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Abstract. This work is primarily concerned with the fatigue life of highpressure-bearing components with intersecting holes, typically used in
Diesel engine fuel injection systems. The investigation focuses on
specimens with intersecting holes that have undergone the process of
Autofrettage (single mechanical overload), which is typically used to extend
the fatigue life of components loaded by cyclic internal pressure. The
resulting residual stress distribution thus influences the fatigue failure and
especially the crack propagation behaviour of the components. In previous
works, results showed that besides crack initiation, crack arrest behaviour
has to be taken into account when calculating fatigue lives of autofrettaged
specimens as the endurance limit is otherwise underestimated. In order to
achieve reliable results, material testing with samples made of the ultra high
strength steel W360 was performed. The resulting test data were used to
simulate the Autofrettage process with finite-element analysis. Calculated
residual stress distributions were used to determine at which levels of
subsequent cyclic loading crack initiation would occur. For predicted crack
initiation, the simulated residual stress distribution was used to investigate
the crack propagation behaviour with fracture mechanics based approaches
of different complexity in order to identify possible crack arrest or crack
propagation. Calculated results were compared to experimental test data
from component-like specimens. The comparison showed that the fracture
mechanics based approaches are capable of describing the crack arrest and
propagation behaviour reliably.

1 Introduction
As highly pressurised combustion engines, as Diesel engines, have to become more efficient
in order to achieve the ecological goal of minimising emissions from those types of
applications, the operating pressures have to be increased. For this reason new steel grades
with higher fatigue strengths and endurance limits have to be introduced. For currently used
steel grades, e.g. 42CrMo4, endurance limits can be increased by a factor greater than 2, if
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inner-pressure-bearing components and specimens are subjected to Autofrettage before they
are used in their designated environments, see [1, 2, 3, 4, 5]. The process of Autofrettage,
which is a single peak overload, introduces life-prolonging, beneficial residual stresses in
highly-stressed areas, e.g. notches, of the components [5, 6]. As the usage of ultra high
strength steels for these applications has not yet been investigated, this report focuses on the
evaluation of the potential using the example steel W360.
1.1 Material Characterization
The material used was a stainless electro-slag remolten X50CrMoV5-3-1 ultra high strength
steel. The material's brand name "W360" (brand name of Böhler Edelstahl GmbH & Co. KG)
will be used in this paper. Material testing was performed at the Material Mechanics Group
laboratory in Darmstadt with hourglass specimens with the smallest diameter of 5 mm. Three
of the manufactured specimens were used for quasi-static tensile testing. The data obtained
is shown in Table 1.
Table 1. Averaged characteristic values from tensile testing with W360 hourglass specimens.
Young’s
Modulus 𝑬

Yield strength
𝑹𝐩𝟎.𝟐

Ultimate tensile
strength 𝑹𝐦

Elongation at
break 𝜺𝐛

208809 MPa

1915 MPa

2245 MPa

10.37 %

From Table 1 it can be seen that in spite of the high ultimate tensile strength, the
material’s ductility is very high with an elongation at break 𝜀b of more than 10 %. The
experimentally obtained values shown in the table are averaged from three tests. For further
material characterization, strain-controlled fatigue tests were performed with various strain
amplitudes between 0.33 % and 4.65 %. The ratio of compressive to tensile strain was set at
𝑅𝜀 = −1 and testing was performed on a servo-hydraulic testing rig. Cracks were detected
visually with a microscope and an approximate surface crack length of 0.5 mm was set as
cracking criteria. The results are shown in Fig. 1.

Fig. 1. Comparison of results from tensile testing (dashed curve) and cyclically stabilised curve
fitted with Ramberg-Osgood relationship (full curve).
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From the recorded data of the fatigue tests, the strain amplitudes 𝜀a and the respective stress
amplitudes 𝜎a were used to calculate the parameters 𝐾 ′ and 𝑛′ of the cyclically stabilised
stress-strain curve with the Ramberg-Osgood equation, Eq. (1), which is shown in Fig. 1.
1

𝜀a =

𝜎a
𝐸

𝜎

+ ( a′ )

( ′)
𝑛

(1)

𝐾

The parameters were fitted by linear regression of the logarithmic values of stress and
plastic strain amplitudes while all plastic strain portions below 10−4 were ignored, according
to [7]. In the Fig. 1, the measured stress-strain data are represented by dots and their fit with
Eq. (1) is represented by the solid line. The dashed line represents the static curve from tensile
testing, see Table 1. It can be seen that the material is showing cyclic hardening behaviour,
where the stress amplitude grows higher than the ultimate tensile strength from the static
curve.
1.2 Material Modelling
As the Autofrettage process takes place before the components are subjected to operational
load conditions, for its simulation, the initial loading curve and the initial unloading curve of
the material have to be taken into account [1, 3, 4, 5, 6, 8]. If only the material’s static tensile
initial loading curve is used, the magnitudes of the induced compressive residual stresses and
therefore the crack initiation lives will be overestimated [1, 6]. To avoid that, the material
behaviour for FEA simulation, was split into two branches. For Autofrettage pressure-build
up, the initial loading curve was discretised and the stress-strain points on the curve were
used as initial loading curve with the kinematic hardening Besseling material model [9]. For
pressure-unloading simulation, the cyclically stabilised curve from Fig. 1 was approximated
by using the same material model.
1.3 Finite Element Model
The finite-element model for simulation of the Autofrettage process was created as a
sixteenth of the real, component-like specimen used in the project, Fig. 2.

