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Abstract: Fiber reinforced thermoplastics are considered as promising candidates to enable 

the mass production of lightweight components. To assure their structural application, 

accurate methods to describe their mechanical behavior are mandatory. However, the 

modeling of the damage behavior of the thermoplastic matrix under multiaxial stress states 

within the microstructure still poses enormous challenges. In order to capture the in situ 

behavior, a novel methodology is applied. Tensile tests are conducted on micro specimens, 

which are manufactured from 100 µm thin slices of the material’s cross section. A 

corresponding finite element mesh which precisely depicts the individual microstructure of 

each sample is reconstructed based on microscope images and computer tomographic (CT) 

scans. Since the dimensions of the specimens are sufficiently small, the position and 

orientation of each fiber can be directly mapped to the model. Furthermore, the evolution of 

deformation and damage within the microstructure is visible in microscope images. Inverse 

simulations are performed to separate the mechanical behavior of the matrix, the fiber-matrix 

interface and the fibers. On a first specimen with approximately 5 vol-% fiber fraction, the 

constituent properties are calibrated by an automated parameter optimization procedure until 

the global stress-strain curve of the simulation agrees well with the experiment. The approach 

is validated by the simulation of a second specimen with a strongly different fiber fraction (15 
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vol-%) and thus, a strongly different damage behavior. It is shown that the stress-strain curves 

and the observed damage evolution of both specimens can be accurately captured applying the 

same material parameters. As an outlook for potential industrial applications of the method, 

mesh free fast Fourier transform (FFT) simulations are performed. Such models are based on 

raw CT voxel data, rendering the extensive work of geometrically reconstructing the 

microstructure obsolete.  

Keywords: A. Discontinous reinforcement, A. Polymer-matrix composites (PMCs),  

B. Fracture, C. Damage mechanics 

1. Introduction 

Microstructure-based modeling approaches are of crucial importance in order to ensure the 

safe application of lightweight components made from fiber reinforced plastics. Such models 

can predict the local material properties within the part based on the microstructure which is 

formed during the manufacturing process. However, the accuracy of micromechanical models 

strongly depends on the knowledge of the mechanical parameters of the constituents - namely 

the matrix, the fibers and the fiber-matrix interface. Even the outcome of comprehensive and 

sophisticated geometrical models of the microstructure is questionable as long as the material 

parameters lack in accuracy. Determining the complex, nonlinear and time-dependent 

properties of the matrix is an enormous challenge: Material parameters based on common 

macroscopic mechanical testing methods suffer from the major drawback that the mechanical 

properties of a macroscopic specimen (e.g. a neat matrix substance specimen machined from 

the bulk material) can differ significantly from the local properties within the composite. This 

is particularly true for thermoplastic composites, since the fibers affect the crystallization 

kinetics during the solidification process of the matrix (see Ref.  [1, 2, 3] amongst others). 

Thus, the degree of crystallization and the mechanical properties of the matrix within the 

composite deviate from those of the bulk material. With respect to the fiber-matrix interface, 
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it can be stated that even if various characterization methods are available [4], they mostly 

represent idealized conditions: The interface properties obtained by such tests can hardly be 

transferred to the real composite material [5]. As a consequence, experimental 

characterization methods are needed which capture the mechanical behavior of the 

constituents within the composite. In order to separate their contributions to the global 

mechanical response of the composite, the testing methods need to be complemented by 

numerical models and evaluation techniques. 

First approaches to visualize and to understand the damage mechanisms of short fiber 

reinforced thermoplastics were made by Sato et al. by means of evaluation of scanning 

electron microscope (SEM) images, taken at multiple times during the loading of a bending 

specimen [6]. The specimen was polished to observe the evolution of damage in the vicinity 

of fibers which were cut at the specimen surface. They also applied acoustic emission 

methods and estimated the stress levels in the matrix, the fibers and the interface close to the 

point of failure of the composite [7]. In a similar spirit, Arif et al. studied the in situ damage 

behavior of short glass fiber reinforced polyamide including the effects of humidity [8]. The 

damage mechanisms during fatigue loading within the microstructure of short glass fiber 

reinforced thermoplastics were examined by Horst and Spoormaker [9] and more recently, by 

Klimkeit et al. [10] and Arif et al. [11]. The damage accumulation was characterized by 

image correlation techniques applied on CT scans to evaluate the fraction of micro voids [12]. 

Rolland et al. applied in situ microtomography to acquire high resolution images of the 

damage evolution within a short fiber reinforced material [13]. Such techniques were also 

applied to continuous carbon fiber reinforced polymers [14]. Contributions on the 

micromechanical simulation of plasticity and damage evolution of unidirectional aligned 

discontinuous fiber composites were made by Horst et al. [15] and more recently by Okabe et 

al. [16]. Material models for short fiber composites which account for nonlinear constituent 

properties and micromechanical damage scenarios such as progressive fiber-matrix debonding 
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were presented by Kammoun et al. [17] and Notta-Cuvier et al. [18]. 

