
21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

MULTI-SCALE INTERNAL GEOMETRY ANALYSIS AND 

MECHANICAL MODELING OF RANDOMLY ORIENTED STRANDS 
 

Yi Wan 1 * and Jun Takahashi 1  

 

 
1 Department of Systems Innovation, the University of Tokyo, Japan 

* Corresponding author: wan-yi@cfrtp.t.u-tokyo.ac.jp 

 

 

 Keywords: CFRTP, ROS, internal geometry, modeling 

 

ABSTRACT 

Adequate characterization of the internal geometry of randomly oriented strands (ROS) for 

prediction of their properties requires acquisition and analysis of vast amount of data. In the present 

work, one kind of ROS fabricated with carbon fiber reinforced thermoplastics (CFRTP), so called ultra-

thin chopped carbon fiber tape reinforced thermoplastics (UT-CTT), were introduced for the research 

of multi-scale internal geometry analysis and mechanical modeling methods. Two different methods 

were proposed to measure and quantify the internal geometry of UT-CTT using X-ray micro-CT. One 

method based on image binarization and another one based on structure tensor. The two-scale fiber 

orientation distributions (orientation of the tapes and of the fibers inside the tapes), tape morphology, 

3D structure and orientation misalignment were characterized. After the detailed micro-structure 

information of UT-CTT collected through the internal geometry study, one-step Mori-Tanaka model 

and mean-filed homogenization based equivalent laminate model were applied for the simulation of 

mechanical properties. The simulated properties were also compared with the experimental data.  

The results indicate that the applied X-ray micro-CT methods can provide detailed information like 

primary orientation directions, tape waviness, and splitting of the internal geometry of UT-CTT. And 

the two mechanical models show their advantages and disadvantage on prediction the modulus and 

strength of UT-CTT. In comparison with the traditional discontinuous CFRTP sheet molded compound 

(SMC), the UT-CTT exhibited superiorities in terms of computer aided engineering (CAE) capability 

and internal geometry regularity. 

 

1 INTRODUCTION 

Carbon fiber reinforced thermoplastics (CFRTP) are increasingly used as replacement materials for 

traditional carbon fiber reinforced thermosets (CFRTS), not only because they provide superior 

recyclability, but also because they can be produced by rapid cycle molding processing without solvent. 

Using thin layers in laminate composites can improve mechanical performance, as verified by Sihn et 

al. [1], Yokozeki et al. [2] and Amacher et al. [3] among others. Randomly oriented discontinuous 

CFRTP can bring about high-quality complex geometry molding and promote the usage of recycled 

materials. Randomly oriented strands (ROS), as a representative randomly-oriented discontinuous fiber 

reinforced composite with a high fiber volume content, show a combination of favorable complex 

molding capability and high mechanical performance; new research is being rapidly carried out in this 

field [4-6]. Therefore, ROS fabricated with CFRTP thin ply pre-impregnated strands are considered to 

be advantageous composites and regarded as potential substitutes for metallic materials in various mass-

produced applications [7].  

To ensure the reliability and safety of ROS in industrial applications, the material’s structure and 

properties must be comprehensively analyzed. X-ray micro-computed tomography (micro-CT) is a 

powerful non-destructive method for the characterization and visualization of the internal geometry in 

composite materials. ROS generally have complex internal geometry due to strands distribution during 

fabricating, and X-ray micro-CT is considered to be an efficient method to provide higher accuracy in 

the characterization of fiber orientation distribution (FOD), fiber length distribution (FLD) and multi-

scale geometry quantification. The X-ray micro-CT researches of fiber reinforced composite materials 
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were mainly concentrated on the injection molding compound [8-13], laminates [14-16] and woven 

fabric composites [17-20]. The distributions of fiber morphologies were studied by Alemdar et al. [8]. 

Local average orientation distribution and visualized 3D orientation modeling of GF/PA6 injection 

materials were investigated by Bernasconi et al. [9] using the Mean Intercept Length (MIL) technique. 

