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X-ray diffraction measurements on large components with
complex geometry are needed in industrial applications re-
quiring the non-destructive characterizati on of the near-sur-
face material condition in terms of residual stresses, work
hardening, phase transformation and formation of reaction
compounds. Because many regions of interest on these
components are not accessi ble with conventional laboratory
or even mobile X-ray diffractometers, a novel center-free
diffractometer with two cooperating robots named “ Charon
XRD” has been developed at MTU Aero Engines.

Two six-axis robots are synchronized using a special op-
tical measuring system to achieve the highest positioning
accuracies. This paper describes the actual design and oper-
ating mode of Charon XRD, its current and potential func-
tionality, and presents calibration and reference measure-
ments, along with results on aero-engine high-technology
components like bladed integrated disks.
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1. Introduction

Inindustrial fieldslike aircraft engine construction, compo-
nents must satisfy stringent requirements regarding reliabil -
ity, weight, performance, cost-effectiveness and lifetime.
Therefore, it is crucia to achieve the full potential of the
materials employed. From this aspect, component surfaces
and subsurface layers are of specia interest, considering
that they normally show maximum operating loads and
therefore are the most likely source of potential failures.

For the non-destructive characterization of near-surface
residua stresses and work hardening on various large com-
plex-geometry components that are inaccessible with mobile
diffractometers (see e. g. [1-3]), MTU Aero Engines devel-
oped its first stationary large X-ray diffractometer 13 years
ago [4]. This computer-controlled, spatialy freely position-
able diffractometer device was conventionally arranged from
linear and rotary axes in a center-free arrangement with a
variable measuring circle radius. The movements of the
12 axesfor positioning the X-ray tube and the detector above
the stationary component under measurement offered high
reproducibility. In conjunction with tilt-angle dependent ab-
solute value corrections [5] at a possible tilt-angle range of
—45° < y < +45°, measuring accuracies were achieved like
those obtained from conventional stationary diffractometers
[6]. Residual stresses were determined according to the
well-known sin y method [7, 8.
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MTU used the results obtained with this laboratory-cap-
able diffractometer device predominantly for optimizing
and monitoring manufacturing processes, resolving manu-
facturing deviations, damage analyses and assessment of
new production technologies.

Toinclude theresultsin lifetime analysisaswell, non-de-
structive inspection of the material conditions in the near-
surface zone over the lifetime of the component will be-
come necessary (seee. g. [9—-11]). Against this background,
and because of new production technologies being devel-
oped, constantly increasing measuring tasks on large com-
plex components used in engine construction are required,
such asin blisk (= bladed integrated disks) technology for
aircraft engines. Accordingly, the existing diffractometer
at MTU Aero Engines needed replacing with anewly devel-
oped, robust, more powerful and production-capable large
X-ray diffractometer for surface stress analyses.

The new “Charon XRD” diffractometer was implemen-
ted in accordance with MTU’s concept in partnership with
GE Inspection Technologies and Robo-Technology [12,
13]. The novel diffractometer concept uses two cooperat-
ing six-axis robots that position the X-ray tube and the de-
tector in diffraction geometry relative to the component
surface. Apart from achieving considerable flexibility re-
garding the component geometries to be measured, the
aim also was to obtain high positioning and measuring ac-
curacies, fast analysis rates, high maintainability, and user
friendliness.

2. Design, function and measuring options

The arrangement illustrated in Fig. 1 and Fig. 2 was imple-
mented for Charon XRD after comprehensive feasibility
studies on commercially available high-precision robots,
their selection and arrangement, measurement concepts for
external robot control, determination of theimpact of build-
ing vibrations and evaluation of a safety procedure. The
Charon XRD includes three main subsystems:

Radiation protection cabin. The robot diffractometer is
surrounded by a walk-in X-ray protection cabin providing
maximum safety standards. Wide doors allow easy access
for comfortable loading of large components. During op-
eration the cabin interior can be monitored through win-
dows in the door and with a controllable camera from the
control console. To preclude mechanical collisions from
uncontrolled robot movements the cabin walls are protected
by wide area motion-sensitive scanners. The cabin tempera-
tureis held constant within + 1 °C.
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Fig. 1. Operator control stations in front of the closed Charon XRD
X-ray protection and safety cabin.

Fig. 2. Interior view of the Charon XRD X-ray robot diffractometer.
1 =radiation protection cabin, 2 =X-ray source, 3 =X-ray detector,
4 =opticall measuring system, 5=component positioning unit,
6 = audit column.