Fig. 2. Specimen geometry h/d = 2.5 (upper left) and weakened geometry h/d = 2.0 (left middle)
with top view (upper right) and finite-element model for Autofrettage simulation.
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The component-like specimens were cylindrical with two 90 degree intersecting holes. The
geometry was already used in previous projects [1, 2] and its bore intersection notches
resemble those of common rails for Diesel applications. Two types of specimens were
considered in the project: one specimen with a thickness h to bore diameter d ratio of h/d =
2.5 and one, thinner, specimen with a ratio of h/d = 2. The chamfers in the vicinity of the
bore hole exits were neglected in the model, as crack initiation starts at the bore intersection
notches [1, 2]. For choosing the best Autofrettage pressure, bursting pressures were
approximated numerically with linear-elastic-ideal-plastic material behaviour by FEA with
the method described in [1]. As maximum Autofrettage pressure approximately 92 % of the
bursting pressure was chosen. Table 2 shows all applied Autofrettage pressures for the
specimens.
Table 2. Examined Autofrettage pressures for the two model geometries.
Geometry

Ratio 𝐡/𝐝

Bursting
pressure in MPa

Autofrettage pressures
𝒑𝐚𝐟 in MPa

Thick

2.5

1855

1700, 850

Thin

2.0

1419

1300, 1100, 900, 600, 300

Previous research with the thicker specimen geometry has shown that cracks nucleate at
the bore intersection notches and grow, along the bisector line between two intersecting bores
[1, 2]. The residual stress distributions along the line are shown in Fig. 3. Here it can be seen,
that the residual stresses after maximum Autofrettage pressures show the same characteristic
behaviour for both specimen types: Beginning from the bore intersection notch, the residual
stresses decrease even further with greater depth into the material. The greatest negative
residual stress is reached in a depth of about 0.9 mm for the thicker model and at a depth of
0.6 mm for the thinner model. For lower Autofrettage pressures, the minimum of the residual
stress is located at the notch root and not in the depth of the bulk material.

Fig. 3. Residual stress distributions along bisector for different Autofrettage pressures for the thick
specimens (left) and the thinner specimens (right).

2 Fatigue Life Calculations
For non-autofrettaged specimens, the fatigue life-span is dominated by crack initiation life.
With rising Autofrettage pressure, the influence of crack propagation life on the specimen's
fatigue life increases drastically and even crack arrest can occur [1, 2, 3, 4, 5, 6], which leads
to very high endurance limits, compared to non-autofrettaged specimens.
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2.1 Crack Initiation Life
Crack initiation life was calculated by a local strain approach with the damage parameter
𝑃RAM as described in [7, 10, 11, 12] and first introduced by Bergmann [13], which is the
damage parameter 𝑃SWT with a consideration of mean stress sensitivity 𝑀𝜎 , see Eq. (2).
𝑃RAM = √(𝜎a + 𝑘 ⋅ 𝜎m )𝜀a 𝐸

(2)

In Eq. (2), 𝜎a represents the local stress amplitude, 𝜎m the local mean stress, 𝜀a the local
strain amplitude and 𝑘(𝑀𝜎 ) is the mean stress sensitivity factor, calculated with the mean
stress sensitivity 𝑀𝜎 as described in [7, 12]. To calculate the values of the damage parameter
𝑃RAM for every of the tested fatigue specimens, Eq. (2) was used. Linear regression and an
endurance limit of N = 105 was then used to generate a damage parameter vs. cycles to failure
curve.
2.2 Crack Propagation Behaviour
To identify the crack propagation behaviour, a linear elastic fracture mechanics approach was
used, which is described in [2, 3]. To estimate if a crack is prone to arrest, a linear elastic
fracture mechanics approach utilising the range of the stress intensity factor Δ𝐾 was applied,
see Eq. (3).
Δ𝐾 = 𝐾max − max(𝐾min , 0)

(3)

Where the values of 𝐾max and 𝐾min are sums of the stress intensity factors due to
maximum and minimum pressures on the bore surfaces, on the crack edges as well as the
stress intensity factors due to the residual stress distribution along the bisectors. To calculate
the stress intensity factors, a weight function developed for the specimen geometry and
described in [3] was used. A threshold of Δ𝐾th = 163.4 MPa√mm, obtained from own
experimental data with CT-specimens at a stress ratio of 𝑅 = 0, was used. In Fig. 4, the Δ𝐾
ranges for different loading pressures, combined with the residual stress results from FEA
for two thicker specimens ℎ/𝑑 = 2.5 with maximum Autofrettage pressure 𝑝af = 1700 MPa
and Autofrettage pressure 𝑝af = 850 MPa are shown.

