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ABSTRACT

A finite element analysis and fracture mechanics methodology for determining the autofrettage pressure required to cause

crack arrest in components under varying pressure loading are presented. Superposition of the autofrettage residual stress

distribution and working load stress distribution is combined with ANSYS Separating Morphing and Adaptive Remeshing
Technology (SMART) to determine the effective stress intensity factor as the crack grows. The condition for crack arrest is
identified by comparison with a crack arrest model defining the crack propagation threshold stress intensity factor range
for microstructurally short, physically short, and long cracks. The crack propagation threshold models of El Haddad and

Chapetti are implemented and applied to fatigue analysis of stainless steel and low carbon steel double notch tensile test

specimens with preinduced compressive residual stress. Based on comparison with fatigue test results, the Chapetti model is

selected for use in the analysis of a 3D aluminum alloy valve body. The calculated minimum autofrettage pressure required

to give crack arrest under a given working load cycle is found to be in good agreement with experimental observations from

the literature.

1 | Introduction

The fatigue life of components subject to repeated or cyclic
loading can be enhanced by inducing compressive residual
stress in regions prone to fatigue crack initiation and prop-
agation. This can be achieved through several different me-
chanical processes, such as shot peening, laser peening, low
plasticity burnishing, swaging [1-4], and autofrettage [5-8].
These processes result in a self-equilibrating residual stress
system in the component at zero load, with compressive re-
sidual stress at critical locations. The resulting increase in fa-
tigue life can be determined by several approaches, including
stress life analysis and fatigue life assessment based on frac-
ture mechanics.

In stress life analysis, the fatigue life of a component is assessed
through linear elastic stress analysis and reference to exper-
imental fatigue life data in the form of SN (stress number of
cycles to failure) curves. Fatigue life is usually determined by
the stress cycle at a local stress raising feature. Residual com-
pressive stress induced in these regions prior to installation has
the effect of reducing the local mean stress under working loads.
Depending on the compressive stress magnitude, applying mean
stress correction may indicate an increased number of cycles to
failure, or even theoretical infinite life if the resulting stress
cycle is below the material endurance limit.

In fracture mechanics analysis, the magnitude and distribution
of the compressive residual stress may prevent crack initiation,
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Summary

« A procedure to determine autofrettage pressure based
on crack arrest analysis is presented.

« Two crack propagation threshold models were
considered.

« Finite element analysis of induced residual stress and
crack growth is shown.

« Analysis results show good agreement with available
experimental results.

resulting in theoretical infinite fatigue life. Alternatively, crack
initiation may be prolonged and crack growth either retarded
due to crack closure effects, increasing the number of cycles to
failure, or arrested by the compressive residual stress field, re-
sulting in a theoretical infinite fatigue life.

This paper considers hydraulic autofrettage of pressure retaining
components or vessels subject to variable loading in the high cycle
fatigue range. In hydraulic autofrettage, the component is subject
to internal pressure great enough to cause limited plastic deforma-
tion in highly loaded regions prior to service. When this autofret-
tage pressure is reduced to zero, the elastically deformed regions
of the vessel seek to recover their original dimensions but are pre-
vented from doing so by the permanent deformation of the plas-
tically deformed material, inducing residual compressive stress
at these locations. Numerical modeling of autofrettage involves
both the loading and unloading processes. Typically, a structure is
subjected to internal pressure that causes yield and upon unload-
ing, multiaxial residual stress is induced to increase the fatigue
strength [9, 10]. Experimental investigations have shown that this
procedure can significantly increase the fatigue life of components
or vessels in subsequent operation. Mughrabi et al. found the fa-
tigue limit can be increased by more than 40% by autofrettage [11].
Other autofrettage studies by Rees, Parker and Underwood, Badr
et al., Lee and Koh, P6lzl and Schedelmaier, Thumser et al. and
Sellen et al. have reported fatigue strength increase greater than
60% [12-18]. Jahed et al. found that the fatigue life after autofret-
tage was increased by a factor of 2.11 [19].

From a design perspective, the aim of autofrettage for a given
working load cycle may be to achieve a specific finite fatigue life,
typically 10° to 107 cycles for high cycle fatigue, or theoretical in-
finite fatigue life. The minimum autofrettage pressure required
to achieve this aim can be determined by applying a stress life,
a strain life, or a fracture mechanics methodology [20] to a com-
ponent with induced compressive residual stress calculated by
elastic—plastic analysis.

The stress life approach is applied to the component to calcu-
late the fatigue life for several different autofrettage pressures
[21] to establish the minimum value meeting the design re-
quirement. In components with local stress raisers, or notches,
this approach is complicated by the stress gradient at the notch,
which is influenced by both the notch and the residual stress
distribution [7]. For notched components, the theory of critical
distance approach is widely used to calculate an “average” stress

amplitude over the critical distance, based on a constant stress
ratio, to predict the fatigue life or limit. However, with induced
residual stress, the varying stress ratio means that this approach
is not directly applicable [22].

