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More complex High-Tech-Products conquer the market
Production processes reach technological limits

S .,"‘..

Laser Drilling: Challenge:
m Focusing of laser beam onto the surface of a ®m Bore holes have to be through holes

turbine blade m But structures behind the bore holes must not be
®m The high energy density of the laser beam damaged by the laser beam

leads to a local melting of the blade material

® Drilling of cylindrical bore holes through
several short laser pulses on the same spot

How can the conformity of the inner and outer geometry of such a part

be proved non-destructively to assure the quality of the production process?

Image sources: Courtesy of MTU, GFH GmbH
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State of the art for inspection of work pieces with complex geometry

For the first sample release a lot of features have to be checked
Some features are inaccessible for tactile or light-optical sensors
This could mean elaborate additional destructive testing

Some of these features cannot even be acquired with adequate
uncertainty by destructive testing, e.g. not embodied features

Currently, the 100%-control of the all relevant geometric features
is technologically and economically not feasible

2> X-Ray Computed Tomography can be an answer to the inspection of

inaccessible features and holistic acquisition of the work piece
geometry
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Basic developments for the X-Ray Inspection technology

, =

Volumetric acquisition of the
work piece with 3D CT

First commercial X-Ray
source with micro focus for
industrial applications

|

¢
Inspection of interior Measurement of ﬂ? -
features for turbine geometric features by ﬁ’m =
blades with 2D CT enhanced system g pY
concepts

I ! I ! I
1980 1990 2000

Image sources: Courtesy of Nordson Dage, Pratt & Whitney, WZL
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Set-up of a typical industrial CT scanner with cone-beam

Volumetric acquisition of the work piece
Magnification is given by the ratio of SDD and SOD
Suitable for small and medium ray energies

Size of flat panel detector limits the maximum size of

work piece, which can be acquired in one revolution

Rotary table
X-Ray source

Flat panel
detector
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Tasks that can be performed by CT

m Detection of voids and inclusions
® Mounting control of assemblies
m Damage analysis

®m Additional analysis of destructive tests, e.g. analysis of
failure mechanisms for Fiber-Reinforced Plastic Parts

®m Reverse Engineering

®m Dimensional Measurements

— CAD-to-Part-Comparison — Comparison to nominal
geometry (CAD-Model)

— Part-to-Part-Comparison — Comparison to reference
measurement, e.g. tactile, optical or other CT-
measurement)

— Measurement of features according to inspection plan
(Fitting of regular geometries)

— Wall thickness analysis, e.g. casted paris
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CT measurement process

Work piece —
— 1
Threshold
- process
1 et
I
Reference data * * Nominal values for
dimension, shape
ﬁ h 3 )
W/ | | position
v
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Why not using well-established medical CT systems also for
metrology purposes?

® Medical CT-systems are designed for spatial and time-resolution imaging

® Most measurement tasks in production metrology aim for dimensional features =» spatial
resolution is important

®m A lot of measurement tasks have tolerances in a range of a few microns
®m Industrial CT-systems achieve a higher spatial resolution than medical CT-systems

®m This is the base for capable and controlled measurement processes

For metrology applications the traceability to the national length standard is essential
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Advantages and disadvantages of X-Ray Computed Tomography

=

Very high point density
Holistic 3D image of work piece possible
Non-destructive acquisition of exterior and interior features

Multiple tasks can be performed with one device

New measurement technology for production
Complex technology with many influencing factors
Uncertainty in measurement for most tasks unknown

Relatively long acquisition time

Challenges occur for technological, organizational and application aspects
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How can the effect of hardware and software algorithms on the CT
measurement process be reduced?

X-ray tube Axes Turn tablg and Work piece X-ray Evalugtlon
clamping detector (algorithm)
g— A

R(f)(m,b) =

Tf(x,mx+ b)dx

m X-Ray tube: reduction of focal spot diameter, reduction of emitted spectrum band width, rotation
target = improved sampling, less blurring, less beam-hardening artifacts, higher power

m Linear axis: accuracy of linear axis is already at an elevated level = sufficient accuracy achieved
m Turn table: accuracy of turn table is already high =» sufficient accuracy achieved
m Clamping: utilization of foamed materials with few standard geometries = reduction in set-up time

m Work piece: aim is the tomography also of hybrid parts, bigger work pieces and less cooperative
materials, e.g. alloyed steel = more challenging parts

m X-ray detector: higher resolution, increase in efficiency = lower exposure times per projection

m Evaluation: analytic reconstruction and adaptive thresholds for segmentation = reduction of artifacts
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From the voxel model to the point cloud

)