Fiber orientation and effect of injection flow on injecting molded glass fiber reinforced nylon (GF/PA6) 

and carbon fiber reinforced polypropylene (CF/PP) were analyzed respectively [12, 13]. The orientation 

distribution together with local volume fraction of CF/Aluminum and CF/epoxy unidirectional laminates 

were investigated through 3D micro-CT method [14]. 2D laminated preform and random felt carbon-

carbon composites were fabricated, and studied by Dietrich et al. focusing on distribution of the fibers, 

porosity and other internal geometries [15]. The porosity of CF/epoxy laminates were also studied and 

the X-ray micro-CT aided mechanical simulations were conducted by Tserpes et al. [16]. The internal 

geometries of carbon woven fabric [17] and woven textile CF/epoxy composites [18] were analyzed 

using a structural tensor based micro-CT method. The combination of the reconstructed 3D model of 

both short fiber composites and textile composites with the FE mesh generation and numerical analysis 

have been reported [11, 19]. However, none of the referenced studies considered the X-ray micro-CT 

analysis of ROS composites.  

The mechanical properties of discontinuous CFRTP have been studied previously through different 

approaches for accurate and effective estimation. Fu et al. calculated the tensile modulus and strength 

of CFRTP in different fiber aspect ratios and orientations based on the modified rule of mixtures [21, 

22]. Piggott et al. verified the accuracy of the shear-lag model for the simulation of the mechanical 

performance of short fiber reinforced plastics [23]. An accurate multi-scale FE (finite element) model 

has been established by Hashimoto et al. for simulating the tensile strength of discontinuous carbon 

fiber/polypropylene composites with fiber orientation distribution [24]. Further, a comparison between 

the analytical and numerical homogenization methods was conducted by using a complex multi-scale 

FE model, as well as one step Mori–Tanaka model, two-step Self-Consistent/Voigt model, and Lielens 

(Li)/Voigt model [25]. Recently, Pimenta and co-workers simulated the tensile properties of prepreg-

based discontinuous composites with a shear-lag-based equivalent laminate method [26]. Thus far, the 

combination of the Mori–Tanaka type model [27] with the Eshelby’s equivalent inclusion method [28] 

presents one of the most efficient and accurate approaches for the prediction of composite stiffness. 

However, the previous researches indicated the limitation in the volume fraction and orientation 

distribution of the inclusions of this method [25, 29-31], and the reason for this limitation remains 

unclear.  

In present study, the internal geometries and mechanical properties of UT-CTT with different tape 

length are characterized, two X-ray micro-CT methods and two modeling methods are applied in this 

research. The multi-scale internal geometries are quantified and visualized, the tensile properties are 

evaluated and compared with experimental results. 

 

2 MATERIALS AND METHODS 

2.1 Materials 

In this study, the UT-CTT were fabricated by randomly oriented ultra-thin unidirectional pre-

impregnated sheets (44 μm thickness in average). The ultra-thin sheets were manufactured by spread 

carbon fiber tow (TR 50S, Mitsubishi Rayon Co., LTD.) and Polyamid-6 (PA6, DIAMIRON™ C, 

Mitsubishi Plastics, Inc.). The average fiber volume fraction (𝑉𝑓) of the sheets is 55% and the 𝑉𝑓 of UT-

