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  1.  ABSTRACT 
 
The present paper describes a new method to measure local residual stresses at an absolute level 
including first, second and third kind residual stresses.  The method is based on the combination 
of cross-correlation EBSD analysis with ring-core milling to create strain free reference positions 
in every grain.  The advantages of the new technique with respect to the two individual 
techniques are discussed.  Preliminary measurements on a deformed stainless steel sample are 
very promising and indicate that the method works as expected.  We propose more systematic 
investigations and improvements to the method which will be employed soon. 
 
 
  2.  INTRODUCTION TO THE MEASUREMENT OF ELASTIC STRAINS IN THE SEM 
 
  2.1. Cross-correlation electron backscatter diffraction 
 
Electron backscatter diffraction (EBSD) has become probably the most powerful tools for 
quantitative materialography. It allows – at least in the limits of spatial and angular resolution – 
quantitative characterisation of all aspects of microstructures, including grains (morphology and 
texture), phases (secondary phases, precipitations), grain and phase boundaries (misorientations 
and planes), dislocations (densities and types, at least for geometrically necessary dislocations, 
GND), and other features like cracks or shear bands or other plastic strain fields.  An important 
component of microstructures are residual stresses that form during many materials processes 
and influence many materials structural or functional properties.  Residual stresses are tensorial 
values that consist of 3 normal and 3 shear stresses.  With cross-correlation (CC) analysis of 
EBSD patterns the EBSD technique is also able to measure 3rd kind residual stresses with 
a spatial resolution as good as that of EBSD in general (between 50 and 500 nm, depending on 
the investigated material) and an elastic strain resolution of about Δε/ε = 10-4 [1].  The 
measurement is performed by a high accuracy geometric comparison of EBSD patterns with 
a very similar reference pattern from within the same grain.  Note, that in order to reach a 
sufficient accuracy the geometry of EBSD patterns has to be measured to about a 1/20 of a pixel.  
The measured residual stress is, thus, always described relative to a stress level within the same 
grain.  It is important to note that residual stresses are categorised into 1st to 3rd kind as it is 
indicated in Fig. 1.  First kind are macroscopic residual stresses, usually caused by mechanical 
or thermomechanical processes applied to the material.  Second kind residual stresses are 
changing from crystal to crystal.  They are due to the different elasto-plastic behaviour of 
differently oriented crystals.  The third kind stresses, finally, are caused by the accommodation 
of different elastic and plastic deformation behaviour of neighbouring crystals and due to any 
heterogeneous deformation inside of grains.  At every position in a material, all 3 kinds of 
residual stresses add together component-wise and build-up the total stress (or strain) level. 
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Figure 1. Schematic display of residual stresses in a polycrystalline material under a bending strain 

load.  Colours indicate the stress level (red high positive, blue low negative).  The top surface 
is under tensile stresses, the bottom under compressive stresses (1st kind stresses).  Individual 
grains have different stress levels because of their different crystal orientations (2nd kind 
stresses).  Inside of the grains different accommodation stresses appear with different 
neighbours (3rd kind stresses). 

 
 
From EBSD only the 3rd kind stresses are measured and this leaves, of course, the picture 
incomplete.  It is not possible to determine whether the measured stresses refer to a total stress 
level of 0 or any negative or positive bias.  In the past is has been tried to overcome this 
shortcoming by various approaches.  One is a high-resolution 3D Hough transform (3D HT), 
which measures the hyperbolic shape of the Kikuchi lines in the EBSD patterns [2].  
This approach is, in principle, similar to the measurement of residual stresses from Kossel 
patterns [3], with the unfortunate difference that the curvature of Kikuchi lines in EBSD patterns 
is much smaller than that of Kossel cones and its detection therefore less accurate.  Note here 
that Kossel patterns are currently still the most accurate approach to measure absolute residual 
stresses on a several-micron resolution level. In order to reach a sufficient level of accuracy with 
a 3D HT on EBSD patterns would require determining the projection centre of the pattern with 
very high accuracy, which is currently not possible. 
 