In our work, we follow a different route by applying a combined experimental-numerical 

procedure. Micro tensile specimens are prepared from the cross section of a compression 

molded plate of glass fiber reinforced polypropylene. In contrast to classical micro test 

methods for composites [4] such as the microbond or the fiber fragmentation test, where each 

specimen is individually assembled, our micro specimens are taken from the real material. 

Thus, they feature properties (e.g. the polymeric structure of the matrix and the resulting 

mechanical behavior) which are governed by the real industrial manufacturing process (e.g. 

injection or compression molding). Due to the microscopic dimensions of the gauge section of 

approximately 800 x 200 x 100 µm³, the position and orientation of each fiber can be directly 

mapped to a corresponding finite element (FE) model. Therefore, it is no longer necessary to 

use statistical distributions - such as a fiber orientation tensor - to describe the microstructure. 

Consequently, the models do not contain any geometrical uncertainties and the simulations 

can be used to visualize and to evaluate the individual damage mechanisms of each specimen. 

Furthermore, the parameters of the constitutive laws of the matrix, the fibers and the interface 

can be inversely determined and separated. 

We demonstrate the feasibility of our methodology by modeling two specimens showing 

strongly different microstructures and damage evolutions. Therefore, the production process 

of the material, the preparation of the micro specimens and the in situ testing, including the 

applied strain measurement technique are outlined in Section 2. In Section 3, two different 

modeling techniques - the finite element method (FEM) and a fast Fourier transform (FFT) 

based simulation method - are described. First, the reconstruction of the microstructure in the 

form of a surface mesh is presented, followed by the specification of the boundary conditions, 

the applied constitutive models and the automatic parameter identification procedure as used 

for the FEM simulations. At the end of the section, the FFT based simulations and the 

respective constitutive models are outlined. In “results and discussion” (Section 4) we first 
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show the experimental findings, compare them with the results of the FEM simulations and 

finally discuss the applicability of a FFT based simulation approach. 

2. Material and experimental methods 

2.1 Manufacturing process 

The study was conducted on a discontinuous, long fiber reinforced thermoplastic (LFT) which 

was manufactured by application of a direct compounding process as described by Henning et 

al. [19]. The fiber rovings (glass fibers of the type TufRov® 4575) were directly fed into a 

double screw mixing extruder, where the fibers were dispersed in the polymeric melt (DOW® 

C711-70RNA polypropylene). LFT plates of PPGF20 (nominal fiber mass fraction of 20%, 

nominal fiber volume fraction of 8.2 %) with dimensions of 400 x 400 x 3 mm³ were 

produced by compression molding as specified in Ref. [20, 21]. The number average fiber 

length of the LFT material is 1.2 mm (mean weighted length 15 mm) with a mean fiber 

diameter of 17 µm [20, 21]. Since the dimensions of the micro specimens (Fig. 3) are 

significantly smaller than the mean fiber length, the fibers are cut at the specimen surface. 

Thus, the microstructure within the specimens is similar to short fiber reinforced plastics and 

the high fiber length of the LFT material is significantly reduced. However, the damage 

evolution within the matrix and its interaction with the fibers can still be studied on such a 

small section. Moreover, we focus on demonstrating the principle feasibility of our micro 

testing method. Therefore, the choice of the material is somewhat arbitrary and the reduction 

of the fiber length is not considered as a drawback. 

2.2 Preparation of micro specimens 

Micro specimens with approximately 100 µm thickness were machined from thin slices of the 

material. The slices were cut from the cross section of the LFT plates. The detailed procedure 

is described in Fig. 1: First, a square section of approximately 50 x 50 x 3 mm³ was cut from 

the center of the LFT plate using a band saw (Fig. 1a). From the square section of the 
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material, slices with approximately 1 mm thickness were machined using a cutting disc 

suitable for polymeric materials (Struers 10S25, rotational speed 1300 min-1 ) as illustrated in 

Fig. 1b. For each slice, a multiple step grinding and polishing procedure was applied. The 

slice was fixed on a specimen holder by a very small amount of high viscosity cyanoacrylate 

(CA) glue which was applied at the outer regions of the slice and away from the regions 

where the final specimen geometry is located. First, one side of the slice was grinded and 

polished multiple times with diamond suspension of a subsequently decreasing grain size. At 

the last step, a suspension with a grain size of 3 µm was applied until the surface was 

perfectly even and featured a very low roughness. The quality of the surface was evaluated by 

an optical microscope after each step of the procedure. It is very important that the fiber ends 

at the surface of the slice were not damaged by the mechanical treatment. If the quality of the 

surface was suitable, the slice was detached from the specimen holder, flipped and fixed again 

using CA glue. The grinding and polishing steps were repeated until the second surface was 

of sufficient quality and the specimen featured a final thickness of approximately 100 µm. All 

slices were again carefully evaluated under an optical microscope to ensure that no visible 

damage from the mechanical treatment existed. Only slices of sufficient quality were selected 

for the further procedure. In Fig. 1c, the final geometry of the specimens is illustrated. The 

hourglass shaped contour was machined by a CNC mill using a Karnasch 30.6256 milling 

cutter (1.5 mm diameter, 2 cutting edges, rotational speed 104 min-1, feed rate 300 mm/min). 