CTT after molding were calculated through the ash test. The ash test is used to determine the actual 𝑉𝑓 

of composites by measuring the sample volume V using a densitometer and the weight of CF 𝑀𝐶𝐹 by 

burning the resin off. The pre-impregnated sheets were provided by the Industrial Technology Center 

of Fukui Prefecture in Japan. The sheets were cut into three different tape sizes in present study. Tape 

length 12 mm, 18 mm, 24 mm, and 30 mm were selected, and the tape width was fixed to 5 mm. To 

manufacture the UT-CTT, the discontinuous tapes are dispersed by wet-type paper making process. The 

tapes are randomly distributed in water and the tape sheets are stacked to make the UT-CTT plate by 

heating-and-cooling compression molding (Fig. 1). The molding pressure was 5 MPa, which is the 

recommended molding pressure based on previous researches [32]. The molded plates are 2 mm in 
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thickness. This material shows good transverse isotropy, and because the fibers were impregnated before 

molding, the UT-CTT can be molded under low molding pressure, which is a big advantage for the 

mass-production applications. Additionally, since the 𝑉𝑓  of this material can reach over 50%, this 

material is presumed to be applicable to the critical components of vehicles.  

After the UT-CTT plates are made, the specimens for X-ray measurement and tensile tests are 

prepared. To ensure the sufficient resolution of the X-ray images and provide reliable information on 

the internal geometry and fibers, the specimens must be cut in relatively small size. After each edge of 

the plates was cut off by 15 mm to eliminate the molding edge effect, the X-ray specimens with a size 

of 2×2×30 mm (thickness × width × length) were cut from the plates arbitrarily. And the tensile 

specimens are cut 35 mm in width and 100 mm in gauge length. 

 

 

Figure 1: UT-CTT and the wet-type paper making process. 

2.2 X-ray micro-CT analysis 

The internal structural information of UT-CTT was observed and collected by the 3D X-ray scan 

system TDM1000-II from Yamato Scientific Co., Ltd. During the observation, the specimens were fixed 

on a rotational stage (Fig. 4), and the distance between the rotation axis and the radiation source is set 

to 10 mm for reliable resolution of embedded fibers on the images. The scanned volume is a right circular 

cylinder because of the rotation, and the size of the cylinder is 0.88 mm in radius and 1.76 mm in height. 

To ensure sufficient image resolution during CT acquisition process, the sample was positioned in the 

scanner’s field of view so that the imaged volume had a physical size of 1×1×1 mm and excluded the 

air surrounding the sample. The X-ray tube voltage was set to 40 kV and X-ray tube current was set to 

40 μA for all the specimens. After the acquisition of the X-ray projection images (a rotation step of 0.24 

degree and 25 minutes per full rotation of the sample), the 3D image was reconstructed by the image 

processing unit of the X-ray CT system. The pixel size of the reconstructed 3D micro-CT images was 

fixed to 4 μm, and 512 images stacked through out-of-plane direction for each specimen were used for 

image processing and calculations. The schematic of scanning process and scanned volume are 

illustrated in Fig. 2. 

 

 
Figure 2: Schematic of scanning process and scanned volume of the UT-CTT [33]. 
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Two different micro-CT methods are adopted in present study. One method is developed under the 

collaboration with KULeuven [33] and using a structural tensor based software named VoxTex. Another 

method is using a commercially available image binarization based software named TRI/3D-BON 

(RATOC System Engineering Co., Ltd.).  

In the developed VoxTex method, CT images were converted from the native scanner format to a 

single three-dimensional array 𝐼(𝑋, 𝑌, 𝑍) of 8-bit grey values, where the coordinates 𝑋, 𝑌, 𝑍 are integer 

numbers. The analyzed variables were the fiber orientation angles 𝜑 and 𝜃 in a spherical coordinate 

system: 𝜑 is the in-plane orientation angle, with the Cartesian axes 𝑋 and 𝑌 lying in the plane of the 

sheet, and  is the angle of a vector along the Z axis, normal to the 𝑋 and 𝑌 axes. The fiber orientation 

vector is calculated from the CT image 𝐼(𝑋, 𝑌, 𝑍) using the three-dimensional grey value structure 

tensor [18, 33].  

The histogram of FOD, averaged 𝜑 and 𝜃 through out-of-plane direction and orientation-quantified 

3D model of UT-CTT were generated based on these two methods, and the orientation details are applied 

to the further mechanical modeling processes. 