Another approach that has been proposed is the use of simulated diffraction patterns using 
a highly realistic dynamic electron diffraction model [4].  Also this approach fails because of the 
missing projection centre accuracy.  Approaches have also been made to fit the simulated 
diffraction pattern to the measured one and then iteratively change crystal orientation 
(3 parameters) and projection centre (3 parameters) until a minimum is found [5].  As far as the 
author knows also this approach, so far, has not lead to a satisfactory absolute stress 
determination.  Here the reasons are manifold: First a 6-parameter fitting procedure at  
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sub-pixel-resolution requires a lot of calculations and the correct minimum is rather shallow.  
The probably most important shortcoming is, however, that the simulated patterns do not take 
into account the appearance of excess and deficiency lines that are due to the anisotropic 
illumination of the crystal in an EBSD experiment.  Simulated patterns only show dark Kikuchi 
lines while real ones show, depending on the orientation, dark or bright Kikuchi lines.  Figure 2 
shows an example of a simulated and a measured diffraction pattern of the [111] pole in 
aluminium.  The simulated diffraction pattern shows perfectly symmetric band profiles while 
this is not the case for the experimental one, as indicated by the arrows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Experimental (left) and simulated (right) EBSD pattern of aluminium.  The experimental 
pattern shows excess (bright) and deficiency (dark) Kikuchi lines, while the simulated one 
shows only dark lines.  Simulations performed with Esprit-S (Bruker, Aimo Winkelmann). 

 
 
  2.2. Ring-core milling (RCM) 
 
A completely different approach to the determination of residual stresses is the measurement of 
the relaxation strain when a specimen with residual stresses is cut free.  This is the basis of the 
borehole method, which is usually used for the measurement of macroscopic residual stresses.  
Note that the method is destructive, in contrast to the diffraction techniques.  Korsunsky et al. 
[6] and later Sebastiani et al. [7] have transferred this method to the microscopic level by using 
a ring-milling approach with a focussed ion beam (FIB) instrument to free-cut a cylinder-shaped 
area at a few-micrometre diameter.  The principle is displayed in Fig. 3.  Before the ring-core 
milling, a microscopic pattern is applied to the area of interest (e.g., by FIB deposition of 
platinum dots).  An SE image of this pattern is recorded and saved.  During the ring-core milling 
the pattern is regularly recorded again.  Using digital image correlation (DIC) the recorded 
patterns are compared to the original one to determine the stress relaxation process.  
The measured strains are then interpreted as residual stresses before the milling.  This approach 
has been taken up by the group of the current author to measure the elastic distortion  
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within a martensitic steel microstructure [8] and on additive manufactured high entropy alloy 
[9].  One result of the former work is reproduced in Fig. 4.  The method has the advantage to 
determine the absolute elastic strain in the material and does not require any reference point.  
The main disadvantages, however, are that the method is rather tedious, it is of limited resolution 
(we used ring diameters in the order of 5 µm), it is not a mapping technique but only good for 
collection of scattered individual data, and that it only measures plane strains and not the full 
strain tensor.  Furthermore, the DIC process is very sensitive to any kind of recording artefact, 
e.g., distortion of the scan fields by various reasons.  Also, the ion beam can lead to modifications 
of the DIC pattern which then influences the results. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Geometrical set-up of ring-core milling.  The focussed ion beam (FIB) is used to mill the 

ring and deposit a surface pattern.  Secondary electrons (SE) are used to observe the pattern 
during milling. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Results of ring-core milling on a martensitic steel.  a) Microstructure before the milling, 

overlaid with the ring position and some of the directions in which the relaxation stresses 
are measured by digital image correlation.  b) Relaxation graph displaying the evolution of 
strain in different directions with increasing milling depth.  The x-axis displays the number 
of milling processes from 0 to 120.  c) Final relaxation stresses for different directions. 
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  2.3. A new technique: Combining CC EBSD and ring-core milling 
 
We now propose a new technique, which takes advantage of both techniques, ring-core milling 
and CC EBSD and, at the same time circumvents many of the problems related to each of the 
individual techniques.  The basis of the technique is the assumption that the interior of a milled 
ring is free of residual stresses if the ring has been milled deep enough and its diameter is small 
enough.  In this case, an EBSD pattern obtained from the interior of the ring can be used as 
absolute reference pattern for all further patterns within the grain.  In this way, a number of 
significant advantages are obtained: First, the total residual stress value is measured and all 
advantages of the CC EBSD method can be used, except for the area immediately around the 
ring where also the stresses outside of the ring is relaxed.  The smaller the area is, the smaller is 
the ring diameter.  CC EBSD is a true mapping technique, which allows measurement of all 
relevant areas inside of the grain, particularly including the areas next to neighbouring grains.  
Next, the relaxation itself of the ring-core does not need to be observed, it needs only to be made 
sure that the ring-core is relaxed.  This eliminates a lot of difficulties related to proper and 
artefact-free scanning and does not require any surface pattern.  On the other side, the technique 
can only be applied to grains that are several times larger in diameter than the ring diameter, and, 
of course, every grain requires one ring-core to be milled, if possible in the centre of the grain.  
This requires significantly more work than simple CC EBSD measurements. 
 
