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Evaluation of Residual Stresses in the Bulk of Materials by
High Energy Synchrotron Diffraction

W. Reimers,1 M. Broda,1 G. Brusch,1 D. Dantz,1 K.-D. Liss,2 A. Pyzalla,1 T. Schmackers,1
and T. Tschentscher2

High energy synchrotron diffraction is introduced as a new method for residual stress analysis in
the bulk of materials. It is shown that energy dispersive measurements are sufficiently precise so
that strains as small 10-4 can be determined reliably. Due to the high intensity and the high
parallelism of the high energy synchrotron radiation the sample gauge volume can be reduced to
approximately 50 urn X 1 mm X 1 mm compared to gauge volume of one mm3 up to several
mm3 achievable by neutron diffraction. The benefits of the high penetration depth and the small
gauge volume are demonstrated by the results of stress studies performed on a fiber reinforced
ceramic, a functional gradient material and a metal-ceramic compound. Furthermore, it is shown
that in case of a cold extruded metal specimen the energy dispersive measurement technique yields
simultaneous information about texture and residual stresses and thus allows a detailed investi-
gation of elastic and plastic deformation gradients.
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1. INTRODUCTION

Diffraction methods are widely used for the non-
destructive evaluation of residual stresses in crystalline
materials. Their basis in case of angle dispersive dif-
fraction is the precise determination of the Bragg angle
20, whereas in the case of energy dispersive diffraction
it is the precise determination of the energy of the Bragg
reflection. From the shift of the diffraction profile the
interplanar lattice distance and the corresponding strain
can be evaluated. Applying Hooke's law yields the re-
sidual stresses.

High energy synchrotron diffraction, which is now
available at modern synchrotron sources due to its high
intensity, its high parallelism and its energy dispersive
characteristic is a promising new method for residual
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stress analysis. The high intensity of the synchrotron
beam gives access to penetration depths far beyond those
of a few microns achievable by characteristic X-ray ra-
diation. Beyond these few microns, information depths
up to approximately 100 (Am below the sample surface
have been realized in the reflection mode by energy dis-
persive arrangements(1-3) using high energy X-ray labo-
ratory sources resp. synchrotron radiation. Larger
penetration depths up to some cm, thus allowing the
analysis of bulk residual stresses, can be achieved by
neutron diffraction.(4,5) Approximately similar penetra-
tion depths can be realized in the transmission mode by
high energy X-ray diffraction in a laboratory.(3,6,7)

However, the comparatively poor intensity of the
neutron beam as well as of laboratory X-ray sources re-
quires a minimum sample gauge volume in the magni-
tude of one up to several mm3. Here, the use of a modern
high energy synchrotron source like the ESRF in Gre-
noble, is much more favorable. Due to the high photon
flux at very high energy synchrotron radiation, e.g., at
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the beamline ID 15 at the ESRF Grenoble, a reduction
of the gauge volume into the 50 um X 1 mm X 1 mm
region is possible. Furthermore, the high parallelism of
the synchrotron radiation guarantees the precise defini-
tion of the gauge volume as realized by diaphragm slit
systems. Thus, high energy synchrotron diffraction due
to the combinations of high intensity and high parallel-
ism of the radiation, allows strain/stress investigations
with high local resolution in the bulk of materials, en-
abling detailed analyses of stress gradients as they occur,
for example, near interfaces.

Furthermore, due to its energy dispersive charac-
teristic, residual stress analysis by high energy synchro-
tron diffraction, compared to residual analysis by
monochromatic synchrotron diffraction,(8-11) offers the
possibility of a simultaneous registration of several
Bragg reflections, so yielding information about the re-
sidual stresses as well as about the eventual presence of
texture at the same time.

Within this paper, some examples are presented in
order to demonstrate the capability of high energy syn-
chrotron diffraction in the field of residual stress analy-
sis. First, an experiment is described which proves the
possibilities of the method and the reliability of the ob-
tained data. Then examples for the investigation of a
fiber reinforced and a metal-ceramic gradient (FGM)
composite are given, where the available local resolution
is important for the interpretation of the results. Exper-
iments concerning a ceramic metal layer compound re-
veal that even in an interface layer with a thickness of
only 100 urn data could be obtained, which was not
possible by any other nondestructive method before. Fi-
nally, investigations of a cold forward extruded sample
are presented, where stress and texture gradients could
be analyzed simultaneously.

