6th International Symposium on NDT in Aerospace, 12-14th November 2014, Madrid, Spain - www.ndt.net/app.aeroNDT2014

Softwar e toolsfor robust extraction, analysis and visualization of porosities
in XCT scans of fiber-reinforced polymers

Christoph HEINZL, Johannes WEISSENBOCK Andreas REH, Johann KASTNER,
Tobias DIERIG?, Thomas GUNTHER,
Denis KIEFEL®, Rainer STOSSEE,

! University of Applied Sciences Upper Austria, Welsistria; e-mail:
{c.heinzl|j.weissenboeck|a.rehlj.kastner}@fh-wels.a
2 Volumegraphics GmbH, Heidelberg, Germany; e-nfgilienther|dierig}@volumegraphics.com
3 Airbus Group Innovations, Munich, Germany; e-miner.stoessel|denis.kiefel}@airbus.com

Abstract

Advanced composite materials such as carbon féaafarced polymers (CFRPs) play an increasinglyartgmt
role in aeronautics with regard to efficiency armbreomy but also with regard to function integratiamd
flexibility. In order to non-destructively charadtee CFRP materials and components, 3D X-ray coetput
tomography (XCT) is increasingly used as a refezeantd escalation method.

In this work we are targeting XCT data evaluation dne of the main challenges regarding qualitytrabrof
CRFPs, which is robust extraction and analysisapég in 3D as well as the specimen’s volume pagroBibres

of CFRPs largely influence the mechanical propertiEa specimen such as shear strength. Furthertheie
individual characteristics such as shape, positiolyme or size, largely determine whether a corepbmeets
the required specifications and is therefore abléiyt or whether it needs to be rejected or rewdrkeor this
purpose we apply and demonstrate a part of thentéafpy platform developed within the EU-FP7 QUICOM
project (vwww.quicom.el dedicated to porosity analysis. The presentel$ teiocompass robust pore extraction,
characterization of pores, pore classification, atidanced pore and porosity visualization methods.

The presented techniques are demonstrated ancedppii CFRP specimens of the QUICOM consortium. The
tools and the generated results are tested anfieddny an end user. Our findings show that usimg@UICOM
technology platform for robust porosity analysisilitates an in-depth-view into the material systetrich may
be integrated into a feedback cycle, in order totrmd and fine tune the development of novel, t@itb CFRP
components.
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1) Introduction and M otivation

The most recent and next generation of aircrafth ss the Airbus A350 XWB, the Boeing 787 Dreantlioe
the Bombardier C Series, aim to be made of 50 ¥aare advanced composite materials [Compl4]. Toaat
these high shares, complex primary structures df agehighly loaded propulsion parts are incredsing
manufactured using carbon fiber reinforced polym@&@BRPs). Currently, quality control of CFRPs isimha
carried out using ultrasonic inspections or miantsdDMO06], both of which are increasingly faciregir limits,
e.g., regarding shape or size of the componemt& tionsumption, or precision. An advanced non-dette
testing (NDT) method for detailed characterizatafnCFRPs was found in 3D X-ray computed tomography
(XCT), which is to date the most promising techmiqfor non-destructive and fully three-dimensional
characterization of composite aeronautic compongi@32014]. XCT allows to generate a volumetric
representation of the complete interior and extesinicture of the specimen as well as of the natiegl features
in the specimen. Structures such as fibers, porelsisions or voids, may be segmented and extreotefdirther
analysis. XCT data analysis provides detailed mfmion on each segmented object such as poressidace,
volume, shape, and further geometrical informatidrich are of interest for material science and tguaent

of new composite structures. Pores can have diffeshapes and sizes and general distinctions imorjic
spherical-, needle-like-, and tubular pores are weseful. Different laminate structures can haviéediént type



and size of pores. A needle shape of pores can bé&dound in unidirectional (UD-) laminates andrg fibers
in bi-diagonal laminate structures too, whereasntgaiubular and spherical pores occur in bi-diaddibé)
laminates. These kind of material characteristiesamalyzed at several different material datasets.

2) Description of Data

Bi-diagonal laminate samples: The samples AGI-1 tAGI-7 with a cross section of 4 mm x 4 mm were made
from 16 plies of bi-diagonal prepreg (0° / 90° lesjeand measured with a voxel size of 20 um.