Two specimens were milled from each stripe of material with the specimens positioned in the 

center outside the regions where the CA glue was applied. A special fixture was used to hold 

the specimens during the milling procedure. Fig. 2 shows the details of the fixture.  The 

fixture (Fig. 2a,b) is loaded with three slices which are clamped by metal bars (Fig. 2c) 

featuring the final contour of the specimens. In several trials, it was found that the metal bars 

were beneficial for a good quality of the specimen edges obtained by the milling process. 

Since the sandwich alignment (aluminum bar, polymeric slice, aluminum fixture) constrains 
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the slice, the amount of burr which develops during the milling process was significantly 

reduced. Two specimens with different geometries were cut from each slice. However, only 

the hourglass shaped geometry (Fig. 2c, right) was used in this work. Thus, failure during 

testing is localized within a well-defined region and can be observed inside the limited field of 

view of the applied objective. The geometry is detailed in Fig. 3. The triangular sections were 

used to clamp the specimen in the testing device and effect a self-alignment. The gauge 

section of the specimen is represented by the micromechanical models in full detail, as 

illustrated in the figure. 

2.3 Micro tensile tests 

Micro tensile experiments were performed using the custom built test setup shown in Fig. 4. 

During testing and mounting, the specimen can be observed using an optical microscope 

(Nikon) with a 4 mega pixel camera (Basler acA2040-180kc, Camera Link interface). An 

objective with a magnification factor of 10 was used to acquire the images during the 

experiments. The self-aligning clamping mechanism is based on interlocking of the triangular 

sample sections (Fig. 3, Fig. 4c) with grooves in the clamps (Fig. 4b) of a corresponding 

shape. The left clamp is attached to the load cell with a capacity of 5 N (Fig. 4a, measurement 

specialties XFTC300), whereas the right one is connected to the movable part of the test 

setup, which is equipped with two driving mechanisms in serial alignment. A piezoelectric 

actuator (Fig. 4d) is mainly used for fatigue loading with high frequencies and rather low 

displacement amplitudes. However, the experiments of this work were conducted only using a 

linear electric motor (Physik Instrumente, travel range 50 mm, resolution 0.3 µm, maximum 

displacement rate 30 mm/s) providing a limited dynamic behavior, but a high travel range 

which is necessary for tensile tests with high deformations. The motor is coupled to the 

movable stage (Fig. 4e) which acts as a support for the piezo and has a degree of freedom in 

x-direction. Only the linearly moving rod of the motor itself is visible in Fig. 4. At the left, a 

second stage is used to adjust the alignment of the clamps. The degrees of freedom (y,z) are 
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transverse to the loading direction (x). The position is chosen with micrometer screws. More 

details about the test setup can be found in Ref. [22]. The specimen (Fig. 4c) was placed using 

vacuum tweezers. After applying a negligible preload which leads to self-alignment of the 

sample, additional clamps were carefully screwed on top of the sample’s gripping sections to 

ensure that the sample stayed within the focal plane of the microscope objective during the 

testing. The experiments were conducted at a displacement rate of 1 µm/s which corresponds 

to a nominal strain rate of 1.25 ⋅ 10-3 1/s. More details are given in Table 2. The resulting 

stress-strain curves are presented in Fig. 5 and, together with the simulation results, in the left 

graph of  Fig. 16 / Fig. 17. The right parts of the figures show the stress and strain signals over 

the image number (proportional to the testing time with an image acquisition frequency of  

1 Hz). The measured load values were divided by the specimen cross section (Table 1) in 

order to obtain engineering stress values. The sample dimensions were measured optically 

using a light microscope. The strain values were obtained by image correlation as specified in 

the following. 

