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Abstract

To extend the range of application for industrial computedotpaphy systems, different approaches
making use of several X-Ray sources and detectors aenped. The combination of microfocus sources
with high-voltage and high-power sources makes it possileombine micro CT and macro CT
applications in a single system. Digital flat paneledt&irs combined with line detectors allow for fast
volumetric scanning and high quality data acquisition oveide wange of part size. The benefit from
multi sensor and multi source X-Ray tomography systesndemonstrated by results from different
applications with a focus on light metal parts.

1. Introduction

During the last decades different types of industrial X-Ranography systems (CT)
have been developed. A system classification can be matle part size and material
to be scanned. As a quality criteria of CT systems priynghe spatial resolution,
contrast resolution and the accuracy of dimensionasureaents is used.

For CT service providers a combination of high resolutiomgh haccuracy, high
scanning speed combined with the capability to scan a lange raf applications is
valuable. This ideal situation can be best approached byesbeam CT system making
use of a microfocus X-ray tube. By means of cone be&na @olume can be scanned
with only one rotation, the reconstruction can be peréaknm parallel to the scan. A
maghnification technique utilising a microfocus tube thatvedldao adjust the focal spot
size leads to high resolution and short scan times [1].

However, for a given system the limitations of magniycone beam CT are mainly: a)
the maximum amount of material that can be penetratedending on the X-Ray
energy, b) the source focal spot size correspondingetaequired energy and power,
and c) artefacts resulting mainly from photon scetteand beam hardening. In the case
of an elevated level of scattered photons a beam colimaeduces the artefacts, but
increases the scan time. New software approaches tectohe artefacts caused by
scattered radiation are under development [2] but noawetable for integration into
an industrial CT system.

In this article we describe several combinations of X-Baurces and detectors, show
their limits and introduce combined systems to overcomeakions and to extend the
range of applications for the main applications defeceden and dimensional
measurement.



2. Resolution of Cone Beam CT Systems

In magnifying cone beam CT the resolution mainly dependsi® part size. As a minor
but still considerable effect the material plays a.rBleth can vary significantly for CT
scan service providers since they need to be able to aonve&te range of applications.
Materials to be scanned are typically light metaeel, polymers, ceramics and
composites. The dimensions range from millimetres ufypecally 0.5 meter. More
details are described in [3].

In Figure 1 the resolution of cone beam CT that cathéeretically achieved in state-
of-the-art systems is shown. The resolution for welled systems is typically 1/1000 ..
1/2000 of the object diameter provided that artefacts derrged $cattered photons or
beam hardening do not deteriorate the result (see pelow
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Figure 1: Theoretical resolution of state-of-the-art cone beam CT systems

A major application is the inspection of aluminium taags, for small objects also
magnesium die castings. Small Al or Mg castings can damd for example in

consumer electronic products like mobile phones and opticskl readers. Large
aluminium castings are typically present in the awtiive industry. Due to its widely
spread application we focus in the following on the indpa of aluminium parts by

different techniques. Aluminium is causing beam hardeningfaantis. If necessary, a
beam hardening correction can be applied to minimizeghdating artefacts. However,
in order to be able to compare the limits of differeahniques the following examples
are presented here without any beam hardening correction.



3. Microfocus Cone Beam CT (225 kV)

Small to medium sized objects in the range of somdimetres can be scanned
efficiently by magnifying cone beam CT. In Figure 2 akpj base for optical disk
devices is shown. Porosity and shrinkage analysis perermed by cone beam CT,

see Figure 3.

Figure 2: Pickup base for optical disk device, Mg die casting (hot chamber)

Figure 3: Cone beam CT of the pickup base, dice (left) and 3D wsuahsatlon (right): shrinkage and
porosity analysis

Another application of microfocus cone beam CT is tdmimisation of casting
processes. For this reason casting simulation is nmeeftd and after manufacturing of
the casting a cone beam CT scan is done. Porogitempared to the simulation, see
Figure 4.



Figure 4: Comparison between simulation (left) and real part by microfocus cone beam CT (right)

If the size of the aluminium object becomes signiftbalarger (Figure 5, left), so that
the available X-Ray energy is not sufficient to pestetthe object, severe artefacts are
present (Figure 5, right).
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a dice of the 225 kV cone beam CT scan: Artefacts due to



4. M ulti Source ConeBeam CT

In order to extend the area of application towards latgects, a CT system with two
sources was developed: a 225 kV microfocus source and a 450 kVoouse source,
Figure 6.

Figure6: CT syétem RayScan 250 for cone beam CT with two X-Ray Sour ces

Depending on the absorption characteristics of the olbjeah be switched between the
two sourced by software. The system is based on a sesgrhigh precision granite
manipulator allowing for both defect analysis and megwlolt provides a high
flexibility to accommodate different applications.