2. BASIC PRINCIPLES OF ENERGY
DISPERSIVE SYNCHROTRON DIFFRACTION
FOR RESIDUAL STRESS ANALYSIS

In energy dispersive diffractometry, energy spectra
are recorded at a fixed scattering angle 26. So a multi-
tude of reflections from a polycrystalline sample at dif-
ferent energy values is analyzed simultaneously. The
energy of the reflections represents the lattice spacing
including the strain. A sufficient counting statistic and
least square fitting of the reflection profile using a Gaus-
sian curve enables the determination of the profile po-
sition so precisely that strains as low as 10-4 can be
determined reliably.(12)

Fig. 1. Schematic illustration of the high-energy synchrotron
experiment at the ID 15.

The lattice spacing dhkl can be calculated according
to Bragg's law, which can be written as a function of
the energy Ehkl:

Here hkl denote the Miller's indices, 6 is the Bragg an-
gle, h is Planck's constant and c is the velocity of light.
The strain e^ at the sample orientation >, f is evalu-
ated from the measured shift of the lattice spacing:

d0 denotes the lattice parameter of the stress-free mate-
rial and EQ is the corresponding energy value. Assuming
an uniaxial stress state the stress - can be calculated
from the strain ehkl using Hooke's law:

1/1 Shkl2 and Shkl1 denote the Diffraction Elastic Constants
(DEC) which are specific for each lattice plane. In the
case of high energy X-ray diffraction only small scat-
tering angles (26 < 10 deg) are useful for the registra-
tion of spectra, because the atomic scattering factor
decreases with sin6/X. According to Bragg's equation, a
higher energy, that is, a shorter wavelength, corresponds
to a lower diffraction angle 6 for the same lattice plane.
Usually, due to the small scattering angle the measure-
ments are performed in transmission mode (Fig. 1). In
this case, the gauge volume element determined by slits
in the primary and reflected beam has the shape of a
parallelepiped.

3. EXPERIMENTAL PROCEDURE AND DATA
EVALUATION

The experiments were carried out with a modified
setup on the triple axis diffractometer at the High Energy
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Fig. 2. Spectrum of the plastic bent steel sheet.

Fig. 3. Residual stress distribution sample in load direction over the
sample thickness of the plastic deformed steel sample (buckling line
1 measuring plane).

Diffraction Beamline (ID 15A) of the ESRF in Greno-
ble, France.(13,l4) The setup allows investigations in the
energy range up to 300 keV. The measurements, except
those on a plastic bent steel sheet, were performed at a
diffraction angle of 20 = 10 deg. The gauge volume
was defined by a slit in the primary beam and two slits
in the diffracted beam with an opening width of 80 pm
in the diffraction plane. Therefore, the gauge volume is
a parallelepiped with the dimensions 1.65 mm perpen-
dicular to the scattering vector and 0.15 mm parallel to
it.

3.1. Plastic Bent Steel Sheet

For calibration purposes, measurements were per-
formed at a scattering angle of 26 = 6.5 deg on a steel
sheet (German grade: 42CrMo4) with the dimension
(width X height X thickness) of 150 X 40 X 6 mm3,
which was plastically deformed in a three-point bending
device before the measurements.

Figure 2 shows the intensity distribution and the
profile positions with the Miller's indices hkl in the en-
ergy diagram, which was registered with a measuring
time of 1000 sec. For the evaluation of stress values, the
first five reflections were considered.

Apart from proving the reliability of the method
and of the obtained data these measurements were per-
formed to check an evaluation method developed for
high energy X-ray laboratory measurements in the bulk
of material, where the gauge volume is larger than the
sample volume.(3) Therefore, in this experiment the ex-
tension of the gauge volume perpendicular to the scat-
tering vector was chosen to be 14.2 mm by opening the
slits to 0.5 mm. The width at the center is 0.8 mm and
the height of the gauge volume is 0.2 mm. The sample
translation through the gauge volume was carried out
parallel to the reflecting lattice planes from one sharp
edge of the parallelepiped to the other one.

