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Innovation Methods for Residual Stress
Determination for the Automotive
Industry

Máté Sepsi, Dávid Cseh, Ádám Filep, Márton Benke
and Valéria Mertinger

Abstract Determination of the residual stress state in a loaded automotive com-
ponent is highly important because of its strong effect on the lifetime of the element.
Nowadays, the residual stress characterization of products became an everyday
requirement in the automotive industry, and the quality control is impossible to
imagine without it. Forasmuch as every producing process (casting, heat treating,
different kinds of metal deformation processes and surface compressing methods,
etc.) influences the residual stress state, therefore it can be very complex and
various within the materials. If we conscious in the effect of these processes it is
possible to reach such a state in the material which can enhance its lifetime and
quality, and with an optimized process, the costs could be reduced. Several methods
exist for measuring the residual stress and each of them has its own advantage and
disadvantage. With this paper our purpose is to introduce nowadays’ available
stress measuring methods such as X-ray diffraction, magnetic Barkhausen noise and
the hole drilling methods and a few more alternatives. Some useful results from the
practice are also presented.
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1 Introduction

Residual stress is introduced into solid state materials during almost all shape
modifying processing types including casting, plastic deformation, machining,
welding, etc. For most cases, the presence of residual stress is not designed, but is a
consequence of the required manufacturing step [1, 2]. In the automotive industry,
however, residual stress is introduced within a machine component intentionally to
enhance the component’s properties, such as resistance against fatigue [3, 4]. The
most common techniques to induce compressive stresses are shot peening and ball
burnishing. In such cases, the stress state (type and magnitude) of the component is
a requirement and regulated similarly to mechanical properties or geometry.
Because of that, providing accurate data about residual stress is of great interest.
There are many methods that can qualitatively describe the residual stress state of a
component [5, 6]. One of them is the Magnetic Barkhausen Noise measurement,
which could be the quickest and the easiest measurement from the side of the
operator. It is based on a ferromagnetic phenomenon which induced by a changing
magnetic field in a ferromagnetic material. Forasmuch the characteristic of the
Barkhausen noise is influenced by the microstructure, the hardness and the stress
state of the magnetized material, therefor it is suitable to use it in the industry for
quality control, where the measurement time is very important [7]. Nevertheless,
the description of the residual stress state quantitatively is not easy with this method
[1]. Another one is the Hole-drilling method, where the definition of the residual
stress based on the macroscopic deformation of a solid material upon changing the
stress balance through material removal. The largest advantage of this kind of
measurement is that not just the ferromagnetic and the polycrystalline materials are
analysable with it. But, as it is mentioned, material should be removed to get result,
so stress state on the surface is not definable. However, diffraction based methods
are the only ones that provide accurate quantitative information about the stress
state from the surface to the deep. While neutron diffraction requires a neutron
source, X-ray diffraction based residual stress measurement can be performed in
laboratory conditions, or, even as on-site measurements. Using non-destructive
X-ray diffraction, no sample has to be cut from the component for the examination.
Using this technique, not only remains the component usable after the examination,
but the true stress state is not distorted with sample cutting. Thus, the true stress
state is provided after such examination. The residual stress measurement by X-ray,
as all of the other diffraction measurements is based on Bragg’s law [8]:

nk ¼ 2d sin h ð1Þ

This equation gives the diffraction angle (h) where the diffracted X-ray photons
with a given wavelength (k) meet in the same phase after scattered on the lattice
with a given plane distance (d), (n is an integer.) An intensity peak appears as a
function of the diffraction angle in the recorded interference function where Bragg’s
law is fulfilled. The diffraction angle of a stressed material is shifted relative to the
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relaxed value. The lattice parameter change is the source of this phenomenon which
is generated by the residual stress. Assuming linear elastic distortions, the related
normal stresses can be calculated by Eq. (2) which is called sin2w method [8]:

r ¼ dw � d0
d0

� E

ð1þ mÞ sin2 w ð2Þ

where d0 and dw are the lattice plane distances of the strained (stressed) material in
the normal and in the tilted position defined by the angle w, respectively. E (Young
modulus) and m (Poisson number) are the elastic parameters of the material. In
practice, several tilting positions (± () in one measuring point are usually applied
and after the interferential functions are recorded, d), normal stress and its scatter,
shear stress and its scatter, the average 2 (values and the average full with half
maximum (FWHM) can be calculated. Figure 1 provides the process of an XRD
residual stress data in one measuring point. In this case 5 tilt positions (3/3) were
applied and the interferential functions were recorded at each (W = −45, −30, 0,
+30, +45°) tilt positions. The sloop of the parabola axis on the plot of calculating d
as the function of sin2W gives the value of normal stress data. The direction of the
measured stress is given by the direction of the applied tilting was used during the
measurement. The FWHM and the Bragg angle are calculated as an average value

