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Abstract. Carbon fiber sheet molding compounds (CF-SMC) are increasingly used 

in automotive and aerospace industries. The accuracy of fiber orientation 

measurement depends on the quality of the computed tomography (CT) results. This 

is significantly influenced by signal and contrast obtained when imaging the low 

absorption materials. Using standard tungsten X-ray targets as available in most 

commercially available microfocus CT scanners appears to be a compromise in terms 

of contrast and flux. 

 The authors compare the X-ray spectra and imaging properties achieved using 

tungsten, copper, and silver X-ray targets. Projections and volume data sets obtained 

from scanning a CF-SMC sample component using different X-ray targets are 

compared and evaluated using common quantities like grey value distribution and 

signal-to-noise ratio. Finally, the different volumes are analyzed by using a common 

software module and fiber orientation tensors are compared. 

1. Introduction 

Over the last decades, compression molded discontinuous fiber composites (DFC) 

such as carbon fiber sheet molding compounds (CF-SMC) have been used extensively for 

interior and exterior, structural and non-structural composite applications in automotive and 

aerospace industry [1] [2]. High performance CF-SMCs, such as the materials used in this 

study (see section 2.1 Materials), are characterized by a high delamination resistance, near 

quasi-isotropic in-plane stiffness, high out-of-plane strength and stiffness, and low notch 

sensitivity [3]. The epoxy-based CF-SMC HexMC has a very short curing time, leading to a 

84 % shorter molding time and an overall process time reduction of 44 % for a large part 

(monocoque tub) compared to the same part produced in a resin transfer molding (RTM) 

process [4]. In comparison to the RTM process, the easy and time saving compression 

molding process leads to lower costs and also reduces the final amount of parts due to the 

chance of part integration (fasteners, inserts) [1]. Since CF-SMC is suitable for high volume 

production at low manufacturing costs and enables molding of complex three-dimensional 

(3D) geometries [1], lightweight components made of CF-SMC are used for many industry 

applications like window frames [2] [3], body panels, interior trims, seats, engine bay covers 

and braces [5], handles, air intakes, central tunnel claddings, inner monocoques, suspension 
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control arms, and several other cockpit parts for example in the latest Lamborghini research 

and serial cars (Sesto Elemento, Veneno, Aventador, Huracán, and Urus) [3] [6] [7] [8]. 

Due to the part design and the manufacturing process a characteristic microstructure 

is induced in CF-SMC components. This process-induced microstructure is mainly 

characterized by a locally varying fiber orientation and fiber concentration determining the 

part’s mechanical properties. The DFC materials used in this study consist of thermoset resins 

reinforced by transversely chopped carbon fiber tows (‘strands’, also called ‘chips’ or 

‘platelets’ in literature) which are randomly distributed into a mat. The long carbon fibers are 

strongly aligned in longitudinal direction of the strands. Materials with those randomly 

oriented strands (ROS) are characterized by a high degree of heterogeneity (variability in 

intra- and inter-part structure on the meso- and macro-scale) and seek to reach quasi-isotropic 

mechanical properties [3] [9] [10]. Therefore, obtaining a realistic three-dimensional 

representation of the local fiber orientations in a CF-SMC part is key for a better 

understanding of the compression molding process, to be able to validate compression 

molding process simulations or to map the gained fiber orientation information into a 

structural mesh of an integrative (coupled) Finite Element Analysis (FEA) [11] [12]. In order 

to ensure a proper component design regarding mechanical requirements and for quality 

assurance of manufactured composite parts, the industry’s endeavor is to determine the 

material’s microstructure for large areas or ideally for an entire part [12]. 

In order to collect experimental 3D information about fiber orientation distributions 

of heterogeneous fiber reinforced materials (such as CF-SMC), X-ray computed tomography 

(CT) is widely used in industry due to the fact that it is easy to prepare samples and only 

requires a difference in the linear X-ray attenuation coefficients of the matrix and the 

reinforcement [13]. The inner structure/morphology of inhomogeneous materials like CF-

SMCs can be investigated three-dimensionally by micro-CT (µ-CT), which is a high 

resolution X-ray computed tomography method, allowing an in-depth material 

characterization [13]. 