Unidirectional laminate samples: In addition to the bi-diagonal samples, two unidii@nal specimens AGI-1X0
and AGI-IX45 were measured with 10 pum and 20 pneVsize. These samples with a cross section a9

x 5.6 mm were manufactured from 15 plies of UD pegp

The measurements were performed on a CT-systenMigttom 160TXD X-ray source with diamond target and
10242 pixel PerkinElmer flat panel detector. ltais open system which allows different kinds of asitjon,
reconstruction, and data evaluation.

3) Methods

3.1) Robust Extraction of Pores

In the following section a new method to calculatesolute porosity of CFRP without the need of using
reference samples is described. At the moment,nanmm and established method in calculating porasity
CFRP is to scan a reference sample with known figrazgether with the sample of interest. Basedtiuan
reference sample a global threshold to differemtlztween pores and fiber/matrix is determineds THhobal
threshold is then used on the sample to get the batween pore volume and rest volume, i.e., thegty.
[QNDEL10].

However, this method has several disadvantages:

« The need of a scanning a reference sample mearss weatk, might result in additional artifacts and
limits the resolution of the scan.

* Using a global threshold is often not appropriatereal world samples with e.g., varying thickness.
Often the same materials may show completely diffegray values in a single dataset.

* The results are very sensitive on the thresholdeho

For many years, Volume Graphics has developed rdsthm detect and characterize pores and inclusions
XCT data. These algorithms are dealing with comiauifiacts like beam hardening and scattered raiag.g.,
by using local adaptive thresholds. Therefore tlieere need for using a reference sample to determiglobal
threshold. The relevant information to distingulsftween pores and fiber/matrix is extracted from data
itself. Unfortunately these highly advanced aldoris were originally developed for aluminum and titas
castings and do not work out of the box with CFREad

So, first of all, in this work we focused on addimdocal adaptive correction to the establishedajldhreshold
based approach. The aim was to get on the onerithoflusing a reference sample for the determimatif the
global threshold value and, on the other handetd dith local grey value variations due to artifad he basic
idea is to start from the global threshold givemepsurface and to detect the real local surfaceribes by
maximum gradient. In Figure 1) you can see thecefféthe local adaptive correction: Figure 1a)whohe case
of a threshold which has been chosen 30% to logyrEi 1c) shows the case of a threshold which is 1®%
high. In both cases of wrong threshold valuesptive definition gets corrected in Figure 1b) arguiFé 1d).

(@) | - (b)




(d)

Figure 1) (a) Low Threshold -30% (b) Low Threshe88% after correction
(c) High Threshold +10% (d) High Threshold +10%eaftorrection

In Figure 2) we show the effect of reducing theoein global porosity by using the local adaptivearection.
For a list of given thresholds we have calculatesl relative error in porosity for both with and katt local
adaptive correction.
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Figure 2) Relative error in porosity with and withdocal adaptive correction

As a result, we can state that local adaptive ctine has a stabilizing effect on the global thm#dhmethod and
renders it less vulnerable against global or Igcay value modifications.

Second, we added methods to define a startinghibieésiot by scanning a reference sample but byyaimag the

grey value data of the scanned part itself. Typicdhe threshold can be defined either in relationthe

(automatically detected) material and backgrounakpeof the grey value histogram or in relation tingterial

peak and its grey value deviatiohwo different modes may be used to determine tuaist) global threshold:

< Interpolation allows to define the threshold inqaatt between background peak and material peak.
< Deviation allows to define the threshold as a vaklative to the material peak in the unit of angtad
deviation of the material grey values.

So, they finally allow to define and calibrate aralysis template independent of the actual greyevednge. For
similar materials, the user is able to calibrateite with precise measured reference samplesandise it in a
wide range independent of the actual scan parasadtke methods has been tested with several CH¥§ $aam
Airbus Group Innovations, showing stable resulteroa wide range. In the following, results for gthiievel
porosity probe scanned together with a referenagkais shown:



Figure 3) (a) 3d and (b) 2d visualization of higldl porosity with color coding of pore volume
(c) 3d visualization of medium porosity with colowding of pore volume (d) pore size distribution

Third we focused on the improvement of an advaradgdrithm, developed for and established in thé fid
aluminum and plastic castings. New criteria for hbdhe segmentation and classification steps has bee
developed to improve the detection of porosity icgntly. In Table 1, a comparison of the new VGKe
CFRP method to the reference method is presentedl datasets as described in section 2, using time sa
parameter settings for all datasets. In this tabkults are also shown combing the new VGDefX CFRP
algorithm with local adaptive refinement as dessdibefore.