As a consequence of the ratio of sample thickness
to extension of the gauge volume always integral infor-
mation over the whole sample thickness is obtained. Fur-
thermore, the center of information defined as the
geometrical center of gravity of the intersection of sam-
ple volume and gauge volume translates with the sam-
ple. Therefore, the strain and stress at each location
within the sample can only be determined using a weight
function derived from the intensity distribution at several
sample positions.(3) Apart from that the sample transla-
tion results in a 26-shift which has to be corrected by
formulas derived from geometrical considerations.(3) In
case of the experiments described further on, the above-
mentioned corrections with respect to the stress distri-
butions as well as the 26-shift can be neglected since
the gauge volume is completely within the sample. Fig-
ure 3 presents the residual stress distribution T(Z) deter-
mined by high energy synchrotron diffraction in load
direction over the sample thickness of the plastically
bent steel sheet. Additionally, the stress values -784
MPa and 635 MPa obtained from conventional X-ray
stress analyses performed at the sample surfaces are
marked at the ordinate axes. The vertical lines atz = ±
2.6 mm represent the minimum information depth of 0.4
mm at both surfaces. These z positions were the first
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Fig. 4. Arrangement of the layers and position of the gauge volumes A and B in a C/SiC sample.

respectively last location where the reflections could be
detected during the sample translation through the gauge
volume. This minimum information depth corresponds
to a minimum penetration depth of the effective gauge
volume of approximately 1.2 mm. The residual stress
distribution given by the full line is an average of the
stress values obtained from several reflections. For com-
parison the residual stress distribution determined only
using the 211 reflection is shown using a dotted line.
The good agreement of the curves proves that the scatter
of the high energy synchrotron diffraction data is small.
The experimental values are in good agreement with a
calculated residual stress distribution.(15) They furtheron
correspond to the results of the accompanying high en-
ergy X-ray laboratory measurements where the exten-
sion of gauge volume was twice as large as in case of
the high energy synchrotron diffraction. However, due
to the higher local resolution the residual stress distri-
bution obtained by high energy synchrotron diffraction
is more pronounced compared to the resolution obtained
by the high energy X-ray laboratory measurements.

3.2. Fiber Reinforced Ceramic Composites (CMC)

In fiber-reinforced ceramic composites, residual
stresses arise due to the shrinkage of the matrix during
the pyrolytical process and also due to the thermal mis-

match between the fibers and the matrix. Here, high en-
ergy synchrotron residual stress analysis was performed
on a ceramic matrix composite (CMC), .which consists
of a SiC matrix reinforced with carbon fibers. The sam-
ple was produced by infiltration and pyrolysis of SiC-
powder filled polymers (Dornier GmbH, Germany).(16)

The structure of the sample is a laminate structure,
where each layer of fibers is unidirectional. The layer
thickness is approximately 250 |im. The layers are ar-
ranged alternately shifted around 90 deg (Fig. 4). The
aim of the high energy synchrotron experiments is the
determination of the residual stress state in different lay-
ers of the SiC matrix, parallel, and perpendicular to the
fibers.

The measurements were performed in two positions
A and B at the front side of the sample (Fig. 4) and in
two directions (0 deg and 90 deg) of the sample. The
height of the gauge volume corresponded to the thick-
ness of the layer.

Since SiC exists in two modifications, a cubic, low-
temperature modification ((i-SiC) and a hexagonal, high-
temperature modification (a-SiC) and it also has more
than 74 different polytypes, which differ in their stack-
ing modes,(17) first the reflections had to be identified
(Fig. 5).

Then the SiC-reflections 6H 110, 3C 220, and 6H
116, 3C 311 (6H means hexagonal with the stacking
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Fig. 5. Part of the spectrum of a C/SiC sample.

order ABCACB; 3C means cubic with the stacking order
ABC) were chosen for residual stress evaluation, be-
cause these reflections in both directions of measurement
have sufficient intensity. From the d-values obtained, the
in-plane stresses in the SiC matrix were calculated ap-
plying the sin2 P-method.(18) The DEC for the SiC were
calculated by the Kroner model using the single crystal
constants given in Refs. 19 and 20.