Figure 7: 450 kV cone beam CT of aluminium casting (no beam har dening cor rection applied)

Figure 7 shows the same part as in Figure 5 scanned with5thé&V source. The
comparison the two results reveals that the artefeamtisbe significantly reduced by
increasing the X-Ray energy. The remaining artefagtslae to beam hardening which
can be corrected.

Further increasing the part size for cone beam CT wib(aKV source one can notice
that different kind of artefacts appear as it can ba seéhe scan of a cylinder head in
Figure 8. In areas with only few material the resutaiher free of artefacts. However,



in areas with a lot of material artefacts are presemth are due to an increasing
number of scattered photons. For defect analysis thayoathe scan is sufficient. For
metrology applications the accuracy of the determinatiotihe position of surfaces is
significantly reduced by scattered photons.

Figure 8: Cone beam CT 450kV of an Al cylinder head with steel inserts

5. Multi Sensor CT

Scattering artefacts can be efficiently reduced byroalling the X-Ray cone to a fan. A
line detector is used instead of an area detector. Olilyidhe scan time is higher for a
fan beam CT system due to the lower detection areah@ndwer numbers of photons
that can be used for each projection. In order to lefneifn both systems we developed
a combined system using two sensors, a flat panel areaaleted a line detector,
Figure 9.

Figure 9: CT system RayScan 500 for combined cone beam and fan beam CT

Depending on the object and on the requirements, the sysaenquickly change
between cone beam and fan beam CT by software. The ayhedd shown in Figure 9



was scanned in both modes, cone beam and fan beam @ire A0 reveals the

difference. In the case of cone beam CT severdesiraf artefacts superimposed by
beam hardening artefacts are present. Instead, the fanrbsalt shows no scattering
artefacts. Again, up to a certain extend the cone bedntad be used for defect

analysis, whereas for metrology applications fan b€3nhmas to be applied.

Figure 10: Comparison between cone beam CT and fan beam CT of a cylinder head

6. Theoretical | nvestigations and Discussion

We investigated the effect of scattering on the recoasd image quality in coreeam
computed tomography by Monte Carlo simulations. Calculdtiegdirect transmission
for monoenergetic X-rays vs. sample size expressethdan-free paths units one
obtains that for three or four mean-free paths oenmltthe direct transmission is less
than 5% respectively 2%. The scattered photons are ditestéop of primary (not-
scattered) photons.

The effect of scattering for cases where the olbjastto be placed close to the detector
is very strong. For example for cylindrical aluminiurangles of 100 .. 120 mm
diameter (more than four mean free paths) the x-talgup factor corresponding to a
microfocus source of 225 kVp is at least 1.5 .. 2. This coejdesent several times
more scattered photons than directly transmitted phoEren in a configuration where
the object can be placed farer away from the detéotoamount of scattered photons is
higher than the amount of directly transmitted photons.

For a voltage of up to 450 kVp the simple rule of thrae/fmeans free paths for
satisfactory cone beam tomography will limit the maxinsine of the sample to 100 ..
140 mm. One should note that due to higher voltage and &meishe photon intensity
is overwhelmingly stronger than for microfocus sounaich leads to smoother and
relatively streak-free reconstructions.

Finally, for fan beam scanners at 450 kVp one can estithatehe scattering intensity

drop at only a few percent of that associated with dm@m geometries. For example a
scattering buidup of 10-20% in cone-beam configuration cbeldeduced to less than

1-2% by collimation to a fan beam.

The results are demonstrated by a direct comparisevebatthe three systems with an
aluminium casting with steel inserts with a maximum peten length of



approximately 150 mm as shown in Figure 11. This corresponggptoxamately seven
mean free paths for 225 kV and four free mean paths for 450Tk¥.scans were
performed with RayScan 250 (Figure 6) and RayScan 500 (Figure #gsxribed
above.

Figure 11: Comparison between cone beam CT 225 kV (left), cone beam CT 450 kV (middle) and
fan beam CT 450KkV (right) of alarge Al casting with steel inserts

The 225 kV cone beam CT shows severs artefacts due toflgpenetration, scattered
photons and beam hardening. Approximately seven mean free f@thshis
configuration is by far too much to achieve a good results.object is too large for
such kind of systems. With a 450 kV source and cone beamh€Tartefacts are
significantly reduced, approximately four mean free pathgusteacceptable for some
applications of defect detection. However, if the quakiquirements are high, 450 kV
fan beam CT need to be performed. For metrology apioiitcsaof such large aluminium
parts fan beam CT is required in order to be able tordetersurfaces accurately.

7. Conclusions

The benefit from multi sensor and multi source X-Rayndgraphy systems is
demonstrated by results from different applications. Tbenbination of 225 kV
microfocus cone beam CT and 450 kV cone beam CT is advansmder small to
medium sized aluminium objects for defect detection @etrology applications and
for defect detection in large objects.

The combination of 450 kV cone beam CT and fan beam CT vanéajeous for
medium to large aluminium objects. Cone beam CT isieghdbr fast and accurate
defect detection, whereas fan beam CT is applied edlged@ dimensional

measurement in large objects.
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