Import of voxel Before Visualization of Interpolated
model segmentation point cloud surface model

®m Voxel model contains representation of work piece + clamping + air

B Segmentation separates the work piece from the clamping device and the air

m Extraction of the work piece surface

m Segmentation is a crucial step at it affects the geometry to be measured
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Finding the true surface of the work piece

Gray value (standardized to 100%)

T
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Extract from voxel model

A
100%
Real surface point?
>®
0%
| < - | <
Air JLtrue” Surface Material

m Disturbance variables and parameter values change the gray value distribution in the voxel model

® The chosen threshold must not affect the position of the boundary surface
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Detection of object contour with subvoxel accuracy

1. 2.
Procedure
1. Voxel model
2. Neighborhood
3. Horizontal profile 3. g
4. Interpolation of a function g

(e.g. 5t grade polynomial)

Horizontal position [Pixel]'

5. Determination of edge point 4 81
(e.g. Turning point) s X ;;ml

& 5. | % T

Edge: 169,3 R

Horizontal position [Pixel]'
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For which purposes can | can utilize X-Ray Computed Tomography
in production?

m Quality assurance

— Control of the start of production .
— Control of the serial production with random ‘}»L\-)"( ’-)0—)
sample testing B l

— Long-term control of production via Statistical
Process Control (SPC) e —

— Adaptation of manufacturing processes based
on CT data

m Digitalization of surfaces

— Holistic acquisition of non digitalized surfaces
as first step for reverse engineering

— Acquisition of the actual work piece geometry
for modeling and simulation purposes

\
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Which production domains are affected by the step from tactile
Coordinate Measuring Metrology to CT Metrology?

Adaptation of established production network structures

Geometric Product Specification

Process planning

> Inspection planning

Interpretation and use of Results

Worker skills and training

IT-Network

® New measurement technology for production

m Complex technology with many influencing factors

- m Uncertainty in measurement for most tasks unknown

m Relatively long acquisition time
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Current degree of integration for industrial CT scanners

First Approaches
for Inline-CT

Machine integrated

Production-related

CT installation in
metrology laboratory

Decreasing
process distance

Faster test
decision

N @ @ &

=

Decreasing

Production-distal response time
for control
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Disturbance variables for the CT measurement process

Concentricity turn table

Linearity, Dynamic Geometry

@&4«"“&/

Homogeneity of
material

>

Guiding and Roughness

Resolution Positioning accuracy

- Scattered radiation

Exposure time # Projections

Position
Nl

Quantum noise Clamping

Beam hardening

Uncertainty in

>

measurement

Focus spot diameter

Algorithms g

Stability of radiation # Projections

A Partial Volume Effect

Prefilter Reconstruction parameters
>,

Artifacts
-

Tube parameters

> Calibration of all components

o

According to Guideline VDI/VDE 2630 Sheet 1.2
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Influence of the operator and the work piece onto the CT

measurement

Set-up by the <
Operator

/’

Work piece  —<S

Tube current and voltage
Pre-filter

Number of projections

Magnification

Exposure time and feedback capacitance of detector
Reconstruction filter und Interpolation method
Registration of work piece in measurement program

Measurement strategy

Material (density, elements)
Penetration lengths

Work piece orientation
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Cognitive methods to reduce the user influence on CT measurements
for a proper acquisition of the control variable work piece geometry

KBS

Material data

STL file

Case
Database

.

r--
_1 Similarity

‘I Analysis
d

Similar Part?

Imaging
Parameter

values

yes

Measurement

Results

Tomographic
Imaging
\/—

Determine
adapted
Parameter values

\

W/ZL
RWTHAACHEN

Slide 22

KBS: Knowledge-Based System

© WZL/Fraunhofer IPT

~ Fraunhofer
IPT



How valid and reliable can CT acquire the part geometry?

Uncertainty in measurement constrains the tolerance for the manufacturing processes
=» False decisions can occur at the specification boundaries

Functional tolerance

10],¢

Manufacturing tolerance

< LI
< rI

Uncertainty

® Reduced manufacturing tolerance requires more accurate machines thus increasing costs

®m Economic production demands capable testing processes.