The fracture mechanics approach requires a model for crack
initiation and a model for crack propagation. Modeling crack
propagation in a varying residual stress field is complicated
by a variation in crack tip stress ratio as the crack grows. The
influence of residual stress may be characterized by defining a
stress intensity factor (SIF) for the residual stress, K, This can
be achieved through application of a weight function method,
such as the following [23]:

X=a

K. = Jarsm(x,a)dx D

rs

x=0

where, a is the crack length, o, is the residual stress, and m(x, a)
is the weight function. The weight function is determined by con-
sidering individual constant and linear crack face pressure fields
[24]. The SIF for each pressure field is calculated and combined to
determine the weight function for calculating the SIF correspond-
ing to the residual stress distribution. However, this approach can
be problematic for complex 3D structures such as pressure vessels,
pumps, and valves [6]. In previous work [25], the present writers
proposed an alternative method for modeling high cycle fatigue
crack propagation, combining superposition of applied load and
residual stress fields [26] with ANSYS Separating Morphing and
Adaptive Remeshing Technology (SMART) technology [27-29].
Compared to the traditional extended finite element method
(XFEM), the SMART crack growth method reduces computational
time by using the unstructured mesh method (UMM), which al-
lows for remeshing the crack front instead of splitting volume ele-
ments as in XFEM. Additionally, the SMART tool incorporates the
interaction integral method [30] to calculate the decoupled SIFs.
One of the limitations of SMART crack growth is that only linear
elastic fracture mechanics (LEFM) is supported, but the establish-
ment of residual stress requires plastic deformation. Therefore,
the superposition method proposed in previous work [31] is used
to calculate K, and predict the fatigue life. However, the method
does not account for the possibility of crack arrest and consequent
theoretical infinite fatigue life. This paper investigates incorpora-
tion of the crack arrest models of El Haddad et al. [32] and Chapetti
[33] in the methodology. Both models are initially investigated in
fatigue analysis of double notch tensile test specimens with com-
pressive residual stress induced by initial tensile overload. Results
are compared with fatigue test results from the literature and ad-
ditional results not previously presented. The procedure with the
Chapetti crack arrest model is then applied to a complex 3D valve
body with autofrettage residual stress, previously considered by
Sellen et al. [34].

2 | Methodology
The analysis procedure adapted from the previous work [25] is
described schematically in Figure 1. Three models for the finite

element analysis (FEA) are used.

The first stage in the analysis is to determine the residual stress
distribution in the component after autofrettage. This is done
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using FEA Model 1, which has an elastic—plastic material model
based on monotonic stress—strain data. The calculated residual
stress distribution is then exported as an initial stress state to
two other finite element models.

Model 2 is an elastic-plastic model based on a cyclic stress-
strain curve. This is used to calculate the stress amplitude,
0, resulting from the combined applied pressure and resid-
ual stress. Mean stress correction is applied to determine the
equivalent stress amplitude, o,,. Crack initiation is assumed to
occur at the maximum o, location.

Model 3 is used to analyze crack propagation from the crack
initiation location from Model 2, using the ANSYS SMART
crack growth tool calculate variation in SIF range with

FE Model 1

increasing crack length a. This can be done for components
with and without autofrettage. When autofrettage is consid-
ered, the calculated residual stress distribution from Model
1 is imported as an initial stress state. SMART automatically
models crack propagation, remeshing the crack tip region and
calculating stress redistribution and SIFs as the crack grows.

A superposition method is then applied to calculate the SIF
range for the applied pressure, AK,,, and the residual stress
SIF, K, from which the effective SIF range, AK,y, is calcu-
lated. The calculated effective SIF range is then compared
with a crack threshold model to determine if the crack will
propagate or will be arrested. The autofrettage pressure at
which crack arrest occurs can be determined by repeating
the procedure for several autofrettage and applied pressure

values.
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FIGURE1 | Flow diagram of analysis methodology. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 | (a) Schematic Kitagawa-Takahashi (KT) diagram. (b) Variation of threshold of stress intensity factor range with crack size. [Colour

figure can be viewed at wileyonlinelibrary.com]
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3 | Crack Arrest Models

In stress life analysis, the fatigue or endurance limit stress
range Aoy, defines a stress cycle below which fatigue cracks do
not propagate. In fracture mechanics, a fatigue crack propaga-
tion threshold defines a SIF range AK,, below which existing
cracks will not propagate. The two thresholds are related by the
expression:

AKy, =Y Aoy\/7a @)

where Y is a geometrical configuration factor and a is the crack
length. The schematic Kitagawa-Takahashi (KT) diagram [35]
of Figure 2a illustrates the relationship between Ao, and a for
microstructurally short cracks (MSCs), physically short cracks
(PSCs), and long cracks (LC) for a fixed stress ratio R. Length d,
and d, are characteristic microstructural dimensions that iden-
tify the transitions between MSC and PSC and between PSC and
LC, respectively.