Fig. 4. Δ𝐾 ranges for different loading pressures for different residual stress distributions for two
thick specimens ℎ/𝑑 = 2.5 from an Autofrettage pressure of 850 MPa (left) and 1700 MPa (right).

On the left hand side in Fig. 7, it can be seen that the range of the stress intensity factors
never drops below the threshold value after the initial crack length of 0.25 mm which is
marked by x symbols. For the fully autofrettaged specimen, shown on the right hand side,
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the stress intensity factor range drops below the threshold for load ranges of Δ𝑝 ≤ 647 MPa.
The assumption in Eq. (3) is that a crack grows under the influence of a stress intensity factor
greater than zero.
2.3 Crack Propagation Life
Using the same weight function from [2, 3], the crack propagation life was calculated for all
specimen geometries and Autofrettage pressures. Calculation was based on the yield strip
model as described in [3] where the crack flanks are subjected to the loading pressure range
Δ𝑝 = 𝑝max − 𝑝min . The maximum pressures were varied while the minimum pressure was
set to be 𝑝𝑚𝑖𝑛 = 5 MPa. Crack lengths from 𝑎0 = 0.25 mm to a final crack length of 𝑎end =
3.0 mm were considered. The residual stress distributions for each specimen geometry along
the bisector, as shown in Fig. 6, were used.

3 Comparison to experimental Results
Component-like specimens, shown in Fig. 5, were manufactured out of W360 steel and tested
at the MFPA in Weimar. For the thicker specimens h/d = 2.5, testing was performed with
non-autofrettaged specimens (naf) and specimens subjected to Autofrettage pressures of
𝑝af = 850 MPa = 8500 bar as well fully autofrettaged specimens with a pressure of 𝑝af =
1700 MPa = 17000 bar. The specimens were loaded with pulsating inner pressure until
failure at a load ratio of 𝑅𝑝 ≈ 0 with the minimum pressure set to 𝑝min = 5 MPa, with
leakage being the failure criterion. The component-like specimens h/d = 2, were tested after
Autofrettage treatments with varying pressures 𝑝af = [1300, 1100, 900, 600, 300] MPa. For
the thinner specimens, testing was performed with a pressure-raising technique, where the
loading pressure was increased, once a specimen had withstood 𝑁 = 106 cycles without
failure. The experimentally obtained results for the thicker specimens are shown in Fig. 5.

Fig. 5. Experimental results from pulsating inner-pressure testing at MFPA in Weimar for
component-like specimens from W360 (red) and 42CrMo4 (blue) after treatment with different
Autofrettage pressures.

Red symbols represent data for the W360 material. Non-filled symbols are nonautofrettaged specimens, half-filled symbols represent specimens which were autofrettaged
at 𝑝af = 850 MPa and fully-coloured symbols represent fully-autofrettaged specimens with
𝑝af = 1700 MPa. Run-outs are marked with arrows, the small numbers at arrows denote the
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amount of run-out specimens. Blue symbols represent fully-autofrettaged specimens made of
the quenched and tempered steel 42CrMo4, as investigated in [1, 2, 3]. The endurance limit
for non-autofrettaged 42CrMo4 specimens (not shown in the figure) was 132.9 MPa, see [3].
As the endurance limit is of great practical interest. In Fig. 6 and Fig. 7, the endurable
pressure ranges from experiments, shown with green dots, are compared to the calculated
endurable pressure ranges for crack initiation (x-symbols) and crack propagation (circles).

Fig. 6. Comparison of experimentally obtained endurance limits and calculated endurance limits for
crack initiation, crack arrest and crack propagation for thicker specimens.

In the figures, the increasing influence from crack propagation on the endurance limit
correlating with the increase of the Autofrettage pressure can be seen. The increase of the
endurable pressure range for crack initiation is very low in comparison.

Fig. 7. Comparison of experimentally obtained endurance limits and calculated endurance limits for
crack initiation, crack arrest and crack propagation for thinner specimens.

7

MATEC Web of Conference 349, 04004 (2021)
ICEAF-VI 2021

https://doi.org/10.1051/matecconf /202134904004

4 Conclusion
In this report, plenty of fundamental experimental data was obtained for the investigation of
the applicability of an ultra high strength steel for pressure loaded specimens. The increase
of the endurance limit for autofrettaged specimens of a factor of 2 could even be surpassed
with component-like specimens made of the investigated steel W360. For non-autofrettaged
specimens, the endurance limits have to be investigated using calculation concepts for crack
initiation. The calculated results for crack initiation lives overestimate the experimentally
obtained results. For higher Autofrettage pressures, an appropriate description of the material
behaviour during the Autofrettage process and, consequently the resulting residual stress
field is crucial for the following fatigue life calculations. Here, different modelling
approaches are possible which easily can over- or underestimate the resulting residual
stresses. Using the linear-elastic fracture mechanics approach for investigation of possible
crack arrest behaviour delivered slightly higher endurance limits than the experiments. The
yield strip model approach used, also delivered slightly too high results describing the crack
propagation behaviour and the endurance limits of the autofrettaged specimens. Still, the
introduced residual stress distribution and the calculated crack initiation lives highly affect
the results for crack propagation.
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