®m The testing process suitability for CT measurements the relationship of the uncertainty in
measurement and the feature tolerances has to be assessed
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Estimation of uncertainty in measurement for CT using calibrated
work pieces according to ISO/TS 15530-3

2
U =k-\/ufal +u;+ui+‘b‘

Empiric approach using repetitive measurements
Single factors cannot be separated from each other
Results can be transferred to similar parts

U, standard uncertainty from calibration (method B)
— Difficult for non-accessible features

=» Additional destructive testing and measurement of reference
features before and after the destruction

u,: standard unc. from measurement process (method A)

u,: standard uncertainty from material and production
scattering, e.g. roughness, form (method A or B)

— Founded estimation of work piece influence difficult
=» Use of simulation

b: systematic deviation from calibrated value (method A)
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Closed-loop-control for the production of injection-molded parts

using CT

Disturbance variables

oo

/ process categories

Temperatures
Pressures
Mold Geometry

Actuating
variables

5é-

Control process

Manufacturing Process & Product

Temperatures
Pressures
Part Geometry

GPS

5

GPS: Geometric Product Specification, Image of injection-molding machine courtesy of KraussMaffei Technologies GmbH

Control variables
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Controller

Currently technicians’ expertise

Nominal variables

= ® |
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Adjustment of the injection-molding process based on the CAD-to-
Part-Comparison

e

Inspection planning

Tool making Injection-Molding

Adjustment of process

Tomography

Adjustment of tool

_—_—_—__T

CAD-to-Part-
Comparison

Correction
characteristic

—¢
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Correction of the eroding tool based on CT data

i N\Wd=—

Co

Eroding tool

Z Wil
Z Fraunhofelpt; “ CHER



Summary and Outlook

m CT offers new possibilities for the assessment of enhanced manufacturing
processes

m CT provides volumetric data useable for various inspection tasks

m CT enables the step from feature-based evaluation to the high resolution holistic
evaluation

m Main tasks for the future:

— traceability of metrological CT to the national length standard and uncertainty models =
federal metrology institutes

— Reduction of user influence onto the measurement = research institutes and industry

— Improvement of X-Ray tube, detector and algorithms for reconstruction, segmentation
and registration =» system manufacturers, research institutes

— Establish control-loops for the production based on CT data = research institutes and
industry
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CIRP Keynote on CT
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Computed Tomography for Dimensional Metrology

Eruth IP. (1), Bartscher II.Y, Carmignato 5.5, Schritt B (2)%, De Chiftte L. {1)*, Weckenmann & (1)

Eatholiske Thuinrercitedt Leimeety (BL T Lewrery ), Drept. of Dlechanic 31 Enginesring, Divicior PRLIS Belzion
Ploesibialisch- Techmische Enmdesanstalt (P TE), Brameschemelz, Gemtier
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agamert gl Engineering, Tabe
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Thiwers ity Erlargzen- Faranb erg, Char Chaalite Mlanagenent g Mlanfachmig betrologye (QFRL, Crentarg

Absiract: The paper gives a amwey of the tpeoming use of ey Compted Tomography: (CT) for dimensions] quabity corirol
paposes: le. for twacesble megnmated of dinereine of techindcal (nechanical) campaerds ad for tolarse werification of sach

comporwrts. B desaibes the basic principles of CT metrology,

i o iemes as acnmacy, traceahility to the whdt of length

it g
(the meter) amd mesamament ncertairdy. I provides 2 state ofthe art (e 20119 and spplication exanples, shovring the sptibude of CT

metrology to: 1) chedk Dtemial dimencione tha capwt be meanmed neng tradiianal co

ordivate mesnming machines, i) corrbine

dirrereioral guali: cavdrol with matetial qualice cordrol i ot sivgle qualine Fepection Do,

Feywonds | Qualily condrel, Marolegy, Xray Compubed Tore graphor (CT)

1. Tnaroduobion

Today 2oeray comrputed tomography (CT) finds spplications
in three major fields. CT scarmers for sedical imaging ao bad
tiothe earhy 19707 [1,50]: 1 scarmer boailt b Hobel Prize wivaer
Homsfield o 1962 and 1 patient bram scan perfonmed at the
Abiireon biorley Hospital, Wivbledon, UK, i Octdber 1971
Smice 1980, CT becane popular for rnadberial anabysis shd ror-
destctEre testlng (HDT) [A]: ez for observirg the frmer
stmachare ofthaterials (e g, Gher-redorced plastics) and detecting
rraterial defects . The cabinets of material testing CT dewices are
oftery small and admed st hosing canples ont ot o larger
objects, Dlore recerdhy, CT tedwwology wrdered the spplication
field of dimvensional reabrelogy, as an alemat®ee to tactile or
optical 30 coordiate mesnmivg machites, MeaaTihg ame,
fringe projection. systere, eto. [ﬁgl)'ﬂmﬁrﬂmtm
perfomn dimensional meanmanert nshg exdaig CT soamers
appeared aromrd 1991 [11, 20, 65,1007 bt acomacy s rut hetter

