0.2, 0.3 and 0.5mm.

TPB specimens were fatigue tested under constant amplitude sinusoidal vibration+cyclic and cyclic loading
only. The loading frequency was 20Hz for vibration loading and 2.5-5 Hz for cyclic loading. The constant
amplitude load applied during the test was calculated based on the fact that the initial stress intensity factor for the
TPB specimens is same as that of the notched pipe. The details of the load applied during vibration loading and
cyclic loading are given in Table 3.

Full scale pipes of 168 mm outer diameter and 14.3 mm wall thickness have been used for tests. The pipe
specimens were having surface notch, machined at the outer surface in the circumferential direction. The detail of
the notch in pipe and pipe test setup has been shown in Fig.2. The length (2c) and depth (a) of the crack was 36 mm
and 3.5 mm. The loading frequency was 10 Hz for vibration loading and 0.05-1 Hz for cyclic loading. The
maximum applied loading was such that the linear elastic condition is maintained. The vibration loading, 10% of
collapse load and cyclic loading 40% of collapse load of specimen or pipe was applied during test. The specimens

and actual pipe tests were conducted with load ratio (R) of 0.1.
Loading Frame
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Fig.1: Location of the TPB specimen in pipe Fig.2: Experimental set up for pipe with notch detail
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EXPERIMENTAL RESULTS

The fatigue crack initiation life is evaluated considering the effect of notch tip radius for vibration +cyclic
loading and cyclic loading only. The details of the fatigue crack initiation results have been shown in Table 4 for
TPB and pipe test. No crack initiation has been observed during the vibration loading for TPB specimens. This was
confirmed by observing the notch tip of TPB specimen under optical microscope. In case of TPB specimen number
of cycles for crack initiation given in Table 4 corresponds to the 0.5mm of crack growth. In case of pipe, crack
initiation was assumed to occur where the measured crack growth is 0.1mm.This is the least crack length, which can
be measured using the Alternating Current Potential Difference (ACPD) technique, based instruments.

Fatigue initiation life increases with increase in crack tip radius. During the experiments with TPB
specimen subjected to vibration+cyclic loading and cyclic loading only, it is found that fatigue life is increased by
45% to 75% if the crack tip radius varies from 0.2-0.5mm. There is a reduction in the fatigue initiation life by 20-
50% for specimens subjected to vibration+cyclic loading as compared to specimens subjected to cyclic loading only.

During the Fatigue Crack Growth Rate (FCGR) tests, crack length and number of cycles were recorded.
The crack length and numbers of cycles recorded for crack initiation are shown in Figs.3 and 4. Difference in fatigue
life is due to the variation in crack initiation life. The variation of stress intensity range with crack growth rate is
shown in Figs.5 and 6.

Crack length and number of cycles obtained experimentally have been used to calculate the Paris constants
using Paris-law relationship between the crack growth rate and the stress-intensity factor range is given by Eq. (3).

da/dN = c(AK)™ 3)

where, da/dN = Fatigue crack growth rate (m/cycle) and AK = Stress intensity factor range (MPa\m). da/dN and
corresponding stress intensity factor ranges (AK) at a point have been evaluated for given stress range and crack
depth. These data of da/dN and AK have been fitted to obtain Paris Law constants ‘c’ and ‘m’. The values of
constant ¢ and m obtained for TPB specimens are shown in Table 4.

Number of cycles and crack length obtained from the full scale pipe tests has been shown in Fig. 7 for
vibration+cyclic and cyclic loading only. There is a variation in crack initiation life because of the varying crack tip
radius. The variation in fatigue crack initiation life with crack tip radius is shown in Fig. 8.

ANALYTICAL RESULTS

Analytical studies have been carried out for fatigue crack initiation and fatigue crack growth for TPB
specimen and notched pipe. The effect of the initial notch tip radius on the fatigue crack initiation life has also been
considered during evaluation. Analysis involves use of cyclic stress strain curve to evaluate the strain range and
corresponding number of cycles to crack initiation. Cyclic stress—strain curve and the low cycle fatigue curve
required for analysis are given in Eq. 1 & 2. Two approaches estimation by Creager-Neuber’s Rule and Finite
Element Analysis (FEA) have been followed for evaluating strain range (Ag) near the crack tip region.

In Creager-Neuber’s estimation scheme, in presence of blunt notch with crack tip radius “p’ and under the
action of remote stress range (Ac®), the approximate value of maximum pseudo elastic stress range (Ac™), at any
distance ' d ' from the notch tip can be calculated by Eq. (4) which is basically Creager's Formula.