However, due to the lack of X-ray contrast between epoxy or vinyl ester resins and 

carbon fibers, μ-CT scans are so far not useable to scan larger CF-SMC components and still 

receive useful fiber orientation data. Obtaining CT data for an entire 3D part is always a 

trade-off between scan volume size, possible resolution (voxel size) and the required 

scanning time. Normally, attaining fiber orientations by CT scan data analysis of fiber 

reinforced polymer parts requires a finer scan resolution than the fiber’s diameter, which by 

implication limits the scan volume size [14]. 

Useful μ-CT scans for CF-SMC parts need a sufficient resolution so that it is clearly 

distinguishable between strands and resin by grey value differences enabling a fiber 

orientation analysis with a common CT scan analysis software (e. g. VGStudio MAX, 

Volume Graphics GmbH, Heidelberg, Germany). The analysis algorithm within VGStudio 

MAX is intended to be used for the orientation analysis of discretely visible fibers [11] [15] 

[16] [17] [18]. Yet with correctly set parameters and with local relative density gradients 

between resin and fibers the image analysis principles are suited to be used for scans with 

meso-scale resolutions where no single fibers, only coarser structures like fiber strands and 

fiber bundles, respectively, are visible [12] [13]. Since microscopy shows that during 

compression molding the fibers within one strand flow and orient together, deforming yet 

remaining as an intact strand with locally highly aligned fibers, the density gradients of CT 

scanned ROS-based materials are sufficient for a determination of local average strand 

orientations even at a coarser scan resolution [11] [12] [13] [19]. In a CT scan of a ROS-

based material the smallest density gradient is present in in-strand-direction (along the 

fibers), intermediate density differences are visible transverse to the strand orientation and 

the highest density gradient occurs normal to the strand direction [13]. 
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Denos uses a CT scan with a meso-scale resolution of 53 µm (voxel edge length) to 

determine the heterogeneous internal microstructure of a 65 x 65 x 45 mm3 strand-based long 

discontinuous fiber composite part [11] [20]. However, at that resolution and with the used 

CT scan settings it is not possible to distinguish between single carbon fibers (⌀ ≈ 7 µm) and 

the matrix or to discern strand boundaries (~ 100 µm thick) [11]. Although Denos’ CT scan 

configuration is not able to represent distinct strand boundaries, it is still possible to receive 

a mean local fiber orientation [11]. 

Another common method to achieve bigger CT scan volumes at a reasonable 

resolution is to merge several scan volumes generating a digital twin of the scanned part and 

it’s microstructure. Kravchenko merged 8 scans with a volume of 30 x 30 x 5 mm3 each, 

using a scan resolution of 15 µm [13]. At that resolution the CT scan quality is high enough 

to discern between strands and suitable for reasonable fiber orientation analyses. Kravchenko 

uses an analysis mesh size of 0.7 x 0.7 x 0.1 mm3, where each grid element contains about 

13,000 voxels, which are used to determine a single orientation tensor from each of the 

measured orientation vectors by a grey scale analysis [13]. The finer analysis resolution in 

thickness direction better resolves the thin strands and enables gathering more detailed 

information about the local strand orientation changes. 

The spectrum generated by the X-ray source significantly depends on the elemental 

composition of the used target material. Tungsten (W) is widely used as target material for 

microfocus X-ray sources. However, depending on the applied X-ray voltage and the 

absorption behavior of the sample material, alternative target materials might deliver 

beneficial spectrum characteristics that can improve CT measurement quality concerning the 

separation capability of fiber and matrix for fiber orientation analysis. A higher μ-CT scan 

quality, by means of a higher contrast between fiber and matrix, also enables to scan bigger 

composite part volumes, fulfilling industry demands, where the fiber orientation within a 

whole component is of interest. 

To study the effect of copper (Cu) and silver (Ag) targets in comparison to a standard 

tungsten (W) target in μ-CT scans different carbon/epoxy composite samples are measured 

with different voxel resolutions. Furthermore, X-ray source resolution, grey value 

distribution as well as subjective image quality of the CT data are examined and comparative 

fiber orientation analyses are performed. 

2. Experiments 

2.1 Materials 

The high performance CF-SMCs examined in this study are Hexcel’s HexMC® and A. 