2.4 Strain measurement 

The image correlation technique used for strain measurement is based on the Matlab script 

developed by Senn and Eberl [23]. In contrast to macroscopic investigations, the micro 

samples could directly be analyzed without applying a grey scale pattern since the images of 

the specimen surface are heterogeneous enough due to the visible microstructure. It was not 

possible to determine accurate local strain values within the damage zone: The local distortion 

of the specimen surface during the evolution of damage leads to a strong change of 

appearance and reflectivity. Moreover, the damage zone was not in focus for the whole 

experiment (this effect is particularly pronounced for specimen 2, see Fig. 15). Therefore, a 

virtual extensometer method was applied, where only the sections outside the damage zone 

are evaluated. The position of the markers is illustrated in Fig. 6. Two rectangular grids of 

markers with a spacing of 10 pixels were placed on the image having an initial distance L0. 
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Each marker corresponds to a 30 x 30 pixel subset of the first image which is tracked by 

image correlation during the further progress of the experiment. For both sets of markers, the 

displacement values of the markers were averaged. The engineering strain was calculated by 

dividing the change in distance ∆L of the two sets by their initial distance L0. Since the 

obtained strain values were mainly used to compare the experimental results to the 

simulations (where exactly the same procedure was applied to derive the numerical values), 

the use of an integral, engineering strain value is well justified. 

 

3. Modeling 

3.1 FEM simulation 

3.1.1 Reconstruction of the microstructures and meshing 

Since the specimens feature a very small gauge section (approximately 800 x 200 x 100 µm3), 

the microstructure could be directly reconstructed. The reconstruction was based on two 

different sets of data. First, microscope images of the undamaged specimens were acquired 

before the experiment. Using computer aided design (CAD) software (in our case the part 

module of Abaqus CAE V6.11) the ellipsoidal cutting surfaces of fibers visible at the 

specimen surface were reconstructed and described by the position and orientation of each 

ellipse. For this purpose, 2D sketches were drawn on the microscope images in the 

background. This step was performed for the front and backside of each specimen and is 

illustrated for an exemplary specimen in Fig. 7. As it can be seen in the figure, the ellipsoidal 

cutting surfaces of the fibers were not always visible in the microscope images. In particular 

for the rear surfaces of the specimen, the fibers were badly visible due to the fact that the rear 

surface touches the fixture which holds the sample during the polishing process. Thus, the 

rear surface is smeared by debris which accumulates within the gap between the rear surface 

and the fixture. As shown in Fig. 7, such badly visible fibers could be identified by a CT scan. 

Since numerous samples were tested in total, it was not possible to acquire CT scans of each 
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pristine specimen with respect to the vast effort. Therefore, the CT scans of the two specimens 

chosen for the micromechanical modeling were taken after failure. The CT data was carefully 

evaluated using 3D visualization software (3D Viewer of ImageJ). Two dimensional view 

cuts were extracted at multiple positions over the thickness of the 3D CT data using ImageJ 

and compared with the available microscope images of the undamaged specimen surface. 

Thus, the CT scans enabled the reconstruction of the fiber structure within the specimen, 

whereas they could not be used to locate the exact fiber positions at the specimen surface 

since they were taken after fracture. In the next step, the 3D CAD model of the fibers was 

generated by extrusion of the 2D ellipsoidal cutting surfaces of the fibers on the specimen 

front and backside along the path which was revealed by the CT scans. Finally, the 3D CAD 

model of the fiber structure was merged with the 3D geometry of the specimen in Abaqus 

CAE as illustrated in Fig. 8. The resulting geometrical models of the fiber structure of both 

specimens are compared to the microscope images and CT scans in Fig. 9 / Fig. 10. 

Subsequently, the 3D geometries of the fibers and matrix were meshed using Abaqus CAE 

V6.11. A free meshing technique, using linear tetrahedral elements (C3D4), was applied. 

Since this element type considers a constant strain, a multitude of elements needs to be used 

to achieve accurate results. Therefore, an element length of 5 µm was chosen, resulting in an 

element count of approximately 1.5·106. More details are presented in Table 1. An exemplary 

cut through the mesh is shown in Fig. 11. Two simulations for each specimen were 

performed: The first simulation accounts exclusively for matrix damage and considers a 

perfect bonding between fibers and matrix. In this case, the fibers were connected to the 

matrix by tie constraints. For the second simulation which accounts for interface debonding, a 

cohesive contact formulation between the fibers and the matrix was activated. 

3.1.2 Boundary conditions  

As illustrated in Fig. 3, only the gauge sections of the specimens were simulated in full detail 

to keep the size of the models at a reasonable level. The displacement boundary conditions 
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could not directly be applied to the boundary surfaces of the detailed sections since strong and 

unrealistic stress concentrations would occur. As a remedy, the boundary surfaces of the 

detailed microstructural models were connected to homogeneous elastic blocks by means of 

tie constraints. The elastic blocks represent the remaining part of the specimen and feature an 

elastic modulus equal to the homogenized stiffness of the detailed microstructural model of 

the gauge section. Fig. 12 shows the alignment of the gauge section and the elastic blocks (a), 

on which the displacement boundary conditions (one side fixed, one side displaced) were 

applied. The models were then computed by Abaqus Explicit V6.11. To provide a similar 

strain measure as for the experiments, two node sets were defined on the surface of the model 

with a distance L0 (Fig. 12b) identical to the distance of the two sets of markers used for 

image correlation (Fig. 6). The engineering strain was again calculated dividing the distance 

change ∆L (here derived from the average displacement of each node set) by the initial 

distance L0. 

