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Abstract

Glass-fibre reinforced polymer matrix compositeshibit superior properties to traditional
materials. Thus, they have found a broad variegpgfications in modern industry. For process
development and quality control sophisticated tltmeensional methods for non-destructive
characterization are needed. X-ray computed tonpbgr&CT) is a powerful radiographic non-
destructive-testing method to locate and size velunimdetails in three dimensions.

This paper comprises the characterization of slytass-fibre reinforced injection molded
polymeric parts by p-CT to measure lengths andantiqular the three-dimensional orientation
of the fibres. To measure a maximum of sample velutne p-CT-measurements were
performed with resolutions close to the diametethef fibres. The CT-data were processed by
various three-dimensional filters such as anisatrdgfusion, threshold and thinning operations.
The anisotropic diffusion filter leads to bettentrast between fibres and the polymeric matrix.
Therefore, the individual fibres can be extractgdtliresholding and the medial axis of every
fibre can be determined by a thinning algorithnorirthese data fibre lengths and the three-
dimensional orientation can be determined. Thel fiesult of the CT-evaluation procedure is a
three-dimensional representation and visualizatibthe fibre distribution by means of color
coded vector-fields and glyphs.

In addition, the experimental CT-results were coragao simulation results of the injection
molding process using Moldflow. The differenceswestn the CT-results and the simulation are
visualized and analyzed in three dimensions by s@érthe orientation tensor. The CT-results
correspond to the calculated fibre orientatiorhim injection molded part quite well.
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1. Introduction

Polymer fibre composites have an increased stifraesl increased strength to weight ratio
compared to metallic and other “traditional” mat#si Therefore the applications of these
materials become more and more important in mothelustry [1]. Non-destructive and contact-
free techniques for the 3D-characterisation ofefilsomposites face an increasing demand in
process development and production. Computed taapbgr (CT) is a radiographic NDT-
method to locate and size volumetric details ire¢hdimensions [2, 3, 4]. Due to measurement
speed and quality, XCT systems with cone beam ga#graed matrix detectors have gained
general acceptance in materials science. Using &C$pecimen is placed on a rotary plate
between the X-ray source and the detector. Theirspecis rotated step by step, taking a
projection image at each angular position. A compuwtuster reconstructs the penetration
images to a volume dataset. At each position oféisalting dataset a grey-value is calculated,
which corresponds to the spatial X-ray attenuatmoefficient.



We report on a workflow to extract the individu@drés out of the CT-data. This workflow
consists of 5 major steps as shown in Fig. 1. Rimrextracted fibres the orientation tensor for a
selected volume is calculated. Additionally, th@erimental results are compared to simulation
results of the injection moulding process uding dflow Plastic Insight[5] .

2. Experimental

A common glass fibre reinforced polymer sample wagestigated - PBT-polybutylene
terephthalate with 10 % and 30 % glass fibre cdnfBme mean fibre diameter was 20 pm and
the mean fibre length 0.1 mm. The samples weregpeepby injection moulding on an Engel
injection moulding machine. The orientation of thlass fibres in the injection moulded parts
was calculated by using Moldflow MPI1 6.1 [5] by TCKGmbH. The X-ray tomograms were
scanned at a Rayscan 250E CT-device construct&dwgchmiller Inc with a 225 keV micro
focus tube and a 1024x1024 a-Si flat panel matitector [2,4]. The actual x-ray energy used
was in the range between 160-200 keV. The tubeegtiand the magnification were selected in
a way, that the resolution of the whole system &@g1m.

3. 3D-Image Processing and CT-data evaluation
3.1 General Issues

Compared to two-dimensional image data, three-dsmeal datasets offer the possibility to
analyze more data. Consequently, the key figurézileded from these datasets provide more
significance than those calculated from two-dimenal datasets. Nevertheless, this gain in
significance is on cost of runtime needed to aralye datasets. Furthermore, many 2D image
processing routines do not easily expand into thmeensions. CT-datasets contain a high level
of noise portion which has to be eliminated, moezpthe number of volume elements (voxels)
which represent a fibre is due to the limited regoh very limited. To overcome these problems
suitable image processing techniques have to beecho

The following sections will describe the image m®sing techniques used to extract the
fibres as well as the calculation of the three-disi@nal orientation tensor and the visualization
of the differences between simulated and experiahedata. The workflow for CT-data
evaluation is based on the work of J.C. Tan f8]alt is shown in Figure 1.
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Figure 1: The workflow of the 3D-CT data analysisto extract the fibres and calculate the orientation tensor.