Schulman’s Quantum AMC® 8593 HT. Both materials are designed for compression molding 

of complex shaped parts in a heated metal tool. HexMC® is a DFC which consists of 

unidirectional (UD) preimpregnated (prepreg) AS4/8552 carbon-epoxy tapes that are slit 

longitudinally and chopped transversely into strands and then randomly distributed into a mat 

[9] [10] [3]. Those ROS have nominal in-plane dimensions of 50 mm x 8 mm (2 in x 0.3 in) 

and a thickness of approximately 0.15 mm containing high strength carbon fibers 

impregnated by a fast curing Hexcel HexPly® M77 epoxy resin. The carbon fiber content is 

62 % by weight, corresponding to 57 % fiber volume content and giving a material density 

of 1.55 g/cm3. 

A. Schulman’s Quantum AMC® 8593 HT is a vinyl ester based SMC containing 

chopped 25 mm long PAN based 3 K carbon fiber tows [21]. The carbon fiber weight content 

is 50 %, giving a material density of 1.45 g/cm3. 
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The samples analyzed in this study were cut out of plates (320 x 320 x 3.8 mm) (Fig. 

1 and Fig. 2) that were manufactured with a high mold coverage of 94 % (low- to no-flow 

conditions) in a 1000 ton (Dieffenbacher DCL 1000) compression molding machine at a 

temperature of 135 °C, a pressure of 110 bar, a closing speed of 16 mm/s, and a closing time 

of 480 s. 

 

    

Fig. 1. Used SMC plates (left: HexMC; right: AMC), position of the 310 x 310 mm initial raw material 

charges (dotted white boxes) and location of cut out material samples (white boxes). Colored boxes denote 

CT analysis regions. 

 

 

Fig. 2. Cut out material samples (colored boxes denote CT analysis regions with different scan resolutions) 

 

2.2 Micro-CT Measurements 

The CT measurements of three CF-SMC samples were performed on a CT-AlphaDuo device 

(Procon X-Ray GmbH, Sarstedt, Germany) operated by the Fraunhofer WKI, Hannover, 

Germany. The system is equipped with a 240 kV microfocus X-ray source XWT-240-TCHE 

Plus (X-RAY WorX GmbH, Garbsen, Germany) and a PaxScan® 2530DX detector (Varian 

Medical Systems, Inc., Salt Lake City, Utah, USA). While sample 1 was scanned with the 

320 mm 

320 mm 

R 12.5 

Sample 1 Sample 3 

320 mm 

320 mm 

R 12.5 

Sample 2 
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three selected target materials and in different resolutions, for sample 2 and 3 only the target 

material was varied. The applied scan parameters are given in Tab. 1. To achieve comparable 

exposures of the X-ray images for the different targets the exposure time was adjusted. To 

maximize the scan resolution of the high aspect ratio samples scans at a voxel resolution of 

6 and 17 µm were performed in helix mode. The scan of sample 1 at a resolution of 2.9 µm 

was performed in conventional axial mode. At the same resolution identical sample volumes 

were captured. For visualization and analysis of the volume data VGSTUDIO MAX 3.2 

(Volume Graphics GmbH, Heidelberg, Germany) was used. 

 

Tab. 1. Micro-CT measurement parameters 

 Target 

material 

 

Voxel 

resolution 

[µm] 

X-ray 

voltage 

[kV] 

X-ray 

current 

[µA] 

FDD 

 

[mm] 

Exposure 

time 

[ms] 

Measuring 

time 

[min] 

Approx. 

I0 value 

[-] 

Sample 1 

(HexMC) 

W 2.9 50 75 1000 8 x 3000 960 30,500 

W 6.3 65 140 600 8 x 300 135 35,000 

Cu 6.1 65 140 600 8 x 500 225 31,500 

Ag 6.1 65 140 600 8 x 300 135 36,700 

W 17.4 65 350 700 8 x 200 75 42,200 

Cu 17.4 65 350 700 8 x 300 115 33,250 

Ag 17.3 65 350 700 8 x 200 75 44,800 

Sample 2 

(AMC) 

W 17.4 65 350 700 8 x 200 85 43,600 

Cu 17.4 65 350 700 8 x 400 170 44,000 

Ag 17.3 65 350 700 8 x 200 85 44,000 

Sample 3 

(HexMC) 

W 17.4 65 350 700 8 x 200 90 42,800 

Cu 17.4 65 350 700 8 x 400 180 45,000 

Ag 17.4 65 350 700 8 x 200 90 43,600 

 

2.3 JIMA Resolution Tests 

To determine the effective image resolution of the selected setups, the JIMA resolution 

pattern RT RC-02B [22] was imaged at the same settings that were used for the particular 

CT scans. This includes target type, X-ray parameters, focus-to-detector distance (FDD), 

magnification, and exposure time for the single projection. The tested parameters and 

effective resolutions are listed in Tab. 2. The JIMA resolution was selected as the smallest 

pattern size showing at least 10 % variation of the estimated modulation transfer function 

(MTF) between the lines and spaces [23]. 