 

2.3 Tensile tests 

Tensile experiments were conducted for UT-CTT. five specimens were prepared for all the UT-CTT 

with different tape lengths. The tensile stroke rate was set to 5 mm/min, the strains were measured using 

an extensometer, and the tensile strengths were measured as the maximum stress until final breaking 

occurred. 

The tensile experiments of the matrix were also conducted to obtain the elastoplastic performances 

needed for the simulations. The dumbbell tensile specimens were manufactured by the corresponding 

resins, i.e., PA6, using injection molding processes. The tensile stroke rate was set to 1 mm/min. Because 

the fracture strains of these resins are much higher (higher than 30%) than that of the CF (about 2%) 

and the composites (less than 2%), only 5% strain of the matrices were recorded by the extensometer to 

ensure measurement accuracy. The stress–strain curves of the matrices are fitted based on the 𝐽2 -

plasticity model, which is given by: 

𝜎𝑒𝑞 = {
𝑪: 𝜖𝑒    𝐽2(𝜎) ≤ 𝜎𝑌

𝜎𝑌 + 𝑘𝑝 + 𝑅∞[1 − 𝑒−𝑚𝑝]    𝐽2(𝜎) > 𝜎𝑌
 (1) 

where 𝐽2(𝜎) is the von Mises equivalent stress; 𝜎𝑒𝑞 and 𝜎𝑌 denote the equivalent Cauchy stress and the 

yield stress, respectively; 𝜖𝑒 is the elastic strain; C is the Hooke’s operator; and k, 𝑅∞ and m denote the 

linear hardening modulus, hardening modulus, and hardening exponent, respectively. The parameter p 

represents the accumulated plastic strain and is expressed as: 

𝑝 = ∫ √
2

3
𝑑𝜖𝑖𝑗

𝑝
𝑑𝜖𝑖𝑗

𝑝
 (2) 

The 𝐽2-plasticity model curve is plotted using the experimental data, and the parameters used in the 

fitting 𝐽2-plasticity curves are applied to the simulation processes. 

 

2.4 Mechanical property characterization 

Two different modeling methods were applied in this study. The first one is the general analytical 

homogenization method for discontinuous inclusions: the modified Mori-Tanaka model [34]. The other 

one is the de-homogenization method well used on short fiber composites recently: the equivalent 

laminate method [24, 26].  

The general Mori–Tanaka formulation to describe composites with randomly oriented inclusions was 

presented by Benveniste as follows [34]: 

𝑬𝑀𝑇 = 𝑬𝑚 + 𝑉𝑓{(𝑬𝑓 − 𝑬𝑚): 𝑻}: [𝑉𝑚𝑰 + 𝑉𝑓{𝑻}]
−1

 (3) 

where E denotes the stiffness tensor, and subscripts m and f represent the matrix and fiber, respectively. 

The curly bracket {.} stands for orientation averaging. Tensor T is given by: 

𝑻 = [𝑰 + 𝑺𝑚: 𝑬𝑚
−1: (𝑬𝑓 − 𝑬𝑚)]

−1
 (4) 

where 𝑺𝑚 is Eshelby’s tensor [28]. 
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On the other hand, in the equivalent laminate method, the moduli of single equivalent layer, like E11 

(aligned fiber direction), E22 (transverse to aligned direction), G12 (in-plane shear), and G13 (out-of-

plane shear) are calculated by modified Mori-Tanaka model provided by Tandon and Weng [35, 36]: 

𝑬11
𝑀𝑇 =

𝑬𝑚

𝟏 +
𝑐(𝑨1 + 𝟐𝜈𝑚𝑨2)

𝑨

 (5) 

𝑬𝟐𝟐
𝑴𝑻 =

𝑬𝒎

𝟏 +
𝒄

𝟐𝑨
[−𝟐𝝂𝒎𝑨𝟑 + (𝟏 − 𝝂𝒎)𝑨𝟒 + (𝟏 + 𝝂𝒎)𝑨𝟓𝑨]