Robot X-ray diffractometer system. The X-ray tube
and the detector are each guided by a six-axis RX170B-HP
industrial robot from Staubli. This robot type has a range
of 1835 mm and a maximum load capacity of 60 kg with
the best presently available spatial positioning accuracy.
Each robot moves, referred to its own coordinate system,
with an absolute positioning accuracy of +0.5 mm when
approaching a point and an angular accuracy of +0.03°. At
constant temperature, its repeatability is about +0.04 mm.
To improve the precision the bearing play of the robot axes
was eliminated by always approaching the desired position
from one direction. For technical safety reasons, the robot
travel rate was limited to 250 mm s~

The two robots are fixed on an elastically supported
3250 x 1350 x 300 mm? granite slab to protect against exter-
nal vibrations. The robots were arranged on the slab in aman-
ner such that, between them, they can accommodate compo-
nents sized at least 700 x 700 x 500 mm? and the optimally
measurable volume of 300 x 300 x 300 mm? is aso located
midway between the two robots, 850 mm above the slab.

In order to make stress measurements with diffraction an-
gles 20 up to 170°, the X-ray source housing and scintilla-
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Fig. 3. Detailed view of the optical measuring system to synchronize
the two robots. 1= laser line projectors, 2 = camera system, 3 = auto-
collimation telescope, 4 = fixed deflector mirror, 5= movable deflec-
tor mirror, 6= X-ray source, 7= X-ray detector, 8= X-ray beam,
9 = laser beam, 10 = audit column.

tion detector (SD) are each mounted with a corresponding
aperture dlit system on respective robots in a very compact
design. This allowed attachment of optical measuring de-
vices to each side without unnecessary reduction of any
beam paths.

The optical measuring system is an essentia part of the
new diffractometer and is specially developed (patent pend-
ing) to synchronize the two robots. This compact measuring
system was optimized so that the angle between the inci-
dent and diffracted X-ray beam could permanently be deter-
mined within +0.001°, and the linear positioning within
+0.01 mm relative to the component surface in the direc-
tion of the bisector of this intermediate angle, in the com-
mon coordinate system. Fig. 3 shows details of the optical
measuring system.

To control the desired position of the incident and dif-
fracted X-ray beam relative to the component surface, two
laser line projectors are mounted on each robot near the
X-ray source and the detector. The laser line projectors on
each robot are adjusted to each other in such away that the
generated light planes intersect and the sectiona line coin-
cides with the X-ray beam direction during diffraction
measurements. Accordingly, the intersection of the laser
lines on a plane intersecting the light planes marks the posi-
tion of the X-ray beam. This applies at least to the nomin-
aly usable range of the measuring circle radii from 200 to
450 mm, which is determined by the distance of the X-ray
tube focus from the measuring point and again by the dis-
tance of the measuring point from the detector measuring
aperture.

By means of LED illumination and a small industrial
CCD camera with a large depth of field, the projected
crossed lines from the tube and detector robots and the
marked measurement target point on the component (e. g.,
a colored cross or the light spot of an optical waveguide)
are captured and automatically evaluated for afast iterative
position refinement of the two robots until all markersinter-
sect at one point. At a measuring distance of 200 mm, the
camera resolution is about 5 um and the viewing area is
about 5 x 5 mm?. To position the projected crossed lines of
X-ray tube and detector robots at every possible measuring
point within the camera viewing area and enable the robots
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to be precisely positioned, both robots had to be calibrated
relative to each other. To describe the movements of each
robot in a common coordinate system it was necessary to
obtain the transformation matrices from complex optical
adjustment and calibration procedures.

The intermediate angle of the X-ray beamsis controlled
by a laser-based autocollimation telescope, in combination
with deflector mirrors mounted on high-precision rotary
stages for automatically angle dependent adjustment. Ow-
ing to the large intermediate angle range of 10 to 90°
(90° = 20 < 170°) the wide laser beam issuing from the
autocollimation telescope had to be reflected into itself
through three precision-adjustable mirrors. This system to
determine the intermediate angle simultaneously makes
sure that the coplanarity of the incident and diffracted
X-ray direction is better than 0.5 mm.

The measuring heads of the tube and detector robot are
completely surrounded with so-called “ software boxes’ to
prevent collisions.

Ancther part of the equipment is an angularly adjustable
lift table with air cushion guidance that allows components
up to 400 kg in weight to be readily positioned in the dif-
fractometer.