 

Tab. 2. JIMA resolution test parameters and determined resolution 

Target 

material 

 

X-ray 

voltage 

[kV] 

X-ray 

current 

[µA] 

FDD 

 

[mm] 

Magni-

fication 

 

Exposure 

time 

[ms] 

Effective 

resolution 

[µm] 

W 65 140 600 80 x 8 x 300 7 

Cu 65 140 600 80 x 8 x 500 7 

Ag 65 140 600 80 x 8 x 300 7 

W 65 350 700 95 x 8 x 200 15 

Cu 65 350 700 95 x 8 x 300 15 

Ag 65 350 700 95 x 8 x 200 15 
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2.4 X-Ray Spectra Simulations of Different Transmission Targets 

The software aRTist 2.10 published by Bundesanstalt für Materialforschung und -prüfung 

(BAM, Berlin) [24] was used to simulate the X-ray spectra of the three transmission targets 

applied in this study (Fig. 3). The simulation was performed for a voltage of 65 kV. At this 

energy the resulting tungsten spectrum does not exhibit the characteristic K-shell emission 

lines. The highest bremsstrahlung radiation in the considered energy range is delivered by 

the silver target which also gives the most significant contribution of the K-shell emission 

lines at 22 and 25 keV. 

 

 

Fig. 3. Simulated spectra of tungsten target, copper target, and silver target 

 

3. Results and Discussion 

To investigate whether the different target materials have an effect on the ability to 

differentiate fiber and matrix, sample 1 was scanned with different voxel resolutions and 

fiber orientation analyses were applied to the same sample region. The fiber orientation 

tensors obtained from the scan with the W target at the highest resolution (2.9 µm) serve as 

reference for the other scan parameters. Samples 2 and 3 with slightly different compositions 

have larger sample dimensions than sample 1 and serve as demonstrators for application-

orientated case studies. 

In contrast to the standard W target a grey value analysis of the reconstructed volume 

data (Tab. 3) generally shows a shift of the grey values towards higher values by usage of 

Cu and Ag as target materials. Although the relative distance between the fiber and the matrix 

signals does not change significantly, the wider spreading of the grey value spectrum should 

principally improve the ability to separate fiber and matrix for fiber orientation 

measurements. For copper the higher grey values in exchange require higher measuring times 

due to the lower X-ray intensity. 

JIMA resolution tests (cf. Tab. 2) have verified the resolution of the X-ray source for 

the different target materials and X-ray parameters. With 7 and 15 µm, respectively, it is 

comparable to the nominal voxel size of the CT scans. No difference in JIMA resolution is 

noticeable for the different target materials. 
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Tab. 3. Grey value distribution in dependence on target material 

Sample Target 

material 

Voxel  

resolution 

[µm] 

Avg. grey value 

matrix 

Avg. grey value 

fiber 

Relative difference 

grey value fiber/matrix 

[%] 

Sample 1 

(HexMC) 

W 2.9 1127 1570 28.2 

W 6.3 1446 1737 16.8 

Cu 6.1 2489 2916 14.6 

Ag 6.1 2229 2644 15.7 

W 17.4 1308 1527 14.3 

Cu 17.4 1350 1520 11.2 

Ag 17.3 3366 3866 12.9 

Sample 2 

(AMC) 

W 17.4 7160 8003 10.5 

Cu 17.4 8460 9564 11.5 

Ag 17.3 7790 8943 12.9 

Sample 3 

(HexMC) 

W 17.4 2987 3376 11.5 

Cu 17.4 3600 4039 10.9 

Ag 17.4 3352 3845 12.8 

 

The general effect of voxel resolution on detectable details is visible in Fig. 4, where 

sectional images at the same positions of sample 1 are compared for voxel sizes of 3, 6 and 

17 µm. With a voxel resolution of 3 µm individual carbon fibers can be detected. The fiber 

orientation is clearly recognizable. This detail detectability at a voxel resolution of 3 µm 

gives reason to expect a plausible representation of the real fiber orientations of the sample, 

when a fiber orientation analysis is performed on these data. 