 (6) 

𝐆𝟏𝟐
𝐌𝐓 = 𝐆𝐦 +

𝐆𝐦𝐜

𝐆𝐦
𝐆𝐩𝟏𝟐 − 𝐆𝐦

+ 𝟐(𝟏 − 𝐜)𝐒𝟏𝟐𝟏𝟐

 
(7) 

𝑮𝟏𝟑
𝑴𝑻 = 𝑮𝒎 +

𝑮𝒎𝒄

𝑮𝒎
𝑮𝒑𝟏𝟑 − 𝑮𝒎

+ 𝟐(𝟏 − 𝒄)𝑺𝟏𝟑𝟏𝟑

 
(8) 

where 𝑨 and 𝑨𝑖 are constants depending on the components of the Eshelby tensor and the matrix/fiber 

properties.  

After the moduli of single equivalent layer are obtained, the mechanical properties of the equivalent 

laminate are calculated by the classical laminate theory (CLT). During the processes, the effect of defects 

are also considered. The fiber waviness is modeled by assuming the waviness to a sign wave and using 

the waviness amplitude of the sign wave as the parameter to calculate the effects [37]. 

In present study, the general Mori-Tanaka model simulation is running in the mean field modeling 

software Digimat-MF from e-Xstream engineering Co., while the equivalent laminate method is 

analyzed by the MCQ (Material Characterization and Qualification) chopped from AlphaStar Co. 

 

3 RESULTS AND DISCUSSIONS 

3.1 X-ray micro-CT analysis from VoxTex 

In VoxTex processes, the distance between voxels for averaging calculation, which defines a volume 

for averaging, called below “volume of interest” (VOI), needs to be determined related to the thickness 

direction of the image UT-CTT during model constructions. The VOI’s through-thickness dimension 

was set to 13 pixels, i.e., 44.2 µm to ensure that the thickness of each VOI is close to the thickness of a 

single tape (44 µm in average). Other two dimension of VOIs were equal to the extents of the image. 

The VOIs were numbered according to their order in position along the thickness direction: VOI 1 to 

VOI 25. All volumes of interest have a hexahedral shape. 

After CT images were collected by the 3D X-ray scanner, the 3D models of UT-CTT were 

reconstructed (Fig. 2, right). The UT-CTT models exhibit layered structure, also the individual tapes in 

the UT-CTT show not-perfectly-flat orientations. In the next step, the visualized 3D model and 

histograms of fiber orientation distribution were constructed using the stacked micro-CT images (Fig. 

3). The angles are given in the global Cartesian coordinate system (𝑋, 𝑌, 𝑍) identical to the Cartesian 

system (𝑥1, 𝑥2, 𝑥3) introduced previously. The color in the sample of in-plane orientation visualized 3D 

models (Fig. 3 (a)) indicated local in-plane fiber orientation angle 𝜑𝑋𝑌 (Phi_XY), with degree (°) as the 

unit. The sample of two-dimensional histogram combined in-plane (𝜑𝑋𝑌, Phi_XY) and out-of-plane 

(𝜃𝑋𝑌, Theta_XY) fiber orientation distribution angle is illustrated in Fig. 3 (b), where the color bar in 

this figure and also in Fig. 3 (c) and (d) indicate the data density.  The orientation distribution shows the 

in-plane oriented feature of tapes imbedded in the samples. The orientation clusters are observed in the 

histogram, and to investigated this orientation concentration, the distributions of 𝜑𝑋𝑌  and 𝜃𝑋𝑌  were 

“unfolded” through the out-of-plane direction as shown in Fig. 3 (c) and Fig. 3 (d) respectively to analyze 

their change through the thickness. The unfolded 𝜑𝑋𝑌 and 𝜃𝑋𝑌 were calculated by each VOI, which 

means that the orientation distribution in each row in Fig. 3 (c) and Fig. 3 (d) shows the realistic tape 

orientation information in the corresponding layer position in the samples. The clusters observed in the 

unfolded 𝜑𝑋𝑌  histogram indicate the fiber clusters with their corresponding orientation preferences, and this 

phenomenon exhibits the unique internal geometry properties of ROS that not observed in other discontinuous 