Control and X-ray evaluation softwar e. Standard soft-
ware is used to control the diffractometer and to evaluate
and document measurement results. During operation of
the Charon XRD, strict separation is made in the software
between the actual diffractometer movements and the trans-
port or alignment movements of the diffractometer itself.

The actual diffractometer movements in step scan mode
are comparable with those of a 0—0 diffractometer [5] with
moving X-ray tube and detector in either focussing Bragg—
Brentano or paralel beam arrangement [14]. The measur-
ing circle radii are independently variable between 200
and 450 mm (although for the Bragg—Brentano setup they
must be the same size). Determination of the lattice strains
can be made at a random azimuth-angle ¢ (¢ < 90°) in the
x-mode [15] with atilt-angle range of —70° < y < +70° or
w-mode with —45° <y <+45° respectively. Residua
stresses are determined using the sin?  method.

For surfaces of componentsinclined up to about + 30° re-
lative to the horizontal, the diffractometer can be tilted
automatically after a surface normal has been optically de-
termined first. Optimized stress analysis on non-ideal mate-
rial structures such as coarse-grained materials are possible
with special techniques like oscillations at azimuth- and/or
tilt-angle movements, along with accumulations of meas-
urements at various component positions. In the presence
of strongly curved component surfaces, so-called angle-de-
pendent absolute value corrections can be made. Compo-
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Comparison of 19 Scans

nent surfaces also can be automatically mapped by various
techniques.

3. Calibration and reference measurements

To demonstrate the performance and accuracies achieved
with the Charon XRD system, various calibration and refer-
ence samples were first measured with a high-precision
XRD 3003 PTS laboratory system at GE Inspection Tech-
nologies in Ahrensburg. Afterwards these samples were
measured again on the Charon XRD system at MTU Aero
Engines in Munich, using comparable measuring geome-
tries and measuring parameters as far as possible. The
measurements were made with characteristic CuK, and
Cr K4 radiation.

From the measurements on Si powder (SRM 640c) as a
standard for calibration of diffraction line positionsand line
shapes, it was shown that the Charon XRD reproduces with
Cu K radiation the certified reflection positions over the
certified 20 angular range between 90° and 140° with an er-
ror of <0.01°in 26.

General verification of the accuracy in the volume of
300 x 300 x 300 mm? that can be measured without trans-
lation of the sample was made by X-ray diffraction meas-
urements on a single-crystal silicon disk. Owing to its per-
fect crystal growth, this disk is homogeneous and therefore
theoretically provides identical peak positions and profiles
everywhere on the surface. More particularly, positioning
errors in measuring distance, 20 angle, or orientation rela-
tive to the surface normal must result in relative deviations
between the measured peak positions. For this purpose, the
disk was tilted in x- and y-directions (about 30 degrees)
and positioned in the center of the measurement volume,
see Fig. 4, left. The measured reflections with Cu K radia
tion show very good agreement at all measuring positionsin
the volume, i. e. peak position, intensity, full width at half
maximum (FWHM) and resolution are identical within the
measurement statistics, seein Fig. 4, mid and right.

The properties and accuracies of the two diffractometer
systems regarding the measurement of near-surface resi-
dual stresses were verified using residua stress free Au
and Fe reference powders [16]. Typical Charon XRD mea
surement results from standard Au powder with Cu K, ra-
diation represented by curves M1 and M2 and from Fe
powder with Cr K, radiation given by curve M3 are shown
in Fig. 5.

The results have been obtained with equal measurement
and evaluation parametersfor residual stress determination.
The variation of w angles was performed in y-mode with
tilt-angle range from —70° to + 70°.

Comparison of 19 Scans

Fig. 4. Setup  (left)
and intensity profiles
in 3D (mid) and 2D
(right) of scansin x-
and y-directions on
tilted single-crystal
silicon disk.
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Fig. 5. Accuracy and reproducibility check on stress-free Au and Fe
powder with Cu K4 and Cr K radiation at Charon XRD. The peak po-
sition deviations A26 are plotted against w tilt-angles for Au (curves
M1 and M2) and for Fe (curve M3) powder.

The maximum displacement A20 of the calibration peaks
from the stress-free powders do not exceed +0.015° in 20
throughout the total tilt-angle range. The mean deviation
of measured 20 peak positions from the theoretical value
of stress-free powder can be used for an absolute line posi-
tion determination.

Between the two measurements M1 and M2 on Au pow-
der for reproducibility tests both robots were intentionally
positioned with high acceleration and extremely wide elon-
gations for several times. The very good agreement of both
curves shows a high stability even after extreme endurance
testing. The measurement curve M3 proves the stability of
the system after easily changing the X-ray tubes from Cu
to Cr anode in less than 15 minutes. Thisis achieved by re-
producible adjustment between X-ray focus and collimator
system with robust fixation.

