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Abstract

The experimental set-up for experiments using high energy synchrotron radiation for residual stress
analysis is described. The implications of the measurement parameters and the material are
discussed. The method is compared to neutron diffraction.

1. Introduction

A non-destructive residual stress analysis can be performed using diffraction methods. Due to the
low penetration depth of the characteristic X-rays in technical, especially metallic materials, only
the strain and stress distribution in the near surface layers are accessible. An increase in information
depth can be achieved using neutron diffraction [1]. Due to the comparatively low neutron flux the
local resolution is in the order of a gauge volume size of approximately 1 mm®. The dimension of
the gauge volume could be reduced significantly by using high energy monochromatic synchrotron
radiation {2].

An alternative to the use of the monochromatic radiation is the use of a white beam in an energy
dispersive arrangement [3,4], which gives access to an even higher energy range than the
monochromatic radiation. White synchrotron radiation was employed for strain [5,6] and recently
white high energy synchrotron radiation was used for stress analyses [7] on a variety of different
materials and problems. Those experiments revealed that residual stress analyses using high energy
synchrotron radiation with a local resolution of some ten micrometers are possible.

Here, the advantages as well as the limits of this method compared to neutron diffraction will be
discussed.

2. Basic principle of residual stress analysis by energy dispersive diffraction
From the energy dispersive spectrum the line position of a large number of reflections can be
obtained by fitting the reflection profile using a suitable e.g. a Gauss distribution. The energy value
E" representing the line position corresponds to the lattice spacing d™ including the lattice strain.
The lattice spacing d" and the strain €™ can be calculated from the respective energy value
according to Bragg’s law

b _ L_._

2sin@ E™

with hkl denoting Miller’s indices, 6 is the Bragg angle, h is Planck’s constant and c is the velocity
of light. The residual stresses then can be calculated using Hooke’s law.

hkl hkl
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3. Set-up of the experiment synchrotron beam

The set-up for an experiment for residual stress
jr\
,uL"“ primary slit

analysis by energy dispersive synchrotron radiation is
illustrated in fig. 1 using the example of the modified
triple axis diffractometer at the High Energy
Diffraction Beam Line (ID15A) at the European
Synchrotron Radiation Facility (ESRF) Grenoble,
France.

The spectral range in case of the asymmetric wiggler
as an insertion device has a broad maximum with a

photons

peak brightness of 3.310™ - sample r
s mrad®, 0.1%bw, 100mA " gopmm
at 50 keV. The beam has a horizontal divergence of 5
AB" = 1.27-10° and a vertical divergence of secondaty !
ABy' = 1-10* [8]. A horizontal slit can be mounted in :
|

the optics hutch, which has a distance of several m

. . |
(here 3.5 m) to the sample position. After trespassing L
the slit the beam is diffracted within the sample and :
again passes two slits. Then the energy spectrum is
analysed in a Ge semiconductor detector.

10000 mm
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Fig. 1: Experimental set-up at the high

4. Penetration depth of the high energy energy beamline ID 15A at the ESRF
synchrotron radiation
Major criterions for the feasibility of residual stress analyses using a certain radiation are the
intensity of the reflections and the penetration depth of the beam. In fig. 2 the 50 % transmission
thickness for synchrotron radiation in
case of the four major construction
materials, tungsten and a ZrO, ceramic
are shown. Due to the decrease of the
attenuation coefficient with increasing
energy of the radiation [9], in case of
high energies the 50 % transmission
thickness increases to app. 2 mm at 100
keV in Fe (neutrons: 5,8 mm [10]) and
Ni (neutrons: 3,9 mm [10]) and even up
to 15mm in Al (neutrons: 69,3 mm
[10]). Due to the photon flux at the
beamline ID 15 A of the ESRF
Grenoble (1,6 10" photons /(s cm®
Energy [keV] 0.1% bw., 200 mA), at the sample
Fig. 2 Dependence of the 50% transmission thickness position), which is about 6 orders of

of the sample material on the energv magnitudes higher than the neutron flux
(10

aaaasaal

o
1

0,014

50% transmission thickness [cm]

