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Abstract. Selectively induced compressive residual stress depth profiles are gaining increasing
importance as design tool for internally pressurized components. Hydraulic autofrettage (AF) is a
well-known manufacturing process to induce pronounced compressive residual stresses. However,
AF does not stand alone in the technical process chain. In this paper, results from neutron
diffraction experiments performed on thick-walled cylinders are presented and compared to finite-
element simulations with Abaqus/CAE. The impact on the final residual stress depth profile after
pre-machining, autofrettage and post-machining is discussed.

Introduction

During the manufacturing of high-performance components, especially in but not limited to the
automotive industry, many process steps have a key influence on the final residual stress state.
Popular examples are components of the common rail diesel injection system which have to
withstand high internal pressure loads during operation for many hundred thousands of kilometers,
depending on the application in passenger cars, heavy duty or even off-highway vehicles. In order
to increase the fatigue strength of such highly loaded components, manufacturing processes that
selectively induce compressive residual stresses in the most failure critical areas are gaining
increasing importance as design tool. Examples for such processes are peening [1], swage
autofrettage [2] or hydraulic autofrettage [3]. Unfortunately, these processes do not stand alone in
the technical process chain. Necessary process steps like forming, machining or heat treatment
additionally induce residual stresses to an unknown extent and depth [4]. This leads to complex and
superimposed final residual stress states [5].

A challenging task is the prediction of the superposition of residual stresses along the process
chain. Briinnet et al. [5, 6] have proposed a finite element approach which is capable to model the
autofrettage process as well as a subsequent post-machining process with boring and reaming.
However, the measurement of the residual stress depth profiles especially for internally pressurized
components is difficult to perform when considering conventional measurement methods such as
hole-drilling or X-ray diffraction. In order to access the relevant measurement positions, the
components have to be cut, e.g. thick-walled cylinders have to be cut in half. This leads to a
significant redistribution of the residual stress depth profile [7]. Appropriate finite element models
can be used to account for the redistribution effects [8, 9, 10]. However, the original residual stress
state before cutting the components cannot be measured destructively.

Therefore, this paper presents results from neutron diffraction measurements performed on thick-
walled cylinders. The diffraction measurements were carried out using the STRESS-SPEC
instrument at the Heinz-Maier-Leibnitz neutron source FRM II in Garching, Germany. The results
are compared to finite-element simulations with Abaqus/CAE. For the first time, non-destructive
measurement results of a complete part of the manufacturing process chain are presented, showing
the impact of pre-machining, autofrettage and post-machining on the final residual stress profile.
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Experimental setup

Manufacturing of the Samples. Five thick-walled cylinders with a length of L =110 mm
were used for the investigation, labeled with N1 to N5. The used high-strength steel AISI 4140 had
a yield strength of 1,002 MPa, an ultimate strength of 1,076 MPa and a Young’s modulus of
215,000 MPa. The material data was acquired with an uniaxial tensile test following
DIN EN 10002. Initially, the cylinders were pre-machined to an outer diameter (OD) of 27 mm and
an inner diameter (ID) of 9 mm. As a result, an outer to inner diameter ratio of K = 3 was achieved.
Afterwards, pre-machining, AF and post-machining were applied to account for three selected
process steps along a common process chain of an internally pressurized component. In Fig. 1, the
geometry of the cylinders after pre-machining and post-machining is shown. Additionally, the
cylinders N1 to N5 are assigned to the corresponding process step. The process parameters of each
process step are shown in Table 1.
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Fig. 1: a) Geometry of the cylinders and b) process chain description for cylinders N1 to N5.

Table 1: Relevant manufacturing process parameters

Cylinder | Pre-Machining (Boring) | Autofrettage Post-Machining (Boring) Post-Machining (Reaming)
RPM Feed velocity Pressure RPM Feed RPM Feed
[1/min.] [mm/s] [bar] [1/min.] velocity [1/min.] velocity
[mm/s] [mm/s]
N1 220 1 0 220 1 200 0.6
N2 220 1 8,000 Not applied
N3 220 1 8,000 220 | 1 | 200 | 0.6
N4 220 1 9,000 Not applied
N5 220 1 9,000 220 | 1 | 200 | 0.6

For the pre-machining operation, an HSS twist drill with a diameter of 9 mm and an oversized
length of 115 mm was used in order to machine the bore in one machining operation. The post-
machining first applied an oversized HSS twist drill with a length of 115 mm and a diameter of
9.6 mm for the boring operation. Second, it applied an oversized HSS-E reaming tool with six
blades having a length of 115 mm and a diameter of 10H7.