The measurements in gauge volume A (Fig. 4) in
both directions of measurement yield the residual stress
in the SiC matrix perpendicular to the fibers. The aver-
age residual stress for the two combinations of reflec-
tions (6H 110 and 3C 220 resp. 6H 116 and 3C 311) is
-30 ± 40 MPa. In gauge volume B (Fig. 4), the mea-
surement direction is parallel to the fiber orientation.
When the sample is rotated around 90 deg, the mea-
surement direction is perpendicular to the fiber orienta-
tion. The height of the gauge volume corresponded to
the thickness of the layer. Here, the residual stress in the
SiC matrix parallel to the fibers is 230 ± 80 MPa.

3.3. Functional Gradient Material (FGM)

Functional gradient materials (FGM), which differ
by composition, phase distribution, porosity, texture as
well as related properties such as hardness, density,
Young's modulus etc. offer the possibility to optimize
their properties in view of the practical use. Due to the
difference of the thermal expansion coefficient and the
mechanical properties of the constituents residual
stresses arise during cooling of a ceramic metal com-
posite from fabrication temperature to room tempera-
ture.(12) For analyzing the residual stresses in both phases
of a microwave sintered Al2O3-Mo sample with a non-

linear composition gradient high energy synchrotron
measurements were performed.

The dimensions of the sample were 3 5 X 1 5 X 1 0
mm2. The measurements were recorded with a counting
time of 1000 sec. Figure 6a presents the position and
the extension of the gauge volume within the sample.
The larger dimension of the gauge volume was chosen
to lie perpendicular to the composition gradient and the
scattering vector. For residual stress and phase analysis
measurements were performed within the composite, ad-
ditional measurements were carried out within pure Mo
and Al2O3 in order to determine the stress-free lattice
parameter of the phases.

In Fig. 6b, an energy spectrum of a measurement
performed within the bulk of the FGM composite is pre-
sented. The qualitative phase analysis reveals only Mo
and Al2O3, the quantitative phase analysis(22) yields a
composition of 27 ± 8 vol.% A12O3 and 73 vol.% Mo
within the gauge volume.

Assuming a hydrostatic stress state within the
gauge volume, the phase specific residual stress (Fig. 7)
in the A12O3 and the Mo was calculated using Hooke's
law and the DEC calculated from the single crystal elas-
tic constants(23) applying the Kroner model. The stress
values reveal that the A12O3 is under compressive and
the Mo is under tensile residual stresses, which is a con-
sequence of the stronger contraction of the A12O3 during
the cooling caused by its larger thermal expansion co-
efficient.

In case of Mo, the phase specific residual stress
values obtained from the individual peak profiles are in
good agreement. Several of the A12O3 peaks, however,
are superimposed by the Mo profiles. The evaluation of
the remaining A12O3 reflection due to its low intensity
results in a comparatively large uncertainty. In order to
achieve a better accuracy further measurements with
longer counting times and the use of thinner samples is
planned in order to be able to evaluate reflections at
lower energy levels.

3.4. Metal Ceramic Layer Compound

Investigations were performed in a duplex thermal
barrier coating (TBC) system consisting of a plasma
sprayed ZrO2-7 wt.% Y2O3 ceramic layer with a thick-
ness of 0.5 mm and a NiCoCrAlY bond layer with a
thickness of 0.15 mm, both deposited on a Ni-superalloy
In718 substrate with a thickness of 2 mm. The dimen-
sions of the rectangular specimen were 50 X 10 X 2.65
mm3. In order to analyze the stress state of the bond coat
between the ceramic layer and the substrate in depend-
ence of an applied load, a 4-point bending device was
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Fig. 6. (a) Gauge volume position in the sample, (b) spectrum of a Al2O3-Mo FGM (the Miller's indices of the Al2O3-profiles are underlined).

used. The measurements were performed in the trans-
mission mode first without load and then at two different
load levels (76 MPa and 114 MPa) using the experi-
mental setup described in Sect. 3.2. In Fig. 8, the scan-
ning of the sample for each external load is shown
schematically.