The investigation of stressed reference samples was
made on ground and shot-peened surface conditions of
IN718 and Ti64, both typical aerospace materials. These
samples have been measured on various diffractometers
and their stress values have accordingly been validated con-
tinuously over a period of years. The given measurement
data were confirmed within allowable error tolerance [6]
through comparative series of measurements on the GE In-
spection Technologies high-precision XRD 3003 PTS la
boratory system and on the Charon XRD at MTU Aero En-
ginesin Munich.

High precision X-ray diffractograms can be recorded by
using automatic optical position control with fine adjustment
of Charon XRD before the X -ray measurement on each point
will start. By reduction of the number of adjustment control
positions the total measurement time can be reduced.

Additional future potentials for faster measurements can
be introduced by X-ray optics to increase intensity and by
suitable position sensitive detectors (PSD) for wide angular
acceptance and highest sensitivity.

With first measurements on the lab system XRD 3003
PTS it was shown that mini-lens optics generate a 6 times
higher X-ray spot intensity on the specimen.

The curvesin Fig. 6 show atypical example of peak in-
tensities obtained during X-ray measurements on 100 Cr 6
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Fig. 6. X-ray diffraction measurements on 100 Cr 6 reference sample
(B524) with Cr K radiation. Comparison of scans using 1 mm mini-
lensprimary optic (A) against 1 mm collimator (B) and of peak profiles
from SD (C) and PSD (B) with collimator.

reference sample B524 [17] with compressive stresses
introduced by grinding. Obviously the mini-lens gives a
6 times higher intensity.

An additional time reduction isavailable by using aPSD,
because for these broad peaks with 8° FWHM a standard
step scan measurement [16] with an SD has to be carried
out with 0.8 mm measuring dlit and a selected step size of
0.8° (= 8°/10). Thisresultsin a 10 times longer total meas-
urement time for the 8° angular range if compared to a
PSD measurement with an 8° detector window size.

Using mini-lenses for the primary optics combined with
the PSD, allows 60 times faster measurements.

4, Component measurements

To demonstrate the flexibility of Charon XRD, measure-
ments on complex-geometry engine components at posi-
tions of interest inaccessible by conventional diffrac-
tometers are described below.

For example, non-destructive residua stress measure-
ments in the radial direction at various airfoil positions are
necessary to optimize milling operations in blade manufac-
turing on a compressor blisk of a titanium-base aloy. The
setup operation with the projected crossed lines of tube
and detector robot to find the ideal component position in
the Charon XRD and a typical result from investigations
are shown in Fig. 7. Lattice strain analyses were performed
with Cu K radiation on {213} -lattice planes at 20 of 140°
in the respective achievable tilt-angle range.

For validation of acast stator of acompressor in anickel-
base alloy, non-destructive surface residual stress measure-
mentsin theradial direction at various circumferential posi-
tions at different positions on the vibro-polished airfoil sur-
faces near the blade edge and near the outer and inner
shrouds were required. Figure 8 shows the measuring setup
and atypical result. Lattice strain analyses were performed
with Mn Ky radiation on {311}-lattice planes at 20 of
151°. Owing to the complex component geometry and the
measuring position to be investigated, only a very limited
range of tilt-angle y could be used.
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Fig. 7. Setup operation for residual stress measurements on acompres-
sor blisk in the Charon XRD diffractometer (above) and a typical
20-sin? y diagram with the determined results (below) at a measuring
position near the blade edge in the blade root region.

5. Summary

Charon XRD is a center-free large X-ray diffractometer for
stress analysis using a novel concept with two cooperating
high-precision six-axis robots. The X-ray tube and the de-
tector are each guided by one of the robots. Sufficient posi-
tioning accuracy of the two robotsrelative to one ancther in
acommon coordinate system, asrequired for diffractometer
operation, is achieved through a newly developed perma
nently active optical measuring system providing an abso-
lute angular accuracy of +0.001° and linear positioning in
one direction of £0.01 mm.
Charon XRD offers avariety of potential configurations,
such as upgrade to a PSD or to X-ray optics.
Advantages over current conventional facilities are:
*  Maximum flexibility in terms of component geome-
try, size and variety
» High measuring accuracy in the analysis of residua
stress values
» Short anaysis times, high maintainability, and user-
friendliness.
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