Fig. 1 The process of an XRD residual stress data. The recorded interferential functions at
different (W = −45, −30, 0, +30, +45°) tilt positions. The plot of calculating d as the function of
sin2W. The gears under the measuring process at the A location. The calculated results are: r:
−448.7 ± 9.6 MPa, s: −16.0 ± 2.1 MPa, FWHM: 4.57° ± 0.07°, 2h:155.77°
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of the data of interferential functions which were recorded at different tilting
positions.

The X-ray diffraction technique is a reliable method for stress measurements.
However, the residual stress state of a component can be measured accurately only
if the true stress state is not affected by sample cuts. This requirement demands a
special equipment and measurement method [2, 8]. Non-destructive X-ray
diffraction is generally accepted as the ultimate tool for residual stress measure-
ments and the method meets the requirements of the regarding Machinery and Low
Voltage directives and applies the following standards: SFS-EN ISO 12100-1,
12100-2, 13857, 60204-1. Even the method is standardized, the effect of mea-
surement parameters on the obtained result is still debated. The objective of the
present manuscript is to examine the effect of measurement parameters, namely
tilting range, number of tilting positions and spot size of the measured stress values
of a shot-peened gear wheel. Our results also give evidence about the repro-
ducibility and sensitivity of the diffraction method.

2 Experimental

The residual stress was measured non-destructively by a Stresstech Xstress 3000
G3R type centerless X-ray diffractometer, owned by the Institute of Physical
Metallurgy, Metalforming and Nanotechnology at the University of Miskolc. This
method provides residual stress values from *10 lm depth of the surface layer
(depending on material type, applied generator power, Bragg-angle). A Cr radiation
was used to measure the {211} reflections of the samples. For stress calculations,
the following material constants were used: Poisson’s ratio m = 0.3, Young’s
modulus E = 211000 MPa. A carburized and shoot peened gear wheel was chosen
as test component. All of the measurements were performed at the same two
locations (D and A location) and the same direction of the gear wheel. The mea-
sured parameters (the investigated variables) such as maximum tilting angle, the
number of tilting and spot size (the diameter of the beam on the examined surface)
were systematically changed during the test. The exposure time was chosen based
on the requirement of proper signal/background ratio, so it was changing, but it is
not the investigated variable in this paper. The spot size was 1, 3, 5, mm in
diameter. The maximum tilting angles were ±20° or ±40°. The 3/3, 5/5, 7/7 and
11/11 number of tilts were chosen which refers that one stress data were calculated
based on 3, or 5, or 7, or 11 tiltings in both plus and minus directions. Three parallel
measurements were performed in each case of the measuring conditions. Thus,
reproducibility was also tested.
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3 Results and Discussion

Figure 1 provides one of the measured data at location A as an example and
Table 1 summarizes all of the calculated data, such as normal stress (r), shear stress
(s), FWHM and Bragg angle (2h). The normal and shear stresses refer to the stress
state in the measured point and direction, which was perpendicular to the axis.
The FWHM value is larger if the micro stress caused by dislocations or interstitials
is also larger. The Bragg angle is associated with the difference of chemical
composition, especially the carbon solution of the carburized gear surface zone.

Figures 2, 3, 4, 5, 6, 7, 8, 9 and 10 show the results of Location A and D which
were the equivalent parts of the gear. The error bars of each data are also presented.
The significant different data of the two locations are originated from the treatment
of the gear which can also be important information. The sufficient number of tilts
has been always a question for the users. Too high number increases the measuring
time while the too low causes wide error bars. Figures 2 and 3 show that it is a false
theory. The stress results of 11 tilts number shows only smaller error bar, but the
difference is much smaller than the difference of the result from the equivalent parts
(location A and D) of the gear. The FWHM data show no difference.

The optimal spot size is also a regular question for the operators. The larger
collimator (larger spot size) gives higher reflected intensity so the measuring time is
decreased which is convenient situation. Also, a feeling of the users that using
larger collimator gives better statistic for the material results that the commonly
used spot size 3–4 mm in diameter. As we see from Figs. 4 and 5 the stress data
deviation is within the error bars, even if 6 times larger spot size was used, so the
thumb rule works, but the FWHM data are strongly increased as the spot size is
increasing. Which does not originate from the microstructure, but is an artificial
effect. So the FWHM data can be compared in the case of same spot size mea-
surements only.