For an MSC of length a < d,, crack propagation will occur if
the applied stress range is greater than or equal to the plain
fatigue limit range A o,;. Below this value, cracks are arrested
at microstructural barriers. For a LC a >d,, propagation
will occur when the SIF range is greater than the threshold
value AKp.

El Haddad et al. [32] proposed the threshold SIF range for a PSC
of length a, AKy, ,, as

a
ARy = AKyg 4 3)

where the value of d, for an edge short crack can be determined
from A K, and fatigue limit o, as [36]

AKyp =1.120v/nd,. 4

Chapetti [33] proposed an alternative model in which the PSC
threshold SIF range has intrinsic and extrinsic components. The

intrinsic threshold A K is dependent on the plain fatigue limit
and characteristic dimension d;:

AKy;p =Y Ao/ 7d,. 5)

In the extrinsic component of the threshold SIF range, AK,,
increases from A Ky to AK,,g, as illustrated in Figure 2b. The
threshold SIF range for a PSC of length a is defined as

AKy = ARy + (AKyg — AKyg) [1 - e—k(“—dl)] )
where k is the material constant given by

1 AKyp

k= L 2w
4d, DKy AR,y )

When the crack length is greater than d,, the threshold SIF
range is constant at A K,p.

Crack arrest analysis based on the El Haddad and Chapetti
models have been considered in several investigations. Aradjo
and Nowell [36] and de Pannemaecker et al. [37] adopted the
El Haddad model for crack arrest analysis in fretting fatigue.
Chapetti and Jaureguizahar [38] assessed fatigue strength by
comparing the threshold curve with AK. Chapetti assumed a
semicircular crack, with Y = 0.65. Santus and Taylor [39] have
proposed a semiellipse form where Y is dependent on aspect
ratio, with Y = 0.746 assumed for an aspect ratio 0.8. A similar
IBESS approach [40] was proposed for fatigue assessment of
welding structures.

Crack arrest analysis taking account of autofrettage pressure
was investigated for cruciform specimens by Thumser et al. [41]
in terms of A K. This applies to cracks within the MSC region,
but when defining crack arrest in general, it is necessary to con-
sider variation in the PSC threshold with a, AKy, ,, as illustrated
in Figure 2b. Even if AK exceeds A K, there is still a possibility
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FIGURE3 | Dimensions of double-notched specimens. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE1 | Experimental and collected material properties of 316L and S355 (R=0) [20, 22, 25, 43, 44].

Material o,(MPa) E(GPa) Ao, (MPa) AK,hR(MPa\/E) d,(mm) d,(mm) AKg (MPa\/E) k (mm™)

316L 255 200 292 5.5 0.024 0.36 1.64 4.46
S355 255 200 344 8 0.055 0.55 2.94 2.64
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of arresting the crack due to increasing AKy, ,. An alternative
way to calculate crack arrest is to generate the threshold of SIF
range curve (R curve) by considering the plasticity induced by
crack closure [42].

4 | Double Notch Tensile Specimens

The proposed method is initially investigated for fatigue anal-
ysis of double notch tensile test specimens with induced com-
pressive residual stress. Compressive residual stress is induced
in the notched region of the specimens prior to fatigue testing
by applying a tensile overload great enough to cause limited
plastic deformation in the notch intersection region. When
the load is removed, compressive residual stress is induced at
the corners due to recovery of the elastically deformed interior

Strain amplitude R=-1 (Cyclic stress-strain data)

450 T T T
400 o x
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a
300 - s
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£ S
s 250 g
> £
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g 200 g
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= §355 monotonic stress-strain curve
50 O 316Lss stable cyclic stress-strain data
*  S355 stable cyclic stress-strain data
o i 1 1
0 0.005 0.01 0.015 0.02

Strain (Monotonic stress-strain curve)

FIGURE4 | Monotonic stress—strain curves and cyclic stress—strain
data of 316Lss [25] and collected curve of S355 [22]. [Colour figure can
be viewed at wileyonlinelibrary.com]

material. The localized nature of the residual stress distribu-
tion is similar to that found at stress raising features in pres-
sure components.

The method was applied to two types of double-notched ten-
sile test specimens, Type A and Type B, previously investigated
by the present writers [22,25]. The geometry and dimensions
of the square cross-section specimens are shown in Figure 3.
Specimen type A is 316L stainless steel, and specimen type
B is S355 low carbon steel. For specimen type A, Wis 14 mm,
and L is 150 mm, and for specimen type B, Wis 21 mm, and L
is 180 mm.

4.1 | Material Properties

The material properties used in the FEA and crack propagation
threshold models, obtained from the literature [20, 22, 25,43, 44],
are given in Table 1. For detailed elastic—plastic analysis, accord-
ing to the definitions of offset strain reviewed by Abdel-Karim
[45], 0, is determined from the 0.01% proof stress, rather than the
0.2% proof stress.

Monotonic stress-strain curves and cyclic stress-strain data for
316L [25] and S355 [22] are shown in Figure 4. Multilinear kine-
matic model is applied to fit the monotonic curve. The Chaboche
kinematic hardening material model is applied to the stable cy-
clic stress-strain curves, with parameters C; = 63,400 MPa and
71 = 303.41 for 316L stainless steel and C; = 30,489 MPa and
77 = 135.41 for S355 low carbon steel.