For graphical reasons the gauge volume is shifted
vertically in Fig. 8. The 4-point bending device is sug-
gested by the four black circles. The sample has been
translated perpendicular to the direction of the external
load. Obviously, the diffracted intensity at several sam-
ple positions contains information from different layers.
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Fig. 7. Phase specific microstresses in a microwave sintered Al2O,-Mo FGM.

In Fig. 9 an example for the diffraction pattern is shown
for various distances between the center of the gauge
volume and the ZrO2-7 wt.% Y2O3 surface defined as
zero.

Figure 9 reveals that some reflections only occur at
certain distances x from the sample surface. Especially
at an energy of 188 keV, a reflection increases in inten-
sity with increasing distance x. It vanishes for distances
x larger than the whole thickness of the ceramic and the
bond coat layer. Thus, it can be clearly identified as a
reflection of the bond coat. This is even more obvious
comparing the intensities of the reflections at different
distances x (Fig. 10). The reflections at the three differ-
ent energies clearly refer to the three layers of the sam-
ple. Taking into account the diameter of the gauge
volume (1.65 mm), it becomes apparent that the x po-
sitions of the maximum intensity at the energy 138 keV
and 188 keV correspond to the maximum diffracting
volume of the ceramic and the bond layer.

A comparison of the energy E™ of the bond coat
and the ceramic layer at the two different levels of ap-
plied load with the energy Ehkl0 obtained from the first
scan without load and using an adequate rewritten Eq.
(3) allows to determine the changes of the stress state
Ao-£n of the ceramic layer and the bond coat. As elastic
constants the DEC for ZrO2 +7 wt.%Y2O3: 1/2 shkl2 = 24.1
X 10-6 MPa-1 and shkl1 = -2.4 X 10-6 MPa-1 as well
as for NiCoCrAlY: 1/2 shkl2 = 13.65 X 10-6 MPa-1 and
Shkl1 = -3.16 X 10-6 MPa-1 were used.(24) Table I sum-
marizes the stress changes in the bond coat and the ce-
ramic layer, which are due to the external load. For
comparison the results of conventional X-ray stress anal-
ysis at the surface of the ceramic layer are given. Ob-
viously, for the bond coat, no data could be obtained

with conventional X-ray stress analysis, which is due to
its low penetration depth. Further, Table I presents the
calculated stress variation in the bond coat according to
a multilayer model(25) that was extended to bending
loads. The calculated and the stress values determined
by high energy synchrotron diffraction for the ceramic
layer as well as for the bond coat are in good agreement.
Thus, Table I gives evidence for the capability of high
energy synchrotron radiation to investigate the stress
state in thin interface layers.

3.4. Cold Extruded Samples

In full forward extruded samples (Fig. 11), residual
stress and texture gradients arise due to strong plastic
deformations, which are inhomogeneously distributed
across the sample diameter. Here, the residual stress and
the texture gradients were studied in a sample, German
steel grade C15, that was full forward extruded with a
degree of natural strain of <p = 1.2. Due to the high
intensity and high parallelism of the synchrotron beam
the gauge volume was small enough so that several vol-
ume elements could be investigated across the sample
diameter (Fig. 12). As a consequence of the small gauge
volume it further could be assumed that the variation of
the residual stress and texture within each of the volume
elements is negligible.

The energy spectra obtained in the direction parallel
and perpendicular to the axis of the sample (Fig. 13)
reveal a {110} fiber texture that is typical for cold ex-
truded and cold drawn bcc materials.(26) A comparison
of the intensity of the 110 type reflections for the dif-
ferent volume elements across the sample diameter
furtheron clearly indicates (Fig. 14) that the maximum
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Fig. 9. Example for the diffraction pattern for various distances x
between the center of the gauge volume and the ZrO2+7wt%Y2O3

surface denned as zero.