The result in Figs. 6, 7, 8 and 9 has a serious message. The ±45° maximum
tilting angle is usually used, but in some cases the special geometry limit does not
yield such a big tilting. Measuring in the bottom land of a gear is a typical example.
In that case the operators cut the gears or apply different measuring mode (psi or
omega) or decrease the maximum tilting angle. As we have already mentioned in
the introduction, the sample cutting can modify the stress state so the measured data
do not represent the real initial situation. The question is always the effect which
generated the stress state and the volume fraction of the sample where this state is in
equilibrium. Applying the omega mode can be a good solution, but some of the
available equipment are not able to fulfil this. Figure 6 shows that applying ±20°
tilting angle instead ±45° results an extremely large increase in the error bars of the
measured points and also the large scatter of the parallel measurements and the spot
size variation does not help at all (Fig. 7). In front of this, it is obvious that the
FWHM data unaffected by the tilting angles (Fig. 8) only the spot size effect is
detectable (Fig. 9).
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The difference of the two locations (A and D location) can be explained based on
the results of Fig. 10. All the residual stress and FWHM data at A and D locations
are plotted. The spot size, the max tilting angle and the number of tilt are variables.
Three parallel measurements were performed with a given set of variables. The
Bragg angles have a small scatter in both locations due to the measuring parameters,
but the data of the two locations are markedly different. The A location represents
smaller Bragg angles and larger FWHM values. It can happen, if the soluted carbon
concentration is higher at the A location. The intensity difference of shot peening

Fig. 2 Residual stress data in function of number of tilts

Fig. 3 FWHM data in function of number of tilts
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can cause a shift of FWHM value, but in that case the Bragg angle is unaffected.
Because reporting stress results together the other parameters (FWHM, h) gives a
full description with much additional information is always highly recommended in
case of any component investigation.

Fig. 4 Residual stress data in function of spot size

Fig. 5 FWHM data in function of spot size
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The reproducibility of the measurement has been always the question in any case
of measurements. Figure 11 shows the reproducibility of stress measurement at the
D location in 9 different sets of measurements (a–i). Three parallel measurements
were carried out with a given set of variables. Now it is evident that the repro-
ducibility is very good, the scatter of the parallel measured data is smaller than the
error bar value.

Fig. 6 Residual stress data in function of max tilt angle

Fig. 7 Residual stress data in function of spot size
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Fig. 8 FWHM data in function of max tilt angle

Fig. 9 FWHM data in function of spot size
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Fig. 10 All the Bragg angle and FWHM data at A and D locations, the spot size, the max tilting
angle and the number of tilt are variables. Three parallel measurements were done with a given set
of variables

Fig. 11 Reproducibility of stress measurement at the D location in 9 different sets of variables
(a–i). Three parallel measurements were done with a given set of variables

Innovation Methods for Residual Stress Determination … 495



4 Summary

The residual stress was measured non-destructively with a Stresstech Xstress 3000
G3R type centerless X-ray diffractometer on a carburized and shoot peened gear
wheel using the modified sin2w method. The data were recorded at two equivalent
parts of the gear in the perpendicular direction to the axis. The normal stress (r), the
shear stress (s), FWHM and Bragg angle (2h) were calculated at every measuring
time. To affect the applied measured parameters such as the spot size, the number of
tilting, and the tilting range were showed on based on the highest number of
measured data. The result can be summarized as follows:

• The two locations of the gear contain different stress and other results due to the
different solute carbon concentration and it is evident on based of simultaneous
investigation of normal stress, FWHM, and h.

• The increase of number of tilting has slightly effect on stress data. The stress
results of 11 tilts number shows only smaller error bar, but the difference is
much smaller than the difference of the result from the equivalent parts (location
A and D) of the gear. The FWHM data are unaffected by the number of tilting.

• The spot size effect on the stress data deviation is within the error bars, if even 6
times larger spot size was used, but the FWHM data are strongly increased as
the spot size is increasing. So the FWHM data can be comparable in case of
same spot size measurements only.

• The tilting range has the strongest effect on the stress data. In case of ±20°
tilting range the error bar can be 10 times larger than in case of ±45° which is
the usually used value. So, the sample cutting may have a smaller modification
effect on the original stress state and gives better results than the decrease of the
maximum tilting angle.

• The reproducibility was good enough in any case of a set of variables.
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