 
  3.  EXPERIMENTAL DETAILS 
 
As test material a 316L stainless steel sample was selected.  The CC EBSD measurements were 
carried out on a Zeiss XB1540 FIB-SEM with field emission gun.  This SEM is equipped with 
an EDAX/TSL EBSD system with a Hikari camera with 480 × 480 pixels pattern resolution.  
EBSD maps were measured at 20 kV acceleration voltage with a step size of 0.2 µm and 
a full-frame exposure of 1 second per pattern.  Next, the sample was tilted to 54° such that the 
sample surface can be observed perpendicular with the focussed ion beam.  From the previously 
measured orientation map, positions inside of each grain were selected for the milling of 
ring-cores of 1 µm diameter.  For the milling a Ga+-ion beam accelerated in a 30 kV electric field 
was selected.  A beam current of 500 pA was used which offered the best compromise of good 
focus and rapid milling.  Altogether 6 rings with a diameter of 1 µm and a depth of about 2 µm 
were milled into the sample, as shown in Fig. 5.  Each ring took about 1 minute to be milled. 
During the milling process care was taken to irradiate the area surrounding the ring as little as 
possible in order not to destroy the lattice.  After milling was accomplished, a second CC EBSD 
map of the same area was measured using the same parameters as before. 
 
 
 
 
 
  



449 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. EBSD maps before and after ring-core milling.  a) Inverse pole figure (ND) map of the 

sampled area before RCM overlaid with pattern quality grey value.  b and c) Two typical 
diffraction patterns from a).  d) As a) after RCM.  e) EBSD pattern of an area close to a milled 
ring.  f) EBSD pattern from an area in a ring-core.  g) SE image of ring-cores on the sample 
surface. 

 
 
  4.  RESULTS AND DISCUSSION 
 
Our investigations are still at a preliminary state.  Nevertheless, we have been able to create 
a number of systematic ring-core millings and CCEBSD measurements.  The EBSD maps before 
and after the RCM process are displayed in Fig. 5 as inverse pole figure (IPF) maps overlaid 
with the pattern quality as grey value.  The small circles found on the RCM structure correspond 
to the milled rings.  They are more clearly visible in the SE image Fig. 5g.  The RCM structure 
shows faint dark windows around the individual rings, which indicate the area where the FIB 
scanned (even only shortly) to find the correct milling place and to focus.  The EBSD patterns 
that are displayed in Figs. 5e and 5f show that the pattern quality reduces quite dramatically in 
these areas and also, in the middle of the ring-core.  This is, of course, highly undesired because 
the patterns from these areas will serve as reference patterns for the rest of the grain.  It is thus 
essential to keep the milling and FIB observation time as short as possible.  The allowed dose 
needs to be determined by future systematic studies.  Re-deposition of milled material in the 
centre of the ring deteriorates the pattern quality.  This is becoming more important with 
increasing width of the ring and decreasing diameter.  It appears that the here selected ring 
diameter of 1 µm and ring width of 200 nm is the smallest value.  Figure 6 displays a comparison 
of the total pattern quality of the area before RCM and after RCM.  It is very obvious that the 
pattern quality is reduced in the material after RCM.  In fact, the extent of reduction surprises  
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and is probably not only due to the milling process (which effects only a small part of the whole 
map) but potentially due to the previous orientation mapping which deposits a thin carbon 
contamination film on the sample.  In a future approach, this contamination film will be removed 
by applying 5 minutes of in-situ plasma cleaning of the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Comparison of diffraction pattern quality before and after ring-core milling.  Large numbers 
indicate high quality patterns. 

 
 
While the pattern quality is reduced in the surrounding of the milled area, there is no additional 
deformation or orientation change introduced as this is visible in the grain reference orientation 
(GROD) and local orientation spread maps displayed in Fig. 7.  The maps show that the rings 
themselves are wrongly indexed but the ring-cores are unaffected.  The maps also show that the 
ring-core is only about 3 × 3 pixels of 0.2 µm step size wide, which appears the minimum 
acceptable value for later pattern correlation.  An inner ring diameter of 1.5 µm will be the better 
choice. 
 