Stress-free reference sample. In order to determine the stress-free reference lattice spacing do, a
small cube of 3 mm x 3 mm x 3 mm was wire eroded from the center of the same material bar and
batch as the cylinders. Wire erosion was chosen as it is known to not further introduce machining
residual stresses. Nevertheless, the cube was annealed with the following heating sequence: Heating
to 550 °C within 30 min., temperature holding for 240 min., cooling to 100 °C within 720 min. and
final cooling to room temperature within 120 min. The size, preparation and heat treatment of the
cube should ensure the closest approximation to a stress free reference probe.
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Residual stress determination. In a diffraction experiment, the elastic strain is determined
comparing the lattice spacing d (or the Bragg reflection angles) of a strained component with the
lattice spacing do measured for the unstrained reference sample according to Eq. 1:

d-d
= (1)
By applying Hooke’s general law, the principal axial, radial and hoop stresses can then be
calculated from the principal strains according to Eq. 2 [11]:

E =
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&i and g describe the principal strain components, o; the corresponding stress components, Enki
and v the Young’s modulus and the Poisson’s ratio of the corresponding lattice plane (hkl).
According to the available literature E>11 was set to be 220,000 MPa and v211 to be 0.28 [12].

Measurement setup. In Fig. 2, the measurement setup for the determination of the strains and
the corresponding measurement parameters at the STRESS-SPEC instrument are shown.

a) Measurement setup b) Measurement parameters
Monochromator Si(400)
Wavelength A 0.168 nm
Lattice plane {211}
20-angle 92.4°
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Fig. 2: a) Measurement setup and b) measurement parameters at the STRESS-SPEC instrument

The dimension of the primary and secondary slit defines the measurement volume. For axial,
hoop and radial residual strain measurements, the parameters shown in Fig. 2 b) were used. In order
to determine the strains, the reference lattice spacing do had to be derived from the reference cube
by acquiring several reflection angle measurements from the center of the probe in different rotation
angles. The measured values were determined to be 92.3952° +/- 0.0028° for hoop and radial
direction and 92.4000° +/- 0.0027° for the axial direction.

Acquisition of the residual stress depth profiles. The measurement path scans the whole wall-
thickness of the cylinders form OD to ID. Depending on the considered process step, a different
number of measurement steps was used. Samples N2 and N3 were each scanned with 19
measurement points, N4 and N5 were scanned with 18 measurement points and finally N1 was
scanned with only 13 measurement points, as no AF process was applied. The distance between the
measurement points was set to 0.25 mm close to the ID and up to 1 mm towards the OD. However,
the measurement points near the ID and OD have to be evaluated carefully, as a part of the neutron
beam had already left the material.

Modeling

Analytical Approach. Huang [13] presented a powerful analytical approach to calculate the
complex residual stress state of autofrettaged thick-walled cylinders by fitting the empirical stress-
strain curve from uniaxial tension-compression tests of the corresponding steel. His approach is
used here to be compared to the only autofrettaged cylinders N2 and N4.
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FEA. Abaqus/CAE is used to model AF and consecutive boring and reaming of the cylinders.
The complex interaction between tool and work piece and hence the following additional
introduction of machining residual stresses is considered by an elastic-plastic material model with
bi-linear kinematic hardening and the built-in progressive damage-and-failure concept. It considers
a continuous degradation in work piece material stiffness due to the contact with the rigid tool and
deletes the affected elements after exceeding the failure strain. Until the elements are finally deleted
from the mesh, they remain in contact with the underlying elements and introduce a mechanical
stress which then leads to the generation of residual stresses. The principal applicability of the
model and all its relevant boundary conditions have been presented in [5, 6].