3.1.3 Constitutive models and parameters 

Linear elastic properties were assigned to the fibers as specified in Table 3 without 

considering any damage or degradation effects. Since the fibers are very short due to the 

microscopic specimen dimensions, stress values in the range of the fiber strength can not 

develop. Consistently, no fiber failure was observed in the experiments. 

The von Mises plasticity model with isotropic hardening (Abaqus keyword *PLASTIC) was 

applied to describe the plastic behavior of the polypropylene matrix. Value pairs of equivalent 

yield stress σY and corresponding accumulated plastic strain εp  were specified to account for a 

multilinear hardening. The equivalent yield stress is defined as 

�� = �3/2	�′
��′
� (1) 
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with σ’ ij being the components of the deviatoric stress tensor. The accumulated plastic strain 

is obtained by integration of the equivalent plastic strain rate over time 

�
 = � ��
�
� d� (2) 

with the equivalent plastic strain rate  

��
 = �2/3	��
�
 	��
�
  
(3) 

Damage initiation starts when a threshold value for the equivalent plastic strain is reached 

(Abaqus keyword *Damage Initiation, criterion=DUCTILE) 

�
 ≥ �
��� (4) 

The evolution of damage is described by a linear reduction of the stiffness (Abaqus keyword 

*Damage Evolution, type=ENERGY) 

���� = (1 − �)�� (5) 

where Edam is the stiffness of the damaged element and E0 refers to the undamaged state. The 

damage variable D has an initial value of 0. When a specified value of failure energy Gf has 

been dissipated, it reaches the maximum value of 1 and the corresponding element is deleted 

from the mesh.  

The effects of interface damage are described using the cohesive contact formulation 

available in Abaqus. The cohesive behavior is modeled by a traction-separation law  

 ���!�"# = $%� 	 		 %! 		 	 %"&  
'�'!'"# 

(6) 

with the normal (n), first (s) and second shear (t) component of the traction vector t, the 

stiffness matrix K and the separation vector δδδδ. The three diagonal components of the stiffness 
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matrix K were set to an equal value as specified in Table 3. A quadratic damage initiation 

criterion (Abaqus Keyword *Damage Initiation, criterion=QUADU) was chosen:  

(〈'�〉'����+
, + . '!'!���/

, + ( '"'"���+
, = 1 

(7) 

The evolution of damage was specified in the form (Abaqus keyword *Damage Evolution, 

type=DISPLACEMENT)  

��,!,"���	 = (1 − �)��,!,"� 	 (8) 

where tdam is the traction of the damaged state, t0 the initial (undamaged) value and D the 

damage variable. The latter has an initial value of 0 and reaches 1 when the effective 

displacement δ eff  reaches the specified failure limit δ f 
eff, where 

'	122	 = �〈'�〉, + '!, + '", (9) 

3.1.4 Parameter identification procedure 

The material parameters were determined using an automated parameter identification 

procedure which is based on the software LS-OPT 4.2. The software generates a parametric 

input file in which 3 values of yield stress σY (defining the hardening), the damage energy of 

the matrix Gf  and the failure displacement of the interface δ f  are the free parameters. In the 

following, each model was computed by Abaqus Explicit V6.11 and the stress-strain curve 

was extracted automatically by a Python script. The parameters were varied until the mean 

squared error between the numerical and experimental curves was minimized. The 

optimization procedure is based on a successive response surface method (SRSM) which 

represents an iterative domain reduction procedure for discrete variables and is suitable for 

nonlinear problems [24]. The resulting material parameters obtained by the optimization 

procedure are presented in Table 3. 
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3.2 FFT based simulation 

3.2.1 General 

Since the manual reconstruction of the microstructure in the form of a surface mesh (as 

required for the FEM simulations) represents a vast effort, an alternative simulation method 

was applied. In this respect, mesh free FFT based solvers are advantegeous since the CT voxel 

data can be directly used for the computations without the necessity to generate a mesh. In the 

following, the FFT solver FeelMath of the commercial software GeoDict [25] was applied. 

The underlying method is inspired by the work of Moulinec and Suquet [26] who first applied 

the Lippmann-Schwinger equation to compute the nonlinear mechanical response of 

microstructures. It was subsequently improved for the application to finite deformations [27] 

and mixed boundary conditions [28] amongst other features. 