CFRP systems.  The unfolded 𝜃𝑋𝑌 histogram exhibits a concentrated distribution up to 90°. For more detail study 
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of the orientation distribution, the mean value and standard deviations (SD) of both 𝜑𝑋𝑌 and 𝜃𝑋𝑌 were 

also calculated by each VOI separately (Fig. 3 (e) and Fig. 3 (f)). 

 

 
Figure 3: An example of VoxTex processing: visualized 3D model (a), orientation distribution 

(b), unfolded distributions of 𝜑𝑋𝑌 (c) and 𝜃𝑋𝑌 (d), and average values with standard deviations 

(SD) of 𝜑𝑋𝑌 (e) and 𝜃𝑋𝑌 (f) of UT-CTT. 

To study the clusters of 𝜑𝑋𝑌 in detail, the 3D model with 𝜑𝑋𝑌 distribution (Fig. 3 (a)) is combined 

with the unfolded 𝜑𝑋𝑌 histogram through z axis (Fig. 3 (c)) [33]. The subsets of the 3D model separated 

by the VOI were extracted following the clusters that appeared in the unfolded 𝜑𝑋𝑌 histogram, which 

means that the 3D morphologies of the orientation concentration areas (the clusters in Fig. 3(c)) can be 

specified and extracted from the general 3D model (Fig. 3 (a)). The VOI 4 to 7, 9 to 11 and 16 to 21 are 

shown in Fig. 10. After the subsets were extracted, the threshold of 𝜑𝑋𝑌 is applied on the model to 

identify the fiber distributions in concentrated 𝜑𝑋𝑌 and the threshold ranges are also illustrated in Fig. 

4. The extracted 3D models with threshold of 𝜑𝑋𝑌  and the corresponding areas in unfolded 𝜑𝑋𝑌 

histogram proved the assumption that the tapes can interact during the wet process and disturb the ideal 

uniformly random orientation distribution, which would exist if the placements of the tapes were 

independent. The existence of the 𝜑𝑋𝑌 distribution clusters through z axis is due to the tapes with the 

same orientation sticking together during the wet-type paper making process, as well as tape waviness 

and tape splitting taking place locally during the compression molding process. The 3D model of VOI 

4 to 7 demonstrates 4 different layers (tapes) with the same orientation distribution pattern. In contrast, 

the 3D model of VOI 9 to 11 shows an integral part of tape with some scattered areas which are 

considered to be the tape waviness and splitting. On the other hand, the 3D models of VOI 16 to 21 

exhibit both structural features: tapes are stuck together at the top of the model, while scattered areas 
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are observed on the bottom side. The combination of the 3D model with the unfolded 𝜑𝑋𝑌 histogram 

shows a high capability for the quantitative internal geometry study of the UT-CTT with complex 

structural features. By extracting the subsets models, the detail structures and tape positions are 

reconstructed visually.  

 

 
Figure 4: Unfolded 𝜑𝑋𝑌 histogram and the corresponding clusters in visualized 3D model. 

3.2 X-ray micro-CT analysis from 3D-BON 

On the other hand, the 3D X-ray micro-CT analysis using 3D-BON show some difference in the 

results. The in-plane and out-of-plane orientation distribution and visualized meso-structure model of 

UT-CTT were built by this software. Also, the orientation tensors of UT-CTT were calculated based on 

the average in-plane and out-of-plane angle summarized by this software. The equation for orientation 

tensor calculation is:  

𝑶 = [

cos2 𝜙 sin2 𝜃 sin 𝜙 cos 𝜙 sin2 𝜃 cos 𝜙 sin 𝜃 cos 𝜃

sin 𝜙 cos 𝜙 sin2 𝜃 sin2 𝜙 sin2 𝜃 sin 𝜙 sin 𝜃 cos 𝜃

cos 𝜙 sin 𝜃 cos 𝜃 sin 𝜙 sin 𝜃 cos 𝜃 cos2 𝜃

] (9) 

where O denotes the fiber orientation, ϕ is the average in-plane angle and θ is the average out-of-plane 

angle of the materials. 