4.2 | Finite Element Models

Both specimen types were modeled in ANSYS Workbench using
SOLID 187 tetrahedral structural solid elements. The three

Symmetry |
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FIGURE 5 | (a) Finite element model symmetry planes and boundary conditions. (b) Finite element mesh plots in the notch regions (specimen

type A 316L stainless steel, specimen type B S355 low carbon steel). [Colour figure can be viewed at wileyonlinelibrary.com]|
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models used in the procedure for each specimen type used the
same initial mesh, selected on the basis of convergence studies

based on crack configuration factor Y [25].

The models used assumed two perpendicular planes of symme-
try, as shown in Figure 5a. When a crack occurs at a single notch

intersection, this symmetry assumption is no longer strictly

TABLE 2 | Preloads and working cyclic loads (R = 0) for specimen types A and B.

Maximum
working Maximum working
Preload Working force nominal cross-section Theoretical stress
kN amplitude kN stress MPa stress MPa concentration factor
Specimen A 21 7.5,8,8.5,9 234.375, 250, 76.53, 81.63, 86.73, 91.83 2.365
265.625, 281.25
Specimen B 75 21, 22, 23, 24, 25 186.67, 195.56, 95.238, 99.77, 104.3, 3.2165
204.44, 213.33, 108.84, 113.38
222.22
Residual stress (MPa) Residual stress (MPa)
. 21.434 Max . 16.777 Max
-16.961 -11.893
-55.356 == -40.563
-93.751 -69.234
-132.15 -97.904
E -170.54 . -126.57
-208.94 £ -155.24
-247.33 -183.91
I -285.73 l -212.58
-324.12 Min -241.26 Min
(a) 0.000 5.000 10.000 (mm) (b) 0.000 5,000 10.000 (mm)
2.500 7.500 2.500 7.500
50 T Al T T Ll
©
o
=
e B
)
7]
)
“
—
o §
— Notch root
=)
o 4
]
)
(14
—+— Specimen A
-300 —+— Specimen B .
_350 1 1 Il Il 1
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(c)

FIGURE 6 | Minimum principal residual stress distribution (MPa) at the notch root for (a) Specimen A and (b) Specimen B. (c) Residual stresses

along the bisector. [Colour figure can be viewed at wileyonlinelibrary.com]
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valid. However, preliminary investigations of full specimen
models showed that the global effect of a crack was negligible
for the crack lengths considered here. Plots of the mesh in the
notch region for both specimens are shown in Figure 5b. The
SMART crack analysis Model 3 assumed a semicircular initial
crack of radius 0.2 mm at the notch root.

The quarter-specimen models had symmetry boundary condi-
tions applied on the planes of symmetry and axial displacement
set to zero at one end, as shown in Figure 5a. The preload force
and working force were evenly distributed over the free end of
the model, where the working force varied between zero and a
maximum value, R = 0. Four different working force levels were
considered for Specimen A and five for Specimen B. The preload
force and working force amplitude applied to the models corre-
spond to the full specimen test values given in Table 2.

4.3 | Preloading and Residual Stress

Elastic-plastic FEA Model 1 was used to calculate the residual
stress field induced in the specimens by initial overloading, using
multilinear kinematic hardening material models based on the
stress-strain curves of Figure 4. Specimen A is subjected to a
preload force of 21 kN to induce local plasticity at the notch root.
Upon unloading, local compressive residual stress is induced in
this region, balanced by equilibrating tensile residual stress else-
where in the specimen. Specimen B undergoes the same process
with a preload force of 75 kN. The notch region minimum princi-
pal residual stress distributions symmetry plane of for both spec-
imens is shown in Figure 6a,b. The residual stress distribution
along a line at 45° to the corner on the same plane of symmetry
is shown in Figure 6c¢.
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FIGURE?7 | Variation of applied load SIF range AK,,,

with increasing crack length for (a) Specimen A and (b) Specimen B. (c) Variation of residual

stress SIF K,, with crack length a. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 | Calculated AK,y compared with AKy, for the different
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[Colour figure can be viewed at wileyonlinelibrary.com]
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4.4 | Residual Stress SIF

The values of the applied SIF range and the residual stress in-
tensity, AK,,, and K, respectively, are calculated in Model 3,
using the ANSYS SMART crack growth modeling tool. The
residual stress field is initially imported from Model 1. The
repeated working forces from Table 2 are applied to the struc-
ture to simulate the crack propagation. As the crack propa-
gates, the residual stress redistributes, and the SMART tool
automatically remeshes the model, transferring the results
from the previous to the new mesh. The calculated varia-
tion of AK,,, with increasing crack length a along the bisec-
tor is shown in Figure 7a,b for the working force amplitudes

considered.