When a voxel resolution of 6 µm is applied, individual carbon fibers are still visible, 

but the discrimination of fibers inside the strands deteriorates. For a resolution of 17 µm no 

single fibers are recognizable. The structure and orientation of the strands and their layered 

structure is still visible. 

While the grey value gradients, which are detectable in a scan with a voxel size of 6 

or 17 µm allow the execution of a fiber orientation analysis for this type of material, the loss 

of details unquestionably implicates an increased inaccuracy of the results. An evaluation of 

the accuracy of the obtained orientation vectors, that is required for the conduction of 

structural mechanics simulation, is out of the scope of this work. Therefore only a qualitative 

comparison of detail detectability and obtained fiber orientations in dependence on the target 

material is conducted. 

Fig. 5 to Fig. 8 compare sectional images of the different samples and voxel 

resolutions for the different target materials. Only slight differences in the image quality are 

observable. The scans of sample 1 acquired with the Ag target (Fig. 5 and Fig. 6) appear to 

feature less noise than the scans with the W and Cu target. This is most notably in the areas 

occupied by matrix, which should be a homogeneous area without structures. While the noise 

level in all measurements of sample 2 and 3 (Fig. 7 and Fig. 8) appears comparable, the edge 

contrast between strands and resin appears more distinct for the Cu and Ag target than for 

the W target. Both a lower noise level and a higher contrast between fiber and matrix would 

be beneficial for fiber orientation analyses. 



8 

 

Fig. 4. Cross-sectional CT images of sample 1 at different voxel resolutions, W target; top: in-plane view, 

bottom: through-thickness view 

 

 

Fig. 5. Comparison of different target materials for sample 1 at a voxel resolution of approx. 6 µm; top: in-

plane view, bottom: through-thickness view  
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Fig. 6. Comparison of different target materials for sample 1 at a voxel resolution of approx. 17 µm; top: in-

plane view, bottom: through-thickness view 

 

 

Fig. 7. Comparison of different target materials for sample 2 at a voxel resolution of approx. 17 µm; top: in-

plane view, bottom: through-thickness view 
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Fig. 8. Comparison of different target materials for sample 3 at a voxel resolution of approx. 17 µm; top: in-

plane view, bottom: through-thickness view 

 

Fig. 9 displays fiber orientation analyses of sample 1 based on the scans with the 

standard W target. While the color-coded illustrations of the analysis results yield a direct 

impression of fiber orientation, the mesh-based analysis with fiber orientation tensors per 

volume element produces results suitable for transfer into structural mechanics simulation 

software. 

The color-coded illustration reveals a loss of precision that is caused by a lower voxel 

resolution. At the highest resolution of approximately 3 µm the course of the different fiber 

layers is reflected by the calculated fiber orientations. With decreasing voxel resolution the 

general course of fiber orientations is still described by the analysis, but a loss in detail can 

be observed. This is confirmed by the numerical results of fiber orientation summarized in 

Tab. 4. For the scans with the W target deviations of the fiber orientation tensors in 

comparison to the reference scan amount to max. 0.07. The scans of sample 1 with the Cu 

and the Ag target (Fig. 10) result in comparable deviations of the fiber orientation tensors. 

The relative distribution of fiber orientation components, with “xx” being the most 

pronounced direction, is determined correctly from all scans except the scan with the Cu 

target at a voxel resolution of 17 µm. 

Fig. 11 and Fig. 12 illustrate the fiber orientation analyses of samples 2 and 3. In 

comparison to sample 1 larger sample volumes have been scanned and the analysis regions 

are 6 times larger. Especially for non-homogeneous fiber-reinforced plastics, like CF-SMC, 

fiber orientation information over a representative sample volume is important to evaluate 

component quality and to have adequate input data for structural mechanics simulations. For 

this reason the determination of accurate fiber orientations from low-resolution CT scans is 

of high relevance. 

Since no reference scans at high resolution exist for samples 2 and 3, only a 

qualitative evaluation of the results is possible. The depicted fiber orientations appear feasible 

for all target materials. Tab. 5 and Tab. 6 show minor differences of the calculated fiber 

orientation tensors, which are comparable in magnitude to the deviations observed for 

sample 1. 
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Fig. 9. Fiber orientation measurement of sample 1, W target. The color-coded images illustrate the local fiber 

orientations (compare globe colors for fiber orientation). The mesh-images represent the fiber orientation per 

unit cell. Each cell has dimensions of 1 x 1 x 0.1 mm³. 