Results and discussion

Depth profiles from neutron measurements. In Fig. 3a), measured and Huang’s analytical
residual hoop stress depth profiles after AF with 8,000 and 9,000 bar are compared. In Fig. 3b), the
same is done for the residual hoop, radial and axial stress depth profiles after AF with 8,000 bar.
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Fig. 3: Comparison of measured and analytical a) residual hoop stresses after AF with 8,000 and
9,000 bar and b) residual hoop, axial and radial stresses after AF with 8,000 bar

Qualitatively, the experimental results for both pressure levels shown in Fig. 3a) are in close
agreement with the analytical data except close to the ID. Here, the neutron beam is not fully into
the material and the measurement data has to be interpreted carefully. A recently proposed method
may be used in a future proposal to account for this behavior [14]. Additionally, the experimental
results show a slight shift in positive direction over the depth of the cylinder. This might be due to a
not fully stress-relieved reference sample. Moreover, the analytical approach uses a plane strain
boundary condition and assumes an incompressibility of the material. In Fig. 3b), the qualitatively
good agreement between measured and calculated residual stresses is confirmed also for the radial
and axial stress components. However, the measured residual stresses at the first two measurement
points show a significant deviation from the analytical results. The observed steep gradient can be
accounted to a re-yielded material zone. Even though the residual stresses cannot be measured
directly at the ID and OD, it can be seen that measured radial stresses close the ID of cylinder N2
are not zero. This observation further supports the statement that there might be a systematic shift of
the measured residual stresses.

Post-machining: Comparison with modeling approaches. In Fig. 4a), the measured and FEA
calculated residual hoop stress depth profiles after reaming are compared. In Fig. 4b) and 4c), the
same is done for the cylinders with AF and consecutive reaming. Finally, in Fig. 4d) all three
measured residual hoop depth profiles are presented.
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Fig. 4: a) To c¢) Comparison between FEA and measured residual stress depth profiles after post-
machining and d) comparison of measured residual stress depth profiles after post-machining

In Fig. 4a), it becomes visible that the measurement shows a presence of tensile residual stresses,
while the FEA-model predicts compressive residual stresses. One reason is that the measurement
considers the whole manufacturing residual stress history whereas the FEA only considers one
process step. Another possible reason is the not fully stress relieved reference sample. It can be
concluded that the residual stress depth profile of a component is a complex matter, which cannot
be linked to a single process step. As shown in Fig. 4b) and c), there is a good agreement between
measured and FEA calculated hoop stresses after AF and post-machining. The observed
discrepancy close to the ID can be accounted to the neutron beam which is only partly inside the
material. With respect to the FEA model, the number of elements close to the ID should be
improved. Though, it can be stated that the basic mechanical residual stress generation mechanisms
due to AF and post-machining can be modeled. Fig. 4d) summarizes all measured residual stresses
after post-machining. As expected, the amount and depth of compressive residual stresses increases
with increasing AF pressure.

Summary and conclusions

In this paper, results from neutron diffraction residual stress measurements performed on thick
walled cylinders treated with pre-machining, AF and post-machining were presented. First, results
of Huang’s analytical model and the neutron measurement after AF with 8,000 and 9,000 bar were
compared. Here, a qualitatively close agreement for both pressure levels could be found. Though,
all measured residual stresses showed a slide positive shifting, which is believed to be caused by a
not fully stress-relieved reference sample. This impression was intensified by the fact, that the
measured radial stresses especially close to the ID of cylinder N2 were not zero. A closer look to
the measured axial, radial and hoop stresses after AF with 8,000 bar revealed steep stress gradients
close to the ID, which can be accounted to re-yielding.
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Finally, a comparison between FEA and measured residual stress depth profiles after post-
machining was presented. For the reamed cylinder without AF, a discrepancy was observed as a
result of the residual stress history and the systematic positive shift caused by the not fully stress-
relieved reference sample. Nevertheless, the measured and FEA calculated residual stress depth
profiles show a qualitatively good agreement. The basic mechanical residual stress generation
mechanisms due to AF and post-machining can be modeled with the used FEA approach.

Future improvements of the FEA-model will include a finer discretization close to the ID.
Additionally, a correction function will be applied in order to account for the systematic positive
stress shift. Future neutron measurement proposals focus on the improved investigation of the
material zone close to the ID.
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