To apply the FFT based approach, the geometry needs to be discretized by voxels instead of a 

surface mesh. The different forms of discretization are illustrated for an exemplary fiber 

structure in Fig. 13.  If the CT scan would have been acquired prior to the testing, the 

binarized voxel image (Fig. 13, bottom) could have been directly used for the FFT based 

simulations. Since it was taken after fracture, the 3D CAD model (Fig. 13, top) was converted 

to a voxel mesh (Fig. 13, lower middle) as a workaround to demonstrate the general feasibility 

of the FFT based approach. The results of the FFT simulations could then be compared to the 

FEM results. The characteristic values of the FEM surface mesh (Fig. 13, upper middle) and 

the FFT voxel discretization are compared in Table 1. The CT scans feature a slightly larger 

voxel size of approximately 3 µm compared to the FFT model (2 µm). To convert the 3D 

CAD models into voxel models, initially we extracted a triangulation of the fiber and matrix 

surface in the STL (standard tessellation language) format by using the software Medina [29]. 

In a second step the obtained STL surface was voxelized using the software GeoDict [25], 

which superposes the STL surface with a 2 µm voxel grid and assigns a voxel to the matrix 

phase if and only if its center point is located inside the closed STL surface of the matrix 
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phase. All other voxels are assigned to the fiber phase. In the end, similar boundary conditions 

were applied to the FFT voxel models as for the FEM simulations (see Fig. 12).  

3.2.2. Constitutive models and parameters 

Again, linear elastic properties were assigned to the fibers as specified in Table 4 and 

discussed in Section 3.1.3. Since the convergence behavior of the FFT solver depends on the 

material contrast, which is increased by matrix softening, it was not possible to model the 

whole damage evolution including the final failure with the FFT solver and a strain-based 

damage criterion (as used for the FEM simulations). Furthermore, a major drawback of the 

FFT based method is that no contact formulation is currently available. Therefore, the effects 

of interface damage cannot be directly captured - the simulations are restricted to matrix 

plasticity and damage. Thus, a different plasticity and damage model according to Simo and 

Ju [30, 31] was applied for the FFT based solver. The following function describes the 

hardening in the plastic regime: 

3 = �� + 45(1 − e789:) (10) 

with the yield stress σY, the hardening variable r and the plastic part of the free energy R. The 

evolution of damage is defined as a function of the strain energy Y 

; = 1 − <�(1 − =5)< − =5e7>9(?7?@) (11) 

where d denotes the damage variable and Y0 the threshold of elastic energy to initiate damage. 

More details and background of the model are given in Ref. [32]. The parameters were 

manually fitted and are specified in Table 4. 

4. Results and discussion 

4.1 Experimental results  

The stress-strain curves of multiple experiments are shown in Fig. 5. Similar to common 

macroscopic experiments, the stress-strain curves can be divided in an initial linear elastic 
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section, followed by a nonlinear part where plastic flow occurs, a distinct stress peak and 

finally failure with the stress decreasing close to zero. All specimens were prepared from the 

same specimen plate of PPGF20 with a nominal fiber volume fraction of 8.2 % (details of the 

manufacturing are given in Section 2.1). Due to the microscopic dimensions of the specimens’ 

gauge section (approximately 800 x 200 x 100 µm³), the microstructure characteristics of the 

specimens differ from the nominal values of the material (i.e. the sample plates as described 

in Section 2.1). The micro specimens capture the very local mechanical behavior and thus 

feature a strong variability in terms of maximum stress and strain. For three specimens (A, B, 

C in Fig. 5), the microstructure is depicted in the figure. Specimen A and B having elevated 

fiber densities show higher strength values than specimen C with less fibers. Two specimens 

with strongly different mechanical behavior were selected for detailed microstructural 

simulations (specimen 1 and 2), in order to investigate the correlation between the local 

microstructure and the resulting mechanical response observed in the experiments. The stress-

strain curves of these two specimens are plotted together with the results from FEM and FFT 

simulations in Fig. 16 / Fig. 17. It is remarkable that specimen 1 (approximately 5 vol-% 

fibers) features almost twice the maximum strain of specimen 2 (approximately 15 vol-% 

fibers). For the maximum stress, the ratio is inverted. Furthermore, the damage mode of both 

specimens is strongly different, showing rather a normal fracture for specimen 1 whereas the 

fracture behavior of specimen 2 is dominated by shear along fiber interfaces. (Fig. 14 / Fig. 

15). Comparing the stress-strain curves, specimen 1 features a matrix dominated, ductile 

behavior whereas the mechanical response of specimen 2 is governed by its high fiber 

fraction, resulting in a more brittle fracture. The stress-strain curve of specimen 1 shows a 

distinct oscillation at a total strain of approximately 0.03 (corresponding roughly to image 200 

in the right diagram of Fig. 16). This is likely caused by a localization of plastic deformation 

outside the gauge section as it could be observed in the experimental image series. The 
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oscillations can thus be neglected. 