Ac®~ ( AKIN2mr ) (1.0+ pl2r) @)

Where, r = d + p/2.The distance d, at which the representative strain range has been evaluated, is called the
characteristic distance. The characteristic distance employed in the French A-16 guide [16] is based on the
hypothesis that for crack initiation from a blunt notch to occur, finite volume of the material has to undergo damage.
After evaluation of Ac™ the corresponding pseudo elastic strain range has been evaluated by Eq. (5), which
approximately takes into account the state of tri-axial stress on the pseudo plastic strain range

Ae™ = Ac ™ [E [2/3(1+)] ()
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Table 3: Experimental results for crack initiation

Specimen Type of Tip PL (KN) Maximum Applied AK Cycles
Id. No. loading Radius load (KN) (MPam) (Ny)
(mm)
Vibration | Cyclic | Vibrati | Cyclic
on

TPB_P3 | Vibration 0.2 17.4637 1.7464 7.25 5.99 27.39 5000
+cyclic

TPB_R1 Cyclic 0.3 17.4637 1.7464 7.25 5.99 27.39 12000

TPB_R2 | Vibration 0.3 17.4637 1.7464 7.25 5.99 27.39 9000
+cyclic

TPB_R3 Cyclic 0.3 17.4637 1.7464 7.25 5.99 27.39 15000

TPB_S1 | Vibration 0.5 17.4637 1.7464 7.25 5.99 27.39 20000
+cyclic

TPB_S2 Cyclic 0.5 17.4637 1.7464 7.25 5.99 27.39 24750

Pipel Vibration - 645 55 258 5.99 27.39 1000
+cyclic

Pipe2 Cyclic - 645 55 258 5.99 27.39 5000

Vibration + cyclic means vibration loading followed by cyclic loading, Cyclic means only cyclic loading, N; is number of
cyclesto crack initiation, P, is collapse load

Table 4: Paris’s constants for TPB specimens

Specimen Id Type of loading Crack tip Radius Paris’s constants
No. (mm)
m c

TPB_R2 Vibration+cyclic 0.3 3.423 1.319 x10™
TPB_R3 Cyclic only 0.3 2.967 3.460 x10™*
TPB_S1 Vibration+cyclic 0.5 3.016 7.080 x10™*
TPB_S2 Cyclic only 0.5 2.892 1.361 x10™*
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Fig.3: FCGR curve under vibration + cyclic loading  Fig.4: FCGR curve under cyclic loading only
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Fig.7: FCGR curve for notched pipe Fig.8: Effect of crack tip radius on crack

initiation life

Non-linear finite element analysis was carried out on the three-dimensional (3D) solid model of notched
pipe specimen. 20-noded Hexahedron Elements were used to discretize the notched pipe specimen. Only one-fourth
symmetric domain was modeled. Applying normal stress boundary condition at the free edges simulated the pure
bending moment. Finite element analysis was performed to evaluate Ae distribution for the applied cyclic load. The
FE model of pipe specimen is shown in Fig. 9. The force was distributed on number of nodes in order to avoid local
yielding at the point of application of load. In a similar manner, support constraints were applied at a number of
nodes to confirm model requirements.

The equivalent elastic-plastic strain is evaluated either from FE analysis or from the Creeger’s hypothesis
as mentioned above at different’d’ distance ahead of the notch tip. The distance, at which the number of cycles
corresponding to effective elastic plastic strain amplitude matches with the experimental value, is termed as
‘characteristic distance’
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Fig.9: Finite element model of pipe specimen

No of cycles for fatigue crack initiation for vibration and cyclic loading as determined through
FEA/creeger’s estimation are combined and compared with experimental result using the miner’s rule to determine
the characteristic distance’d’. The Comparison of characteristic distance calculated from FEA and Creager’s
estimation scheme (A-16) for notched pipe with crack tip radius (p) 0.1 mm has been tabulated in Table 5.The
characteristic distance has been found to vary from 75 um to 85 um for pipe subjected to vibation+cyclic loading
and characteristic distance varies from 110-120 pum for pipe subjected to cyclic loading only.