 



12 

 

Fig. 10. Fiber orientation measurement of sample 1, Cu and Ag target. The color-coded images illustrate the 

local fiber orientations (compare globe colors for fiber orientation). The mesh-images represent the fiber 

orientation per unit cell. Each cell has dimensions of 1 x 1 x 0.1 mm³. 

 

Tab. 4. Fiber orientation measurements of sample 1 (difference to 2.9 µm scan is given in brackets) 

Target 

material 

Voxel 

resolution 

[µm] 

xx yy zz 

W 2.9 0.36 

 

0.54 

 

0.10 

 

W 6.3 0.39 

(0.03) 

0.52 

(-0.02) 

0.10 

(0.00) 

Cu 6.1 0.43 

(0.07) 

0.43 

(-0.11) 

0.14 

(0.04) 

Ag 6.1 0.39 

(0.03) 

0.49 

(-0.05) 

0.12 

(0.02) 

W 17.4 0.43 

(0.07) 

0.51 

(-0.03) 

0.06 

(-0.04) 

Cu 17.4 0.47 

(0.11) 

0.46 

(-0.08) 

0.06 

(-0.04) 

Ag 17.3 0.44 

(0.08) 

0.51 

(-0.03) 

0.05 

(-0.05) 
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Fig. 11. Fiber orientation measurement of sample 2. The color-coded images illustrate the local fiber 

orientations (compare globe colors for fiber orientation). The mesh-images represent the fiber orientation per 

unit cell. Each cell has dimensions of 1 x 1 x 0.1 mm³. 
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Fig. 12. Fiber orientation measurement of sample 3. The color-coded images illustrate the local fiber 

orientations (compare globe colors for fiber orientation). The mesh-images represent the fiber orientation per 

unit cell. Each cell has dimensions of 1 x 1 x 0.1 mm³. 
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Tab. 5. Fiber orientation measurements of sample 2 

Target 

material 

 

Voxel 

resolution 

[µm] 

xx 

 

 

yy 

 

 

zz 

 

 

W 17.4 0.53 0.43 0.04 

Cu 17.4 0.51 0.40 0.09 

Ag 17.3 0.45 0.48 0.07 

 

Tab. 6. Fiber orientation measurements of sample 3 

Target 

material 

 

Voxel 

resolution 

[µm] 

xx 

 

 

yy 

 

 

zz 

 

 

W 17.4 0.54 0.40 0.06 

Cu 17.4 0.53 0.41 0.06 

Ag 17.4 0.49 0.47 0.04 

4. Summary and Outlook 

In this study three different X-ray target materials (W, Cu, and Ag) were compared 

regarding their performance in CT measurements of CF-SMC components. 

All three target materials achieved equal resolutions using a JIMA test pattern. The 

CT measurements showed that Cu and Ag targets cause a shift of the grey values to slightly 

higher values in comparison to W target. Additional effects of the Cu and Ag target, which 

have to be approved, are enhanced edge contrast and, for the Ag target, improved noise levels. 

Because of a lower photon flux the Cu target requires about 1.5 times higher exposure times 

compared to the W and the Ag target to achieve comparable I0 values. 

In fiber orientation analysis no obvious advantages of the use of Cu and Ag targets 

could be detected. Generally the accuracy of fiber orientation analysis was observed to 

diminish with decreasing voxel resolution. Analyses based on scans with the Cu and Ag 

targets showed comparable differences to the reference high resolution scan as scans with 

the standard W target. 

However, the general course of fiber orientations is described correctly also at a low 

voxel resolution of approximately 17 µm, which might be sufficient for some applications. 

At this voxel resolution samples with a diameter of approximately 20 mm and an even higher 

length have been scanned and fiber orientation analysis was performed. 

Regarding the reference values for fiber orientation, a high resolution scan is assumed 

to deliver orientation values of high accuracy. However, no direct evidence for this 

assumption exists. To thoroughly evaluate the correctness of a fiber orientation analysis a 

reference sample of known fiber orientations would be required. Accordingly no final 

conclusion about the ability of the alternative target materials Cu and Ag to improve the µ-

CT scan quality for fiber orientation analysis can be drawn. The development of suitable 

reference samples for SMC materials might be subject of further studies. 
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