The basic algorithm of 3D-BON based on the general image binarization process and the fiber 

monofilaments are separated from the X-ray images and rebuild 3D model under the resolution of single 

fibers (Fig. 5). In this figure, fiber monofilaments can be observed easily. 

In the next step, the image binarization process was running for the calculation and modeling of both 

in-plane and out-of-plane orientation properties of the meso-structure. The 3D model with the in-plane 

orientation information and out-of-plane information are illustrated in Fig. 6. Studying the figures, the 

fibers show good aligned in-plane orientation through thickness direction, which is the orientation 

feature of ROS that the structure has locally laminated property. In addition, the out-of-plane orientation 

indicated that most of the fibers are lie down in the in-plane direction, but there are still some fibers 

oriented through out-of-plane direction show blue and yellow colors in Fig. 6 (b). 

The orientation tensors of UT-CTT were calculated based on the average orientation angles collected 

from this method and will be inputted to the simulation process as the realistic orientation information 

of UT-CTT to obtain better simulation accuracy. 
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Figure 5: 3D model build by TRI/3D-BON method under fiber level resolution [38]. 

 
Figure 6: The 3D structural model with 𝜑𝑋𝑌 and 𝜃𝑋𝑌 distribution of UT-CTT (the color bar indicates 

the orientation angle from 0 to 180 degree) [38]. 

3.3 Modeling and simulation of UT-CTT  

The 𝑉𝑓 of UT-CTT in different tape lengths calculated by the ash test as well as the equivalent aspect 

ratio of the tapes [39] are presented in Table 1. The 𝑉𝑓 show subtle difference between each tape length 

and is regarding caused by the complex interactions during molding processes. The table 1. also indicate 

the equivalent aspect ratio of the tape is much lower than the aspect ratio of single fiber with same 

length. Lower aspect ratio will lead to lower mechanical properties in simulation, which support the fact 

that the multi-scale interphase can generate structural defects in UT-CTT. The mechanical properties of 

the constituent properties at the fiber and matrix scales are listed in Table 2. and Table 3., respectively 

[40].  

 

Tape length (mm) 12 18 24 30 

Fiber 𝑉𝑓 (%) 52.2 55.1 52.8 53.1 

Aspect ratio 212 305 400 497 

Table 1: 𝑉𝑓 of UT-CTT in different tape lengths. 
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Young’s 

Modulus E 

(GPa) 

Tensile 

Strength 𝜎 

(MPa) 

Fracture 

Strain 𝜀𝑓 (%) 
Diameter 

d (μm) 

Density ρ 

(g/cm2) 

TR 50 240 4900 2.0 7 1.82 

Table 2: Mechanical properties of the carbon fiber used in this study. 

 Density 

ρ(g/cm2) 

Poisson’s 

Ratio 

v 

Young’s 

Modulus 

E (GPa) 

Yield 

Stress 

𝜎𝑌 
(MPa) 

Hardening 

Modulus 

𝑅∞ (MPa) 

Hardening 

Exponent 

m 

Linear 

Hardening 

Modulus 

k (MPa) 

Equivalent 

matrix 

tensile 

strength 

𝜎𝑚
∗  (MPa) 

PA6 1.14 0.40 3.31 15.0 56 350 160 55 

Table 3: Mechanical properties of the matrix used in this study. 