rhaterial compoterts (eg 2B mjection molded plastic parts or
Plastic parte with metallic fwerte): fig. 21 and b, The adwent of
those productiorarethods freoring the trend for rore part f strs
integration and yielding parts with corplex kitermal Zeothetres
or rrti-paterial Comporerts, ie 4 Baajor ducerde that beoosts the
dernand for dimereimal CT mdrology: bt can o botger
accept  that  DiTicate comporerds  prodoced b addime
marnfacbring of nmbimaerisl kjection molding eccape g
georretrical and tolerace qualine conmol for the @by Teasan that

a1 T s

: | q ®
e >

there is 1o ron-desooctiee method to mesnme the Frer or
Iterhal geametry. Dinevcional CT metologe is ako Dberestivg
for quality cordrol of assemblies o assemrbled states, skuwe the
geometry  and  divensions  of componerds may difer
wasserrbled and acsembled state: ah ascenbly may fail
geometrically ) even 3 4l individial elererds of the accambbe
meet the tolermces when mmaccenrbled CT beirg 1 non-cortact
meaaring technigue, it sl mdzbt becorne 4 competitor to othwr
novel necobtact Qualiy kepection methods, like frmge
projection, lacer ccarmers  ete.

Srother mhajor adrardaze of ubeerial CT teckeologyr i that
it alloas perfonning dinersiona quality cortm] and material
quality covdrol srobtanecely. B fiz. 21 CT meanmsmet wae
not by used to chedk geametrical tolergces, ot the sane
tirre glass wreld qualice and porosity in il and socket b been
chiedkied. For father exarples, see fig, 12,33, 34,

Abhongh the three fields of application gnedical, maerial
anabyeic, dimencioral metrology) ret @ the camne phoeical oad
mathernaical ponciples, the dewices snd procedares are qute
differert as ther humee to 111 dimeerse Tequirernerite: see fig. 1 I
medical spplications the doses ofradiaticn snd herce ponarer b
to be limited to protect the patievt. The dbject (padert) camut be
rotated fhe cane W as material sanples or echanical work-
pieces i techmdical CT scarwers. hloreover, requirsmeds
acnmady ahd spatial resolition are waalbe relatEeeby oo for
medical scarrers. Dimereional CT metrologye Hes at the other
end of the specification scale: it often calls for high perwtration
povrer as there ic 3 danand for mesaming ever larger and thicker
wokipieces made of more sheothing materiale (e.g metale)
Firthentore ditersional quabie cairol requres high spatial
resohttion sl acouracy iorespect of the males of meanmernent
mcertainty [#3, #4] and traceabilin to the 51wt of meanmavent
[tk meter’). Erren thonygh CT b been developed and spplied i
medical stdmaterial scierces for several decades | ite application
to dinensinal metrology ic therefore far o trival and sl
requires arbstantial develpmerits to b it o man i

Thiz paper amwnarizes the relevart geveral snd specific
principle of CT techeology for ditwncionsl metmloge. kb fiwther
giwes the state of the art of dirensional CT metrology.

1. Basic pondples
Fig 3 ibhwetrates the setp of & tenograph. 4 soumce
gerwerites 2erays. fe the Mg propagate through the woripdece
taterial the 2ETas are attermiated dioe to dheorprio or scatteTng
fzee 5530 The aroomt of sthevoraion is detenriived by the lenzfh
travreled i the sheorbitg materisl, by the material compostion
and ite deteity (e, aterniation coefficiad w0 and by the awrzye
of the Mraes. bleanmng this stbanaion alloes to detect the
pu:\esence of material (enrery of varions materiale i cace of moalti-
taterial wodgpieces), & well as the lagfhe maveled eide the
wrarions materiale: see 3D reconsmaction th 534, The steamation

Figure[s Iypeal paak callng for O metwl g 4. Bhasming cqmasie::
anl ekctods dbbs m wnlrmakisl laop bolly b Iinbrmwskas
azsembbies inesbardans (wakhanl corsc®r @ o, Measmmy dny o Inimy
caviter I sbad 1. Layesd waumbeted wesk wih comples moerms
el k; ¢ Beasming beaan ool s e dicalbone soaffoll.

3} Tedmical sysberns and corponents
HARINWARE

31 Xray souees

The 2ergy twohe wraonon tabe) tepically cansits of an elec-
tron bean gum containdys & cathode Slonent emitting electrone,
A aruode accelerativg the electmore , o Wekrek grid elactmode for
coritrol of the electrom beam (oorerergence and Ritereity of e
and magnetic deflectors and lances to foous the electon bean
ordo 4 target that will Merays (f. 40 When hittire the
target, the fast electrons are decelersted weny aaddendy, cansing

Ciray value
peulik
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