3.2Pre-Processing and Segmentation

The quality of the CT-data makes it hard to sepatfae fibres from the surrounding polymer
matrix due to noise. In general, noise in imagea datliminated by the use of smoothing filters
like Gaussian smoothing, Mean or Median filters[Fhe disadvantage of these filters is that
regions with high intensity differences are smodtlas well, leading to a loss of information
conceming the fibre edges. Therefore, the datamieoth using Perona and Shiota anisotropic
diffusion filter[8] which does not smooth regiongttwhigh gradient magnitudes. This enables a
separation of the fibres from the polymer matrixusyng a simple threshold operation.
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Figure2: Theoriginal CT- image data (a), the smoothed image data using anisotropic diffusion (b) and the
segmented fibres (c).

Figure 2 shows the results of the pre-processiapg. $tigure 2.a shows the original image
containing noise. Nevertheless, the fibres can dmognized very well. The results of the
anisotropic diffusion can be seen in Figure 2.b.itAsan be seen from this image, most of the
noise has been removed. Figure 2.c shows the @seitapplying a global threshold. It clearly
can be recognized that most of the fibres have lm#racted. Nevertheless some spots and
sparkles are still in the image which will be reradwduring the fibre tracing. The output of this
pre-processing step is used by a skeletonizatienabipn.

3.3 Skeletonization

Skeletonization is a process which reduces a gemakibject to its medial axis[9].
Skeletonization, or also thinning, is used in aietgrof fields of application, i.e. in medical
image processing thinning can be used to extraessel tree. The thinning process continuously
deletes border points of an object until only thedral axis of an object remains. Though,
topological and geometrical constraints must besfsadl, which are to preserve the number of
connected objects, cavities and holes in the algihape. Generally spoken the skeletonization
process examines the local connectivity of a voXéhile only 256 possible neighbourhood
configurations have to be check in two-dimensiomalages, the number of possible
neighbourhood configurations increases to 67, 868,in three-dimensional images leading to a
significant increase in runtime.

3.4Fibre Tracing

The output of the thinning process is used to ttheefibres. Therefore, additional checks
have to be made. As fibres can touch, so callestals are created. A cluster is defined as a
voxel having more than two neighbours. Figure Baa (b), shows two possible configurations
of a cluster. The shaded voxels are the centrBetluster. To determine the centre voxels the
neighbourhood of each voxel is examined. As it lsarseen from Figure 3, a and b, the voxels
left and right of the centre voxels are neighbaofrshe voxel on top of the centre too which
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would make them to centre candidates. This voxedscalled to be mixed adjacent. To check
this mixed adjacency three rules are introduced Vaxelsp andq are called mixed adjacent, if

qONg, or (1)
qU N ONg(q) n Ng(p) ={} , or 2
qONp ONg(a) n Ng(p) ={} ON(a) n Nyg(p) ={} - 3

Applying these rules with the neighbourhood confagions shown in Figure 3 c-f to all the
voxels in the skeleton which have more than twa@lmeours leads to the identification of all
clusters. These clusters are stored in a hash ondprther processing.

The fibre tracing routine uses the cluster infoiorato extract the path segments of fibres.
Therefore, this routine traces a fibre from theibeigg to its end or if a cluster is reached.
Segments which are not part of a cluster and wiersgh is less than a user specified value are
deleted, because it can be assumed that this fiese#t from noise in the input image. After all
segments are extracted, all path segments are laleskto fibres by analyzing the clusters they
belong to. Therefore, the angles between each gegment of a cluster are determined. By
comparing these angels it can be detected whithgegments represent a fibre.
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Figure 3: Two possible configurations of a cluster. The shaded voxels are the center of the cluster, (c), (e), (f):
the layout of the used neighbourhood configurations (Ne, Nig, Np).

3.5 Orientation tensor

Based on the extracted fibres, the three-dimenkiomi@ntation tensor[10] is calculated.
Generally, the spatial orientation of a fibre isimed by the spherical coordinate$,¢, where

r >0 is the distance from the origin to a given pé&ijnt 4)
0<6<n,and ®)
0<¢<27. (6)

The spherical coordinates can be obtained from the Camtesordinates by:

r={x*+y*+27° (7
6= arcco%%} (8)
VXo+y +z

= Y
¢= arctarE xj 9)



Additionally, a unit vectorp which lies parallel to the fibre can be used tsadbe the
orientation, wheregs is defined as follows:

sindcosp
p =| sindsing (10)
cosd

The orientation of a group of n fibres is described the orientation tensowhich is
calculated by the dyadic product of each singlefib