 

 

4.2 FEM simulation 

At first, FEM simulations were performed which only account for matrix plasticity and 

damage. The perfect bonding between the fibers and the matrix is numerically represented by 

using tie constraints as described in Section 3.1.2. The material parameters were determined 

by the parameter identification procedure (Section 3.1.4) for specimen 1 with the low fiber 

fraction. Then, specimen 2 with the high fiber fraction was simulated using the same material 

parameters as before. The numerical results (blue curves in Fig. 16 / Fig. 17) agree well with 

the experiments (black curves) up to the stress peak. For specimen 1, the whole experiment is 

reproduced very well, whereas for specimen 2, the final failure as indicated by the stress drop 

is predicted significantly too early. This motivates to consider the additional effects of 

interface damage in the simulations. Furthermore, the evolution of damage at the 

microstructural level could only be accurately reproduced if interface damage was activated 

(see Fig. 14 / Fig. 15 which both account for interface damage).  

In the following, the simulations were repeated and the tie constraints between fibers and 

matrix were replaced by a cohesive contact formulation as specified in Section 3.1.3. To 

determine the interface parameters, the parameter identification procedure (Section 3.1.4) was 

now performed for specimen 2, while the matrix parameters were retained as before and the 

only free parameter was the failure displacement of the interface. Then, specimen 1 was 

simulated with the same parameters for matrix and interface damage. 

For specimen 1, the numerical stress-strain curve considering matrix and interface damage 

(red curve in Fig. 16) shows negligible differences compared to the model which only 

accounts for matrix damage (blue curve). This is caused by the low fiber fraction of specimen 

1. Thus, the global stress-strain behavior is governed predominantly by the matrix, resulting 
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in a negligible influence of the interface. However, the consideration of interface damage is 

crucial for a correct prediction of the microstructural evolution of damage (Fig. 14) as 

discussed before. 

For specimen 2 with the high fiber fraction, the difference between both simulations (matrix 

damage only, blue curve / matrix and interface damage, red curve in Fig. 17) is significant: If 

interface damage is activated, the maximum strain at final failure is captured more accurately, 

whereas the maximum stress is predicted slightly too low. This is likely caused by the 

cohesive contact formulation, which introduces a certain amount of compliance into the 

model compared to the tie constraints. 

As a first conclusion, it can be stated that the FEM simulations reproduce accurately the 

stress-strain curves of both specimens even though they have strongly different 

microstructures, leading to distinctly different mechanical responses. In this context, we want 

to emphasize that for each numerical study, the same material and damage parameters have 

been applied for both specimens. Moreover, the experimentally observed evolution of 

deformation and damage within the microstructure can be accurately captured by the FEM 

simulations, which is again strongly different for both specimens (Fig. 14 / Fig. 15). Overall, 

the results are very promising and indicate that our combined experimental-numerical 

approach is capable to capture the in situ damage behavior of the matrix and the fiber-matrix 

interface within the microstructure. However, vast efforts have been made to manually 

reconstruct the microstructure of the specimens and to build up the finite element model. 

Therefore, the method is hardly applicable within a practical framework. 

4.3 FFT based simulation 

As an alternative to the FEM simulations, a fast Fourier transform (FFT) based simulation 

technique was applied. The method does not require meshing which simplifies the 

preprocessing tremendously. In principle, CT data can directly be fed into the simulation 

software in the form of a 3D voxel image. After separating the different phases (matrix and 



19 
 

fibers) based on a greyscale threshold, the simulations can be immediately performed. Thus, it 

would be possible to acquire CT scans of a large amount of specimens prior to the mechanical 

testing and then carry out simulations of each individual specimen. However, in this work, the 

manually reconstructed 3D models of the fiber structures were discretized by voxels to 

demonstrate the general feasibility of the approach since only CT scans of the damaged 

specimens (after testing) were available (see section 3.2.1). 

The computations were performed with the FFT solver FeelMath which is part of the software 

GeoDict [25]. Using the FFT method, it was not possible to model a sudden load drop with a 

strain-based damage criterion as it was applied for the FEM simulations due to numerical 

instabilities. Thus, a different constitutive model was chosen for the matrix (see Section 3.2.2) 

in which the damage initiation can be expressed as a function of the elastic energy. The 

resulting stress strain curves for both specimens are shown together with the results from the 

FEM simulations and the experiments in Fig. 16 / Fig. 17. For specimen 1 having the lower 

fiber fraction, the agreement up to the maximum stress is excellent (green curve in Fig. 16), 

whereas during the evolution of damage, the load drops significantly too early.  A similar 

behavior can be observed for specimen 2 with the higher fiber fraction (green curve in Fig. 