neutrons/ cm® s) at the sample

position) at a typical residual stress instrument at a reactor source, residual stress analysis ion small
volume elements (app. 0.1 mm’ in case of high energy synchrotron radiation compared to ca. 1 mm
in case of neutrons) in often significantly shorter measuring times than in case of neutron diffraction

can be performed.
5. Measurement Parameters

Shape of the Volume Element

The shape and the extensions of the gauge volume and thus the volume element studied depend on
the gaps d,, of the primary res. d the secondary slits, the distance L respectively L, of the slits to the
sample, the divergence of the beam primary to the sample 8, and &; after trespassing the sample as
well as on the Bragg angle 6 chosen (Fig. 3).
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While in neutron diffraction the 90° scattering technique often permits the use of nearly cubic
volume elements, due to the rather small Bragg angle 6 in transmission geometry the volume ele-
ment’s shape can be described approximately as an elongated diamond that is significantly longer
than wide. A typical volume element size at ID15a at the ESRF is 80um x 1650pm x height
(variable). The small width of the volume element obtainable allows for residual stress analyses
with a high local resolution in at least one i : ; .
direction. The exact width and length as 1004 & e el intensity, conditions: equal volume 160
well as the asymmetry of the volume "
element can be calculated e.g. by de-
scribing its boundaries by appropriate
curves and their points of intersection
[11]. However, the width By and the
length Ly of the volume element also can

L1
‘Q‘clement size, equal energy
»,  —a—L /B of the volume element

"‘ ‘conditions: see experiment description /74 40
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be estimated with an accuracy of some pm 5 | . LTI
as T, 110
—

- _ By -
B, =d, +2L, tan(3,), Ly = 001 . , "~ 1o
. ~ tan® 0 5 10 15 20
in those cases where the distance of the 20[°]

primary slit d, and the secondary slit ds as  Fig. 3: Dependence of gauge volume size and relative

well as the divergence primary to the . . . . ,
sample % and after the sample 5, are in the intensity of the reflections on the diffraction angle 20

same order of magnitude and the distance of the secondary slit to the sample is small. If a sharp
definition of the volume element’s shape is required the secondary slit should be positioned as near
to the sample as possible although due to the small divergence of the synchrotron beam this is not as
crucial as it has been found in case of neutron diffraction [12]. With respect to the diffraction angle
20 the ratio of length to width of the volume element steeply increases with decreasing 20 (fig. 3).

Intensity of the Reflections

Fig. 3 reveals that due to the decrease of the form factor, the intensity of the reflections in the high
energy spectrum decreases steeply with increasing 20. Thus, there always is the necessity to find a
suitable compromise between the length of the volume element and the intensity of the beam at a
certain diffraction angle 26. Usually a diffraction i energy

angle 20 between 4° and 10° is used. Therefore, in  synchrotron radiation
case of components, due the transmission geometry

large beam path lengths occur (fig. 4). This as well  peam path 100 mm
as the shape of the volume element '
The half width of the reflections increases with N
increasing energy value and decreasing Bragg angle A
0. The width of the reflection itself is not a measure
for the quality of the determination of the line
position in residual stress analyses, but it becomes
important in those cases where an overlapping of
reflections occurs [13], e.g. in case of multiphase neutrons "\
materials or structures that are not highly symmetric beam path 15 mm .
and of high energy values which are equivalent to Fig. 4: Beam path lengths in components

low d-spacings and thus a high reflection density.

With respect to a reduction of the reflection overlapping, a smaller 20 angle can be used. This, of
course, also has the consequence of a comparably higher reflection intensity but also a larger gauge
volume as discussed before.

z=8,2mm

neutrons

6. Implications of the material investigated: Coarse grains and texture

In case of coarse grained materials instead of the usual smooth curve an overlapping of several
curves is visible. Since the single grains contributing to the curve are situated at different positions
within the gauge volume, the reflections arise from positions that usually are off-center and the line
positions therefore are shifted. This shift superimposes on the line position shift induced by the
residual stresses. Usually both effects cannot be separated. Thus, in case of coarse grained materials
either a single crystal measurement and evaluation technique [14] or an oscillation of the sample e.
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g. in the inclination angle  is necessary. The grain size dc above which the material has to be
classified as coarse grained can be estimated using the image that the Debye-Scherrer ring should be
completely occupied:
_ 360°-360°