L L(n a, a, a;

a ==Y a==[>pp|=lay a, a (12)
ni=1 n\ =1 a, a a,
1 2 3

The matrix diagonal components,;,a,, &, give information about the strength of

orientation in the corresponding directionsaif=1 then the fibres are oriented parallel to the x
axis otherwise ifa;3;=0 then the fibres are perpendicular to the x aRandomly distributed
fibres lead to diagonal components equal to 1/3reldeer the sum of the matrix diagonal is
always 1. The orientation tensor is often definedaasymmetrical second rank tensor which
means that only six components of the orientagmsdr are used:

&, &y Q3
), Ay (12)
833

3.6 Visualization

The whole visualization process is based on the @gen source framewoNisualization
Toolkit (VTK)[11] which is widely used in the field of ma&al visualization. Besides polygon
based rendering techniques, VTK supports volumeleemg usingVolume Ray Casting and
Volume Texture Mapping techniques. To visualize the individual fibres lgph is created
according to the position and length of the fildrke color code for each glyph is determined by
extracting the Eigenvalues of the orientation temsahe corresponding fibre (Fig. 4).

Figure 4: Visualizations of the extracted fibres using different types of glyphs. The colour correspondsto the
orientation of the individual fibres



3.7 Method to compare experimental CT-results with simlated results

The main focus of this work is to enable a compariof simulated results with
experimentally obtained results. Therefore, anrfate was implemented allowing comparing
the simulated moulding process calculated by MadAMPI with the experimentally extracted
fibres. The result of the simulated moulding precessaFinite Element Mesh (FEM) where an
orientation tensor is assigned to every cell offE®M. To be able to compare the FEM with the
extracted fibres the FEM and the CT-data have tadggstered. Currently, this registration
process is fully manual which will be replaced lnysaitomatic registration method in the future.
The next step is to extract the FEM-cells whichalithin the bounds of the CT-data to accelerate
subsequent processing steps. The next is the detgiom which fibres intersect which cell to
extract the orientation tensor information of bdtie simulated data and the experimental data.
Based on the extracted orientation tensors therdifices can be determined and visualized. The
visualization process comprises the possibilitiesvisualize the FEM combined with the
difference orientation tensor, or the results camierged with the extracted fibres.

4. Results and Discussion

This section shows the results of the above desttrdpproach for a polybutylen terephthalat
polymer matrix with 10 percent fibre fraction. Treal part was moulded with an injection speed
of 140 cm? per second. Figure 5 shows the restiltee simulation performed by MoldFlow
MPI. A CT-scan was performed in the area of theelbwle in the middle of the part resulting in
a dataset with a size of 767x414x884, with an ogndrvoxel size of 8.6 pm.

Method Orientation Tensors
MoldFlow MPI Orientation Tensor 0.519631 0.0489648 0.00149019
a= 0.433884 0.00155838
0.0464856
Experimentally determined Orientation Tensor 0.392679 0.0188275  0.0156354
a= 0.560755 - 0.0106652
0.0465663

Table 1: Thesimulated orientation tensor compared to the experimentally determined orientation tensor.

Table 1 shows the resulting orientation tensosloldFlow MPI and the extracted fibres in
the area around the bore hole. As it can be seestthngth of orientation is highest in the x-y
direction in both methods. Furthermore, it can kensthat MoldFlow MPI favours the x-
direction whereas the experimentally determinedrdation tensor favours the y-direction. It is
noticeable, that both methods provide nearly tmeesaalue for the strength of orientation in the
z-direction. Moreover it can be seen from Tabldat the other components of the orientation
tensor of the extracted fibres, with exceptionhef k-y component, are about 10 % higher than
the simulated components.

Figure 5.a shows a visualization of the extractbce§. Fibres with similar orientations are
coloured equally. As it can be seen, the oriemtatiof the fibres follow the shape of the bore
hole very well. Figure 5.b shows visualization whéne difference between the simulated and
the experimentally determined orientation tenssrencoded into the colouring of the fibres.
Regions with red fibres indicate big differencestie orientations, regions with green and
yellow fibres indicate negligible differences.
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Figure5: Visualization of the experimentally determined orientation tensor (a); visualization of the differences
between the smulated and experimentally determined orientation tensors (b).

5. Conclusion

Current results show that the presented approaskers promising. We have presented a
workflow with 5 major steps — smoothing, segmentatiskeletonization, fibre extraction, tensor
calculation — to extract the position and lengthegéry individual fibre and to calculate the
orientation tensor. The extracted fibres were \liged by colour coded glyphs. The extraction
of the fibres medial axis allows the determinatadnmany performance figures of glass-fibre
reinforced injection moulded polymer parts. Funthere, we have presented an approach for
reviewing the results of a simulated injection nad) process performed with MoldFlow MPI
and to compare the simulated results with the mse@ CT-data in 3D.
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