Figure 8, finally, displays first results of cross correlation measurements.  Figure 8a shows the 
position of the individual grains.  For each of which a separate cross correlation analysis is 
performed.  For the cross-correlation results the top row maps display the quality of the 
cross-correlation.  Here again the effect of FIB or electron beam irradiation is quite obvious.  
The bottom row maps are the von-Mises stress maps, calculated from the individual elastic stress 
components, which themselves are calculated from the individual elastic strains.  Von-Mises 
stress are selected as representative value for all individual stress tensor components.  Note that 
the total strain level of maximum 5 GPa is clearly too high to be true.  This is a known artefact 
of the technique, which can be significantly reduced by applying a so-called remapping analysis 
[10].  For the Figs. 8b and 8c, the cross-correlation has been calculated based on reference points 
with high pattern quality and positioned explicitly outside of ring-cores.  The reference points 
for the individual grains are marked by small black pixels.  This analysis is performed to show 
that the ring-core milling does not affect the local elastic strain distribution.  In an ideal case, 
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Figure 7. Grain reference orientation deviation (GROD) map and local orientation spread maps before 

and after ring-core milling (RCM).  The GROD map sensitively displays orientation changes 
the local orientation spread displays the occurrence of local plastic strain.  For both maps, 
the ring-cores do not show any particularities. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Results of cross-correlation EBSD analysis before and after RCM with different reference 
points.  The top row images display the cross-correlation quality, the bottom row the 
von-Mises stresses.  a) Grain map of the investigated area.  b and c) With reference points 
of highest pattern quality outside of the RCM areas.  d and e) With reference points inside 
of the ring-cores.  
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we expect that the maps in Figs. 8b and 8c are identical, with exception of the areas around the 
rings.  A comparison of Figs. 8b with 8c shows that the milled rings lead to small strain effects 
in their surroundings which extend over about 1 ring diameter.  One particularly obvious area is 
marked by black arrows in Fig. 8c.  It is likely that a strain relaxation occurs not only inside of 
the ring but also in the direct surrounding, which may be the origin of the observed effects.  
Besides this, both maps are not perfectly identical.  One reason for this may be the general 
degradation of the diffraction pattern quality of the RCM area (see Fig. 5) due to the previous 
EBSD observation, which contaminated the area with a thin carbon film.  For future experiments 
plasma cleaning before and after ring-core milling appears essential.  Also, the reference points 
are not exactly identical, which may lead to deviations because the material is deformed.  For the 
data in Figs. 8d and 8e, the-cross correlation reference points have been selected such that they 
are inside of the ring-cores, as it is the idea of the new method.  It is very obvious that the RCM 
in Fig. 8e leads to a significant change of the stress level of individual grains compared to Fig. 8d, 
see e.g., the grain marked by black arrows in the figures.  Also the grain at the bottom of the map 
shows a significant change of stress level. In the present case, unfortunately, it is not known how 
high are the 1st or 2nd kind residual stresses in the sample, thus the analysis remains here 
incomplete for the moment.  Nevertheless, the approach shows a clear effect without creating 
large additional artefacts.  More reliable measurements on material with known long-range 
residual stresses will be carried out shortly. 
 
 
  5.  CONCLUSIONS 
 
The local measurement of residual stresses using cross correlation (CC) EBSD so far suffers 
from the fact that long-range stress fields of first and second kind cannot be measured.  Here we 
propose a new technique, which combines ring-core milling (RCM) with CC EBSD to obtain 
the full elastic strain tensor of every grain.  In the present case, RCM does not require any strain 
measurement by digital correlation but is just carried out to create a strain-free reference point 
inside of every grain.  It was found that sample irradiation by both, the electron beam and the 
ion beam must be kept as short as possible to avoid pattern degradation.  Also rings smaller than 
1 µm in diameter do not appear reasonable because of pattern quality degradation in its centre.  
An optimum size seems to be 1.5 µm diameter.  From literature, it is assumed that the depth of 
milling should be about as large as the diameter of the ring.  First results suggest a strong effect 
on the measured stress level if a stress-free reference point within the ring-core is used as 
reference, which has, however, to be confirmed by further systematic measurements. 
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