VG DefX
Name Reference VG DefX CFRP + Local . abs. rel. Difference
CFRP . Difference

Refinement
QUI-AGI 3 0,82% 0,82% 0,74% 0,08% 10,00%
QUI-AGI 4 0,70% 0,70% 0,63% 0,07% 10,00%
QUI-AGI 5 6,55% 7,51% 6.49% -0,06% -0,01%
QUI-AGI 6 7,04% 7,90% 7.48% 0,44% 6.20%
QUI-AGI 7 7,92% 6,55% 7,66% -0,26% -3.20%

Table 1) Comparison of porosity detection methaus QUI-AGI datasets

Finally we focused on the separation of pore chsste perform on this components an extraction afep
measures like volume, surface, main orientationfanu factors. In Figure 4) the result of this julutomated
pore cluster separation is depicted.



Figure 4) Visualization of pore cluster without fajfc) and with (b) + (d) separation. Differentaa represent different pores.

3.2) Visual Analysis

When evaluating datasets of porous structures thi@ nequirement of the end users besides gettiligble
quantitative porosity values is to get insight itlhe characteristics of the individual pores. Thanee advanced
analysis, visualization and exploration methodsemgential for an in-depth analysis of the undegydata. In
this work we employ three different methods of pugvious work [RPK12], [RGK13], [WAL14] incorporate
in the iAnalyse tool [iAn14] to address this taBkr a general overview of the porosity within tllenponent we
calculate maps of the extracted pores on the cdeE€T dataset of the specimen. Furthermore, wel@mgp
drill down approach to explore and focus on poreerest. We finally calculate mean pores of tlefined
pore classes for further analysis, modelling ornuation.

The first analysis and visualization techniquedats the goal to provide the end users with a globatview of
the analyzed component regarding the regionalibligion of the individual pores within the specimétsing
porosity maps [RPK12], areas of the specimen oh ldgd low porosity are intuitively displayed. Tygliy,
porosity maps are calculated for x, y and z dicedi by adding all voxels of the segmented poreha t
corresponding direction: For each pixel in the gdgomap all contributing voxels along the viewiray are
added and stored. The generated porosity map msdbiered according to the calculated frequencyeslof
segmented voxels.

To explore the dataset in more detail, we are usiad-iberScout tool [WAL14]. FiberScout was desigms an
interactive visual analysis tool for the exploratiof segmented or labelled structures, extracteah KCT data.
The tool first calculates properties of interest dach individual segmented object (e.g., volurheps factor,
position, extents, etc.). The extracted properiesin the second step visualized in parallel coatds as well
as a scatter plot matrix. Using parallel coordisatiose properties of interest are depicted irallghrand
equidistant axes. For each segmented object trmulatdd property values are integrated in the plod
connected using a polyline per object. Parallelrdimates thus allow to show correlations betweejacaht
properties. Selecting ranges in the parallel comtis allows for clustering of the segmented objaoarking
the selected polylines in red. In order to refine tlata exploration a scatter plot matrix is u3dak scatter plot
matrix is an arrangement of individual scatter platach of those plotting a property of interestraanother.
The segmented objects are represented in thersphtte as single dot. Selected objects are agaiked as red
dot. Using brushing the user may refine the initiaksification using each scatter plot. Both garabordinates
as well as a scatter plot matrix are linked to #Bess as well as the 3D view, indicating the seldmbjects in
red color. As soon as the user has finished hisgefent, a new class of segmented objects maydaded and
stored in the class explorer view.