Input the measured data into both the general Mori-Tanaka model and the equivalent laminate model, 

the simulation results were compared with the experimental tensile results both on moduli and strengths, 

and the results are illustrated in Fig. 7. The experimental results of UT-CTT show high tensile preference 

compare with general discontinuous CFRTP. Also, an increasing tendency can be clearly observed in 

tensile strengths, while although changed can be found in the moduli, but the change of 𝑉𝑓 will weaken 

the change derived from tape length. 

The Mori-Tanaka and equivalent laminate simulation both show considerable results comparing with 

the experimental values. On the other hand, these two methods also show difference in prediction 

accuracy: 

The general Mori-Tanaka model match very good with the experimental values in moduli, the results 

also predicted the change lead by the change of 𝑉𝑓. While the moduli in equivalent laminate method are 

higher than the experimental values in all the tape lengths. This result indicate that in prediction of the 

elastic properties, Mori-Tanaka model can do better job on ROS, and the equivalent laminate method 

still overestimate the moduli because the method considered the ROS as continuous laminate and the 

defects as waviness have less effect on the elastic properties. 

On the other hand, the Mori-Tanaka model cannot simulate the change of strength caused by the 

change of tape length but the equivalent laminate method can predict the increasing tendency of strength 

to tape length considerably. The reason for this difference is mainly based on the capability of structural 

properties definition. In Mori-Tanaka model, only the simple fiber orientation distribution has been 

considered, while the equivalent laminate method not only counted the fiber orientation but also 

considered the defect effects of fiber waviness. Because the internal geometry irregularities have great 

effect on the fracture propagation of CFRTP, so the equivalent laminate method show better matching 

with the experimental results. 

 

 
Figure 7: Comparison of tensile properties between experimental results and simulation results. 
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Figure 8: Tape length dependency simulations of UT-CTT. 

Because both these two models exhibit their simulation capabilities in different aspects, the results 

open a new door for the simulation of UT-CTT for material characterization and industrial applications. 

For instance, because the tape length shows important effects on the mechanical properties of UT-CTT, 

so the application of this material need consider the required mechanical properties and corresponding 

tape length to ensure the application efficiency. Based on the two models introduced in this study, the 

tape length dependency of UT-CTT is simulated as shown in Fig. 8. For simplicity, the fiber 𝑉𝑓 is set to 

50% and the fiber orientation is considered as 2D random (with waviness 5° for equivalent laminate 

model). Also the tape thickness is fixed to 50 μm together with 5 mm tape width. The simulation result 

also indicated the difference in prediction accuracy as discussed, and this result can be provided as a 

material indicator for the corresponding applications. 

 

 

4 CONCLUSIONS 

In present study, two different X-ray micro-CT methods and two simulation models are applied for 

the internal geometry analysis and mechanical property characterization of UT-CTT, an ROS-structured 

CFRTP.  

The applied X-ray micro-CT methods analyzed FOD, tape waviness, and splitting of the internal 

geometry of UT-CTT from different aspects. The VoxTex provided detailed layer-based orientation 

distribution, and the tape morphologies after molding are visualized. On the other hand, the 3D-BON 

calculated fiber monofilaments FOD, and the averaged fiber orientation tensors are calculated under 

denser 𝜑𝑋𝑌 and 𝜃𝑋𝑌 distribution data. 

The modeling of UT-CTT are conducted with the consideration of the acquired internal geometry 

results. In the general Mori-Tanaka model, the orientation tensors calculated from 3D-BON are used; in 

the equivalent laminate model, the out-of-plane waviness is quantified based on the 𝜃𝑋𝑌 distribution 

results from VoxTex. The simulation results show considerable matching with the tensile experiment 

data. The comparison indicated the Mori-Tanaka model have better simulation accuracy in tensile 

moduli and the equivalent laminate model can reproduce the strength-tape length relationship thanks for 

the consideration of structural irregularity. Finally, the tape length dependency of UT-CTT is simulated 

using the methods introduced in this study, and the result can be provided as a material indicator for the 

corresponding industrial applications. 
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