Fig. 8. Scanning of the sample for each external load (schematic). The
ceramic layer is marked by I, the bond coat by II and the substrate by
III.

of the texture is in the center of the sample and that the
texture is distinctly less pronounced near the sample
boundary. Thus, it can be concluded that the plastic de-
formation is concentrated in the rod kernel, which cor-
responds to X-ray pole figure and theoretical
analyses(27,28)

From the energy values obtained for the 442, 440,
and 541 reflection in radial, hoop, and axial direction of
the sample the residual stresses were calculated at the
different positions of the gauge volume. The d0 value
necessary for the determination of the three-dimensional
residual stress state was calculated as an average of the
d values obtained for the different reflections and vol-

Fig. 10. Maximum intensity plotted versus distance x between
sample surface and center of the gauge volume.

ume elements ("random—walk—method"). Neutron
diffraction and synchrotron diffraction in very good
agreement reveal that in the inner part of the specimen
the residual stresses in radial an, hoop a00, and axial
direction CTZZ, are compressive (Fig. 15). These compres-
sive residual stresses are balanced by tensile residual
stresses in the outer part of the sample. The quantitative
stress values also fulfill within an experimental error
margin of ± 80 MPa the mechanical equilibrium con-
dition. At the surface of the sample again compressive
stresses in hoop and axial direction were obtained by X-
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Table I. Changes of the Stress State in the Thermal Barrier Coating System

external load

Step I

Step II

material

ZrO2-7wt.%Y203-ceramic layer
NiCoCrAlY-bond coat
ZrO2-7wt.%Y2O3-ceramic layer
NiCoCrAlY-bond coat

\rr synchrotron
measured

(MPa)

7 ± 4
83 ± 18
10 ± 4

118 ± 20

AcrSSLrf
(MPa)

5 ± 4
—

8 ± 3
—

A™ external load
a(J measured

(MPa)

11

76

16
114

Fig. 11. Principle of full forward extrusion.

ray diffraction. This residual stress distribution can be
linked to the deformation process during the cold for-
ward extrusion.(27) Due to deformation obstruction at the
shoulder of the die, the material flow at the surface is
slower and more inhomogeneous than in the inner part
of the specimen. Therefore, within the rod kernel the
grains are homogeneously stretched whereas at the sur-
face of the sample the grains first are compressed and
stretched later, while passing the transient radius of the
die. Thus, tensile residual stresses remain in the outer
part, while the inner part of the sample is under com-
pressive residual stresses.

Fig. 12. Position of the volume elements.

4. CONCLUSIONS

High energy synchrotron diffraction was introduced
as a promising new method for the analysis of the tri-
axial residual stress state. The benefits of the high pen-
etration depth and the superior local resolution, resulting
from the high intensity and parallelism of the synchro-
tron beam as well as advantages resulting from the en-
ergy dispersive characteristic of the method, are outlined
on the examples of a bent steel bar, composite materials,
a ceramic metal layer compound and a cold extruded
sample.

The measurements performed with a large gauge
volume in the transmission mode on a bent steel bar
demonstrate that by using appropriate evaluation meth-
ods a stress gradient can be quantitatively determined,
although the dimension of the gauge volume is larger
than the sample thickness. However, the comparison of
these measurements with measurements using a high en-
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Fig. 13. High-energy synchrotron spectra parallel and perpendicular to the sample resp. fiber axis.

Fig. 14. High-energy synchrotron spectra in direction of the sample axis at different positions across the sample diameter.
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Fig. 15. Residual stress distribution, full forward extruded sample, f = 1.2, steel grade CIS.

ergy X-ray source in a laboratory reveal the influence of
the gauge volume geometry on the resulting values for
the stress distribution. It is evident that a further decrease
of the gauge volume dimensions, especially perpendic-
ular to the scattering vector will give even more detailed
results with respect to the stress distribution. These as-
pects are important with respect to future residual stress
gradient analyses in thin layers.

The results obtained on composite materials reveal
that high energy synchrotron diffraction is a suitable
method for the evaluation of the triaxial stress state in
the bulk of materials. The superior local resolution of
high energy synchrotron radiation offers the possibility
to analyze the stresses separately in adjacent composite
layers and at defined compositions in functional gradient
materials, which is not possible using neutrons.

The measurements performed on a ceramic metal
layer compound demonstrate for the first time that resid-
ual stress values in the interface layer with a thickness
of only 100 |j,m can be determined nondestructively.
From the results obtained on cold forward extruded sam-
ples it can be concluded that high energy synchrotron
diffraction furthermore is very useful for studying resid-
ual stress and texture gradients simultaneously.
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