As it is desired by the end users to investigagentiean representation of objects, the datase@snatgzed by a
second technique using a method to calculate mbgatts for a class of interest [RGK13]. The caltala of
the mean representation was coupled to the Fibat$eol allowing to calculate individual mean regeatations
for each of the defined classes of segmented @hjébe used mean objects approach first alignnthieidual



objects. Then the individual segmented objectsadied on voxel basis. In this step each occurréreeeeach
voxel) of a segmented object contributes to theltiég mean representation. Considering the totahimer of
individual segmented objects a statistical repriedim of the mean object may be computed. A 3Dvadows
for visualizing the mean representation using fiemfunctions. For further analysis as well as fmtailed
component simulation, iso-probability surfaceshaf mean representation may be extracted.
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Figure 5) iAnalyse data analysis and visualizaframework. 3D view renderer (top left), Class expiqbottom left), Scatterplot matrix
(top right) and Parallel coordinates (bottom rigfit)e selected individual objects are rendere@dhand linked between all views for
interactive data exploration (FHW replace, QUICOMatet).

4) Resultsand Evaluation

For the analysis of pore shape and geometry witkaiyze, three different CFRP samples were chosem: T
unidirectional prepreg samples in which often neditle pores occur and bi-diagonal prepreg sampleghich
tubular and spherical pores mainly appear. Tho$erdit pore shapes can be evaluated and sepdirate@ach
other to obtain information which is useful in m#éresearch and mechanical stress analysis. fdrerehe
pores were extracted by using the robust extragtiethod of VGStudioMax and afterwards evaluatedising
iAnalyze.

There are many options available to separate goregenerating pore-classes. The most significafferénce
between needle-like and spherical pores is theiege roundness. Figure 6a) shows a dataset oflsahl-
IX0 with a voxel size of 10 um. The roundness sfrieedle-like pores was defined to be betweenrdd®ab, as
depicted in Figure 6b). The spherical pores wefinelé to have a roundness > 0.5 (Figure 6c¢)). leuntiore, for
these two classes, mean objects [RGK13] were cakull Figure 6d) visualizes on the left side inebthe
average pore shape for needle-like pores, andlliovy¢heir deviation. Same visualization for spleatipores is
shown on the right.

The bi-diagonal CFRP samples with mainly tubulad apherical pores were separated in two classesing
the roundness characteristic too, however, withr@shold of 0.6. Figure 6e) depicts the analyzedsga with a
voxel size of 21 um and in Figure 6f) and 6g) the@parated classes. There is a significant difteren
recognizable in the MObject visualization, evenutio the pore shapes itself do not differ signifiaas e. g.
in UD-laminates.
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Figure 6) (a) UD-laminate sample AGI-IX0O which wssparated in (b) needle-like and (c) spherical paned their (d) Mean object
visualization. (e) bi-diagonal sample AGI-3 with ffibular pore, (g) spherical pore separation &)d/ean object visualization.

Furthermore, it is possible to evaluate the origgoaof pores. Therefore, the sample AGI-1X45, vthis made

of the same laminate as AGI-IX0, was cut-out wiit 4elated to the fiber orientation in order to lexate the
pore orientation by using the advantage of neekiée-pores shape (Figure 7a) and 7b)). The evaluated
orientation is shown in Figure 7c), where normalifequency distributions of analyzed orientatians plotted
against the angle.
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Figure 7) (a) Dataset AGI-IX45 with 45° cut orietida related to fiber orientation and (b) AGI-IXQttw0° cut direction. (c) Normalized
frequency distributions of evaluated pore orieotagi

5) Conclusions and future work

For the robust extraction of pores we could shaat tthis possible to become widely independent femanning
reference samples. The generated results are cahipdo the reference method. Just by using infaomdrom
the scan itself, it has been possible to reprodice great extend the results from the referendbade Using
the proposed analysis tool the evaluation of pdrape and separation of pores by using specific pore
characteristics like the roundness worked out weeyl. It is possible to get detailed informationoab pore
geometry and to compare characteristics with edlsbroFurthermore, mean representations can belatdd
which visualizes average pore shapes and deviatioitsAdditionally, it is possible to evaluateetlorientation
of pores, which can be interesting for fiber oréiun analysis in CFRP materials where fiber/regintrast is
too low for standard evaluation. For future work ave planning to test the tool on further samgtes. planned
to further improve the precision of the robust pexe&raction as well as to extend the functionaditghe analysis
tools.
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