€ J.A8, ems
The fat dot symbolises a convolution between the beam divergence A and the mosaic spread ms of
the crystals. In case of synchrotron diffraction, due to the small beam divergence this convolution
roughly can be substituted by the mosaic spread alone. The critical grain size decreases with
decreasing gauge volume and decreasing mosaic spread of the crystals and multiplicity factor.
Besides the grain size texture is an implication of the material that has a major effect on the spectra.
The small volume element achievable in high energy synchrotron diffraction enables texture
analysis with a high local resolution in the bulk of components. Thus, often a simultaneous analysis
of the texture and the residual stresses can be performed.

7. Applications
An example where residual stress analyses was only feasible by using high energy synchrotron
radiation is shown in fig. 5.
- 3 A thermal barrier coating
gauge volume consists of a substrate, a bond
T coat and an adhesive layer in-
between them. Thus, the
residual stress distribution in
the adhesive layer is not
accessible using X-ray diffrac-
tion. The small thickness of
the layer of approximately
100pm renders it impossible
to determine the residual
stresses by neutron diffraction.
In case of high energy
synchrotron  radiation  the
volume element is so small
that it fits into the layer (fig.
X 5). Furtheron, the high
intensity of the beam allows
Fig. 5: Sample with indicated gauge volume positions for residual stress analyses in-

situ under realistic thermal
loading where in special
furnace {15] the sample is
heated from the top and
cooled on the bottom (fig. 6).
The result of the experiments
show that while at 270K the
in-plane residual stress Ox in
the bond layer is compressive
with a value of -90 MPa, the
stress Ox in the bond layer
decreases to app. —70 MPa at
770K and to app. -40 MPa at
1070K [15].

Fig. 6: Gradient oven device
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Simultaneous residual stress and texture analyses were performed on a cold extruded steel sample
(German steel grade C15) of 15Smm diameter.

. . - r The spectra in hoop and in axial direction
120 s of the sample (fig. 7) reveal the typical
axial s <110>-fibre texture typical for extruded
bce materials. A more detailed analysis of
the texture strength variation across the
sample diameter was performed using the
axial spectra obtained at different
positions across the sample diameter using
the method presented in [4] (fig. 8).
Obviously the texture is the most
pronounce in the centre of the sample,
which is a consequence of the well-known
material flow pattern in extrusion, where
the core is faster deformed than the
. . . surface, which is due friction between the
120 140 160 180 extrudate and the die [16].

Energy [keV] .
. . . . . . 8. Summary and Conclusions
Fig. 7: Spectra in axial direction (light gray) and High energy synchrotron diffraction
hoop direction of the extrudate recently has been introduced as a new
method for residual stress analyses. Due to
T T T T T T T the high intensity of the synchrotron beam,
—n—32],—0—420,——521 | 1 the large spectral range and high energy
values available at modern synchrotron
—T— 4L, 631, —=—440 sources, penetration depths comy;arable to
] those of neutrons often can be reached at
N i significantly shorter measuring times and
\./' in significantly smaller gauge volumes.
Although the resolution of energy
] v ] dispersive measurements is significantly
1 — \ lower than in case of angle dispersive
19 / ] analyses, the determination of the line
] position and thus the residual stress can be
done with an accuracy almost comparable
5 8 7 to neutron diffraction. Since the intensity
of the reflections strongly decreases with
Fig. 8: Texture distribution across the sample ;lt::;r:ats;nﬁ eB;:Igf%r;neg;e atel ori’lveazsg rsgigt:
diameter Thus, the volume element has the shape of
an elongated diamond that is significantly
longer than wide. The 26 value chosen has to be a compromise between the decrease of the
resolution and the decrease of the volume element’s length with increasing 26 value. The exact
dimensions of the volume element apart from the angle 20 also are determined by the width of the
primary and the secondary slit.
The low divergence of the beam combined with the usually small volume element chosen in
residual stress analyses with synchrotron radiation might result in coarse grain effects at signi-
ficantly smaller grain sizes than it is the case in neutron diffraction.
The use of white radiation apart from giving access to high energy values also allows for a
simultaneous investigation of residual stresses and texture.
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