The residual stress SIF, K,,, is calculated using the superposition

method proposed by Xiao et al. [25]. The calculated SIF range is
independent of the residual stress field:

AK =K,

max

Kmin = AI<app' (8)

However, the stress intensity ratio Ry is dependent on the resid-
ual stress. The effective stress ratio Ry . is defined as follows:

R _ Kmin,app + Krs (9)
K off = .
& Kmax,app + Krs
When the applied force ratio is zero (R = 0),
R _ Kmin _ Krs _ Krs (10)
Keff = = = .
& Kmax Kmax,app + Krs AI<app + Krs

The SMART crack growth tool cannot directly calculate the
residual stress SIF; however, this can be done using a super-
position method. The model is first analyzed for an arbitrary
external cyclic load (of sufficient magnitude to the model to
enable crack propagation) with no residual stress, and the
SIF range AK,, calculated. The analysis is then repeated for

pp
26 T
25+ o ]
Specimen B
4
24t -
Q
o
2
- 4
g 23
©
[
o
52— W
w Predicted crack arrest
-== El Haddad
2| === Chapetti | ~~ """~ B>- - - - -
Predicted crack arrest
20 .
108 107

Number of cycles, N/Cycles

(b)

FIGUREY9 | Experimental results of fatigue tests of preloaded double-notched specimens with predicted crack arrest force: (a) Specimen A and (b)

Specimen B [22]. [Colour figure can be viewed at wileyonlinelibrary.com]
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both the external load and imported compressive residual
stress field to determine a combined value of AK,,, + K. K

is then be obtained by superposition, subtracting AK,,, from

AK,, + K, The calculated variation of K, with increasing

crack length a is shown in Figure 7c.

4.5 | Effective SIF Range

The plain fatigue limit A ¢,; and the threshold SIF range AK,,»
used in the calculation of the PSC threshold are defined for
stress ratio R = 0. However, the effective residual stress ratio
Ry o when residual stress is present varies with crack length.

Elber's crack closure concept [46] proposes that the crack can
only propagate when the maximum SIF K,,,, is greater than the
crack opening SIF. In this way, only the crack opening part of
AK plays a role in crack growth. Kujawski [47] proposed that
the fatigue crack driving force, K*, is dependent on both AK and
K,ar Here, K™ is taken as the effective SIF range, AK,4. Thus,
applying Walker mean stress correction, AK,y is given by the
following:

AK
AK, ;= ———— forRg >0
eff (I_RK)II K (11)
AK
AK, = ——— forRy <O0.
7= 1Ry JorRg (12)

4.6 | Crack Arrest Assessment

The El Haddad (2) and Chapetti (4) fatigue threshold models
for 316L and S355 determined from the material properties of
Table 1 are shown in Figure 8, where AK,, for the Chapetti
model assumes Y = 0.65. As a PSC develops from a MSC, crack
arrest will occur if the effective SIF range AK,; for a given
crack length a is below the fatigue crack threshold AKj,. The

<« @5mm

\ SR 52r:h'm —

FIGURE 10 | Geometry of half of the valve body [34].

TABLE 3 | Collected mechanical properties of AW-6082-T6.

effective SIF range for Specimens A and B can be determined
from the numerical results for AK,,,, K,; and Ry 4 AKq cal-
culated from (11) and (12) by replacing AK with AK,,, and Ry

with Ry . for zero-based applied pressures.

The threshold and effective SIF ranges for Specimens A and B are
plotted against crack length a in Figure 8a,b, respectively, for each
working load level considered. For Specimen A, the maximum
force at which crack arrest occurs is 8.0kN for the El Haddad
model and 7.5kN for the Chapetti model. For Specimen B, the El
Haddad model predicts crack arrest for forces 21 and 22kN. The
Chapetti model predicts crack arrest for force 21kN, but at 22kN,
the effective SIF range is marginally outside the crack arrest
boundary.

Test results for fatigue cycles to failure for Specimen A from
the experiments [25], with additional data not previously
reported in red, and Specimen B [22] are summarized in
Figure 9a,b respectively. The results for Specimen A show
a finite fatigue life for an applied working force of 8 kN and
above. This shows that crack arrest does not occur at 8kN,
as predicted using the El Haddad model. Test results corre-
sponding to the Chapetti model prediction of crack arrest at
working load 7.5kN show run-out at 2 x 10 and 2 x 10 cycles.
Specimen B results show finite fatigue life for working force
of 22kN and above, showing that crack arrest does not occur
at 22kN as predicted using the El Haddad model. A single test
corresponding to the Chapetti prediction of crack arrest at
21kN shows run-out at 3 x 10 cycles.

Comparison with fatigue test results indicates that the El
Haddad model does not give a conservative estimate of crack
arrest within the framework of the proposed method. However,
the results given by the Chapetti model indicate that it is a po-
tentially viable approach, within the limits of the run-out data
available.