Table 5: Comparison of characteristic distance calculated from A-16 and FEA

Specimen alt 2cla Load(KN) N; Characteristic
Id. No Distance d (um)
Max. Min. A-16 FEA
Pipel 0.25 10 -55 (V) -5.5 1000000 78 65
-258 (C) 25.8 1000
Pipe2 0.25 10 -55 (V) -5.5 1000000 85 78
-258 (C) 25.8 2000

N; is number of cycle for fatigue crack initiation (Experimental data). V-Vibration, C-Cyclic

Crack growth in notched pipe has been evaluated using Paris-law relationship between the crack growth
rate and the stress-intensity factor range, is given by equation (3). Paris constants obtained from TPB specimens has
been used for calculating the crack growth in notched pipe. Analytical results for crack growth and number of cycles
for notched pipe subjected to cyclic only and vibration+cyclic loading are shown in Figs.10 and 11.
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DISCUSSION

Fatigue crack initiation depends on the crack tip radius and characteristic distance as per the A16 approach
[15]. Crack initiation in a material involves nucleation and formation of fine cracks. The formation of the slip planes
coincides with the maximum shear stress, which are the sites for the crack nucleation. A minimum value of the shear
stress is required for the formation of the slip band, called critical shear stress. However, during the vibration
loading the applied stress in global region may not be sufficient to form slip band but the state of the stress near the
crack tip could be high enough to form slip band, which may lead to formation of crack nucleation sites. Fracture
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resistance reduction in the material depends on the product of stress range and number of cycles. If this product is
more fracture resistance reduction would be more. Although applied load amplitude is low but the number of
applied cycles during the vibration loading is large enough to cause reduction in the fracture resistance of the
material [3]. Reduction in fracture resistance will lead to higher crack growth rate. The experimental and analytical
results for pipes subjected to vibration+cyclic loading have been found to be in agreement, for a characteristic
distance ranged from 75-85um while it is 110-120 pum for pipe subjected to cyclic loading only.

The experimental and analytical results for crack growth in the thickness direction have been found to be in
good agreement for the pipes subjected to cyclic loading. In this case, Paris constants m=2.967 and C=3.460 x10™2
has been used. In case of vibration+cyclic loading, Paris constants m=3.016 and C=7.087x10™? has been used.
During the fatigue test on the pipe it is found that the fatigue life of the pipe with vibration loading prior to the
fatigue loading reduces. Fatigue life of the pipe using Paris constants obtained from standard specimen with
vibration+cyclic loading is 20,000 cycles, which is 50% less than that of using Paris constants of specimen with
cyclic loading only. This indicates that vibration loading affects the fatigue life. Paris law constants evaluated from
virgin pipe will give non-conservative results if used, for pipe subjected to vibration loading. Fatigue Crack growth
life using Paris constants from TPB specimens subjected to vibration+cyclic loading gives better prediction when
the pipe is subjected to both low amplitude vibration loading and high amplitude cyclic loading, compared to that of
cyclic loading.

Fractographic examination of the fracture surfaces of tested TPB specimens under vibration+cyclic and
cyclic loading only, have been carried out under Scanning Electron Microscope (SEM) Fracture surface revealed the
presence of isolated planar facets (dark patch marks). Typical fractographs of fracture surface exhibiting such
features in both cases are shown in Fig.12 and Fig.13. These features basically indicate occurrence of brittle modes
of fracture at local regions originating from presence of brittle phases such as martensite. This observation suggests
that the martensitic transformation must have occurred during deformation at the crack tip due to cyclic loading and
the formation of martensite is more dominant in the specimen subjected to vibration+cyclic loading. Fractographic
examination also revealed the presence of the secondary micro cracks near the crack tip in the specimens subjected
to vibration+cyclic loading as shown in Fig. 14 & 15. Finally faster crack growth in the specimen subjected to
vibration+cyclic loading is attributed to the martensite formation and the secondary micro cracks.
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CONCLUSIONS

The analytical and experimental results are found to be in good agreement for a characteristic distance that
varies from 75 um to 85 um for pipe subjected to vibrationtcyclic loading. Fatigue initiation life increases with
increase in crack tip radius. There is a reduction in the fatigue initiation life by 20-50% for specimens subjected to
vibration+cyclic loading as compared to specimens subjected to cyclic loading only.

Fatigue life of the pipe using Paris constants obtained from standard specimen with vibration +cyclic
loading is 20,000 cycles, which is 50% less than that of using Paris constants of specimen with cyclic loading only.
Paris law constants evaluated from virgin pipe will give non-conservative results if used, for pipe subjected to
vibration loading. Fatigue life of the notched pipe subjected to vibration+cyclic loading has been found to be 70 %
lower to that of notched pipe subjected to cyclic loading only. Fractographic examination confirmed the fatigue
crack growth observed during test by measuring the striation spacing. Fracture surface examination also revealed
that fast crack growth in the specimen subjected to vibration+cyclic loading is due to the martensite formation and
the secondary micro cracks.
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