5 | Valve Body Analysis

Sellen et al. [34] presented a stress life design procedure for aut-
ofrettage of the complex 3D aluminum AW-6082-T6 valve body
shown in Figure 10, validated through experimental observa-
tion. Their proposed criterion for required autofrettage pressure
is crack arrest under post-autofrettage working loads. They
proposed that a conservative condition for this to occur is the
maximum post-autofrettage SIF under working loads is always
K,.ox <0, and the definition of SIF, this condition is satisfied if
the corresponding maximum stress normal to the crack plane is
always oy < 0.

Sellen et al. considered an operational pressure range from 0
to 87.5MPa, and three autofrettage pressures: 180, 270, and

Ac,z (R=0) AK g AKgp
Material o,(MPa) E(GPa) E;(MPa) (MPa) (Mpa ) /—m) d,(um) d,(mm) (Mpa, /—m) k(mm™)
6082-T6 371 76.5 843 150 2.184 323 0.215 0.982 6.325
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350 MPa. Experimental analysis showed that crack arrest did
not occur for 180-MPa autofrettage, but the observed crack
growth suggested that the effective SIF range was close to the
threshold value. The 270-MPa autofrettage test was stopped
after 10%cycles, at which very small cracks were observed.
A similar observation was made for autofrettage pressure
350 MPa.

Refined mesh area

(a) (b)

Crack arrest in the valve body of Sellen et al. [34] is analyzed
here using the procedure of Figure 1, and the same material
properties, material models, and boundary conditions used in
FEA are defined by Sellen et al. [34]. Considering the double
notch specimen analysis results, the Chapetti model was se-
lected for assessment of crack arrest.

B symmetrybcs
Pressure

B Plug Thrust

. Plug Thrust

FIGURE 11 | (a) Finite element mesh and (b) applied boundary conditions for 1/8 valve body model. [Colour figure can be viewed at wileyon-

linelibrary.com]

Residual stress (MPa)

. 24.654 Max
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Von-Mises Stress With autofrettage
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64.602
43.234
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(MPa)
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2743
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205.85
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137.39
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(b)

Residual stress/MPa

[
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[

{
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(d) Path length at 45° to the corner/mm

FIGURE 12 | (a) Residual stress normal to the symmetry surface at cross-hole intersection after 180-MPa autofrettage. (b) von Mises equivalent
stress distribution at maximum operating pressure 87.5MPa without autofrettage and (c) with autofrettage pressure. (d) Residual stress along a line

at 45° to the corner. [Colour figure can be viewed at wileyonlinelibrary.com]
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5.1 | Material Properties

The material properties used in the FEA and crack propaga-
tion threshold model obtained from the literature are given in
Table 3. Following Sellen et al. [34], the valve body material is
assumed to be bilinear kinematic hardening. In constructing
the Chapetti model, the value of Ac,; was determined from
SN curves from the literature [48-50], the value of AK},, was
obtained from experimental data from the literature [51, 52],
and the average grain size was collected from Li et al. [53].
The parameters of Chapetti fatigue threshold model for AW-
6082-T6 calculated by (5)-(7) are shown in Table 3.

5.2 | Finite Element Models

The valve body was modeled in ANSYS Workbench using
SOLID 187 tetrahedral structural solid elements. The crack-free
component has three planes of symmetry, and the monotonic
and cyclic stress analysis stages of the assessment procedure
can be performed for a 1/8 model with appropriate symmetry
boundary conditions. However, if crack initiation occurs on a
symmetry plane, the material on both sides of the plane must
be modeled when applying ANSYS SMART and a 1/4 model is
required.

To obtain the location of crack initiation, 1/8 of the valve body
was meshed as shown in Figure 11a. The applied boundary
conditions are shown in Figure 11b. Symmetry boundary con-
ditions are applied on the three symmetry planes. The real
component is sealed by plugs at the smaller diameter end of
the conical transition section of the cross-holes. Pressure was
applied to the surfaces within the seal, and the pressure force
acting on the plugs was represented by axial thrust forces act-
ing on the larger bores.

Sair 12 (MPa)

147.659 Max

F 131.254
114.849
98.4443
82.0394
65.6345
49.2296
32.8247
16.4198
0.0149147 Min

Sait 23 (MPa)

55.1246 Max

. 49.0021
42.8796
36.7571

30.6346
E 24,5121
18.3896

12.267
I 6.14453
0.0220117 Min

Saie 31 (MPa)

. 147.903 Max

82.2886
E 65.8851
494816

33.0782
I 16.6747
0.271162 Min

Results from cyclic stress analysis shown in Section 5.4 indi-
cate that the crack forms on the horizontal symmetry surface of
Figure 11. A 1/4 model with a similar mesh density was there-
fore created for crack growth analysis, with similar boundary
conditions including symmetry boundary conditions, pressure,
and plug thrust. The valve was analyzed for an operating pres-
sure cycle from 0 to 87.5MPa and six autofrettage pressures: 150,
160, 170, 180, 185, and 190 MPa.

5.3 | Preloading and Residual Stress

Elastic-plastic FEA Model 1 was used to calculate the residual
stress field induced in the autofrettage process, assuming a bi-
linear kinematic hardening material model based on material
properties of Table 3. The distribution of residual stress normal to
the symmetry plane for autofrettage pressure 180MPa is shown
in Figure 12a. The von Mises equivalent stress distribution at the
cross-bore intersection for a valve body without autofrettage at
maximum operating pressure 87.5MPa is shown in Figure 12b.
The maximum von Mises equivalent stress occurs on the surface
at the intersection between the cross-holes. When the valve body
has previously experienced autofrettage, the value and location
of the maximum von Mises stress can change. Figure 12c shows
the von Mises equivalent stress distribution at operating pressure
87.5MPa for a valve body previously subjected to 180-MPa autof-
rettage pressure. In this case, the maximum von Mises stress oc-
curs internally, close to the cross-hole intersection. The residual
stress distribution along a line at 45° to the corner on the same
plane of symmetry is shown in Figure 12d.

5.4 | Crack Location

In a 3D structure with a multiaxial stress field, the location of
crack initiation, or critical point, is identified using a multiaxial

131.499
115.096
98.6921

Maximum shear stress range

FIGURE13 | Contour plots of alternating stress Sy, ;; MPa. [Colour figure can be viewed at wileyonlinelibrary.com]

11 of 16

85US0 17 SUOWILIOD 31RO 3(eo|(dde 3y} Ag pausenob afe SSp1e YO 8SN JO S9N 104 A%eiq1T 8UIIUO 431 UO (SUOTIPUOD-PLE-SWUS}/W0D A8 | 1M A1 1[BUI UO//STNY) SUORIPUOD PUe SWB L 83U} 885 *[5202/T0/20] Uo AigiTauliuO A8]iM ‘SpAPYIRIS JO AISRAIUN AQ 6ESHT @4/TTTT OT/I0P/L0D A8 |IM AseIq1jeul U/ SRy WO1) papeo|umMoq ‘0 ‘S692091T


https://onlinelibrary.wiley.com/

fatigue criterion. Several such criteria, based on both stress
and strain, have been proposed. In the critical plane approach
[54-56], fatigue failure is dependent on the maximum shear
stress range over the load cycle and the mean stress normal
to the shear plane [57]. The location of crack initiation and
orientation of the crack plane are determined by considering
the stress cycle at specific nodes in the model. Depending on
the FEA software used, this may be done for all nodes through
postprocessor load case calculations, application of internal

macros, or exporting stress results to an external program for
further processing. At each node, the maximum shear stress
plane is identified by the maximum shear stress range be-
tween the minimum and maximum loads. This may be de-
fined in terms of principal stress if the principal directions
do not change over the load range. If the principal directions
change over the cycle, calculation should be based on stress
component range. The principal stress differences at a node
are as follows:

6 Y T T T T
> .0° R v .: YTy
51 o 4a90 v_L"' - T —
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FIGURE 14 | (a) Variation in K,,,, with crack length under working pressure for six autofrettage conditions. (b) Variation in K,, with crack

length after autofrettage, with the residual stress normal to the crack plane inset. (c) Comparison of AK,; with AK,,. [Colour figure can be viewed

at wileyonlinelibrary.com]
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S, =01-0;

Sy =0,—03. 13)

S31=03-0,
An alternating shear stress range Sy, ; (i #j =1,2,3)is defined
for each stress difference, and the maximum alternating stress
range at each node was determined as follows:

Saltij = max[O'S(Sij max_Sij min)]' (14)

Contour plots of the alternating shear stress in the valve body
with autofrettage are shown in Figure 13. The highest value
occurs for S, 5;, on the surface at the cross-hole intersection,
highlighted in Figure 13. This is therefore defined as the crack
initiation location. The crack plane is also defined by the princi-
pal stress directions, such that the crack surface corresponds to
the plane where the alternating shear stress is S, ;. This is in
agreement with experimental observation [34].

5.5 | Crack Growth Simulation

An initial semicircle crack was inserted in the quarter model at
the identified crack initiation site. The crack plane lies on the
X-Z plane. Crack propagation analysis was performed using the
ANSYS SMART crack growth tool. Crack growth analysis was
performed for six models under cyclic working pressure range 0
to 87.5MPa (R = 0), one with no residual stress and others with
initial residual stress corresponding to autofrettage pressures
of 150, 160, 170, 180, 185, and 190 MPa imported from elastic—
plastic analysis. The calculated variation in K,,,, with increas-
ing crack length along the bisector for each model is shown in
Figure 14a, where the final crack profile illustration represents
termination of the simulation.

Figure 14a shows that at shorter crack lengths, with the com-
pressive residual stress region, K, decreases significantly
with increasing autofrettage pressure. As the crack propa-
gates through the residual stress region, K, approaches a
similar value for all the autofrettage conditions considered
and beyond the compressive stress zone, after around 3 mm,
there is little difference in the curves. A similar response is
found for the variation in K,,;, (which is equal to K,, when
the minimum applied pressure is zero) with crack length, as
shown in Figure 14b. Within the residual stress region, K,
decreases significantly with increasing autofrettage pressure,
but the curves approach a similar value as the crack grows
beyond this.

5.6 | Crack Arrest Assessment

The values of A K, with different autofrettage pressures calcu-
lated by (11) and (12) are compared with the Chapetti thresh-
old SIF range AK,, in Figure 14c. As the autofrettage pressure
increases from 150 to 180 MPa, the AK, curves approach the
threshold curve, but crack arrest is not predicted. Crack ar-
rest did not occur for autofrettage pressure 180 MPa in the ex-
perimental investigation [34], but, based on the form of notch

cracks observed in the failed test piece, it was presumed that
the effective SIF range was close to the threshold value. This
presumption was investigated here by considering the slightly
higher autofrettage pressure of 185MPa. Figure 14c shows
that the AK,; curve for 185MPa crosses the Chapetti crack
propagation threshold boundary, indicating crack arrest in
the PSC region.

6 | Conclusion

This paper presents a new methodology for determining the
autofrettage pressure required to achieve crack arrest and
hence theoretical infinite fatigue life in pressure components
subject to varying working pressure. A high cycle fatigue life
assessment framework based on a fracture mechanics crack
growth model and FEA [25] is augmented by a crack arrest
threshold model to determine the conditions required for
crack arrest.

The residual stress distribution due to autofrettage is simulated
by elastic-plastic analysis and exported as an initial stress state to
a crack propagation model. The residual stress SIF, K,,, is deter-
mined by application of a superposition method and FEA crack
growth analysis, which is simpler to apply to complex 3D problems
than the classical weight function approach. The crack initiation
location and crack growth plane orientation are determined by a
multiaxial critical plane approach, based on shear stress ampli-
tude. The value of the applied pressure SIF range, AK,,, for dif-
ferent working pressures is calculated using the ANSYS SMART
facility, employing a polynomial equation [25] fit to the SIF-crack
length data to reduce computational time for multiple load levels.

The condition for crack arrest was investigated for the two crack
propagation threshold models of El Haddad and of Chapetti for
MSC, PSC, and LC. The condition for crack arrest is determined
by comparing the effective SIF of a growing crack for given
autofrettage and working pressures with the calculated crack
threshold boundaries. The validity of the method was assessed
through analysis of double notch tensile specimens with in-
duced compressive residual stress and comparison experimental
fatigue life data. It was found that

« The El Haddad model did not result in a conservative esti-
mate of the required preload for crack arrest.

« The Chapetti model satisfied the necessary condition for
crack arrest based on limited run-out experimental data.
These data alone are not sufficient to state that crack ar-
rest occurred, and further experimental investigation is
required.

The proposed methodology was then applied to a more complex
problem, a 3D aluminum valve housing, for which autofrettage
test results were available in the literature [34]. The results sim-
ulated for a range of autofrettage pressures and fixed working
pressure range showed were found to be consistent with the ex-
perimentally observed behavior:

« No crack arrest for the minimum autofrettage pressure con-
sidered in the experimental study.
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« Crack arrest at a slightly higher autofrettage pressure,
which agrees with the reported experimental observation
that the form of notch cracks at the minimum autofrettage
pressure, suggested that the effective SIF range was close to
the threshold value.

Overall, comparison of crack arrest analysis using the proposed
method with test results for double notch and valve body struc-
tures indicates that the method is a promising tool for defining
the minimum autofrettage pressure required for crack arrest
and hence theoretical infinite fatigue life. Alternatively, the
methodology can also be used to determine the autofrettage
pressure required to achieve a specific finite fatigue life.

Nomenclature

a crack length

d, the transition between MSC and PSC

d, the transition between PSC and LC

E Young's modulus

E; tangent modulus

K* fatigue crack driving force

K ax maximum stress intensity factor

Kinaxapp Maximum applied stress intensity factor

K, in minimum stress intensity factor

Kininapp Minimum applied stress intensity factor

K, stress intensity factor for the residual stress field

k parameter used to fit the curve of the PSC regime

L length of double notch specimens

R stress ratio associated to the plain fatigue limit
amplitude

Ry stress intensity ratio

Ry .p  effective stress intensity ratio
alternating shear stress range

alt ij
Sy stress difference
w width of double notch specimens
Y configuration factor
o correlation parameter

01, 0,, 04 principal stresses

o, stress amplitude

Car equivalent stress amplitude

oy plain fatigue limit amplitude

O residual stress

oN normal stress

o, yield stress

AK stress intensity factor range

AK,,, range ofapplied stress intensity factor

AK,;r  intrinsic threshold

AK,;  effective stress intensity factor range
AKy, fatigue crack propagation threshold
AK,,, fatigue crack threshold for PSC
AK,r fatigue crack threshold for LC

Ao, plain fatigue limit

Aoy, endurance limit stress range

FEA finite element analysis

LCs long cracks

LEFM linear elastic fracture mechanics
MSCs  microstructurally short cracks
PSCs  physically short cracks

SIF stress intensity factor

SMART Separating Morphing and Adaptive Remeshing
Technology
SN stress number of cycles to failure

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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