17). It would thus be necessary to shift the damage initiation threshold to higher strains, which 

again resulted in numerical problems. It can still be concluded that the FFT simulations 

accurately reproduce the nonlinear deformation behavior up to the peak load and that the 

maximum stress is correctly predicted for both specimens. In contrast, the evolution and 

localization of damage within the microstructure significantly differs from the experiments 

and the FEM simulations (Fig. 18), particularly for specimen 2: The region where strong 

localization of plastic strain and shear fracture occurs is much smaller than for the FEM 

model and the experimental observation. It therefore seems that the applied constitutive 

models for the FEM simulations are more appropriate for the investigated material. 
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Nevertheless, FFT methods have been extensively developed in recent times. Further progress 

is expected, which will help to capture the evolution of damage within the microstructure 

more accurately. In this respect, a first approach to account for interface phenomena has been 

recently made by the introduction of composite voxels [33]. 

 

5. Conclusions 

A novel methodology was presented to capture the deformation and damage behavior of 

discontinuous fiber reinforced plastics. The method is based on micro specimens machined 

from approximately 100 µm thin slices which were extracted from the cross sections of 3 mm 

thick sheet material. Since the dimensions of the specimens are sufficiently small, the position 

and orientation of each individual fiber can be directly mapped to a corresponding model. In 

contrast to common representative volume elements of the microstructure, the models are not 

based on a statistical description (e.g. fiber orientation distribution) and thus, uncertainties 

with respect to the microstructure are mostly eliminated. The models are therefore well suited 

to determine the material parameters of the constituents (fiber, matrix and interface) by 

inverse simulations. Furthermore, the deformation and damage evolution can be captured on 

the microstructural level using microscope images of the specimen surface in order provide 

additional information for the simulations.  

The applicability of our method was studied by modeling two different micro specimens 

which show strongly different microstructures leading to clearly different mechanical 

responses with approximately 100 % difference in maximum stress and strain. It was shown 

that the FEM simulations reproduce the experimental stress-strain curves quite accurately 

using the same material parameters for both specimens. Furthermore, the experimentally 

observed damage evolution within the microstructure agreed well with the simulation if fiber-

matrix interface damage was taken into account in addition to the damage of the matrix. Even 

if the results seem to be promising, a larger number of different microstructures should be 
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studied in order to evaluate the performance of our method and to ensure that the determined 

material parameters are transferable to other specimens. In this context, also the influence of 

the size of the specimens on the mechanical response should be examined. Such a variation of 

size would also affect the surface to volume ratio of the specimens. Thus, possible defects 

caused by the machining of the specimen surface could be evaluated, since they should be less 

relevant for larger samples.  

Since the reconstruction of the microstructure in the form of a finite element mesh represents 

a vast effort, feasibility studies were made to apply a FFT based mesh free simulation method 

which can in principle be directly fed with the CT data. Using a different material model than 

for the FEM simulations, it was possible to achieve a numerical stress-strain response which 

agrees fairly well with the experiments. However, the evolution of damage still deviates 

strongly from the experimental observations and the FEM simulations. In future, it might be 

possible to address this issue applying alternative constitutive models and considering 

interface damage, as soon as appropriate modeling techniques can be combined with the FFT 

approach. 

The presented methodology provides the potential for experimentally calibrating much more 

sophisticated multi parameter material models. Regarding the dramatically rising ability of 

storing, handling and processing huge amounts of data, one could imagine to feed the whole 

displacement field acquired during the experiments into corresponding microstructural 

simulation models. Thus, the available information to calibrate and validate the simulations 

would increase dramatically. Instead of an integral strain value which is used in stress-strain 

diagrams, locally resolved strain distributions could be evaluated for example by means of 

machine learning algorithms, in order to develop big data based material models. 
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8. Figures and Tables 

Fig. 1: Illustration of the specimen preparation procedure: First, a square section is cut from 

the sample plate (a). Then, several slices of the material are machined by a cutting disc (b). 

The slices are polished until the desired thickness of 100 µm is reached. The hourglass-shaped 

contour of the specimens is machined by a computer controlled milling machine (c). 

 

 

Fig. 2: Fixture for the milling process of the contour of the specimens (a, b).  The polished 

slice of the material (black color) is clamped by a metal bar (c), which has the same shape as 

the contour of the specimens. Two specimens with different geometries are milled from each 

material stripe. The hourglass shaped geometry on the right is used in this work. 
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Fig. 3: Geometry of the micro specimens as machined from the material slice with a CNC 

milling machine. The middle part (gauge section) of the specimens (approximate length of 

800 µm) is represented by the microstructural models in full detail as illustrated in the figure. 

 

 

 

Fig. 4: Micromechanical test setup as used for the in situ experiments under an optical 

microscope (a: load cell, b: specimen clamps, c: specimen, d: piezo actor, e: movable stage). 

The x-axis refers to the load direction, y and z to the transverse directions.  
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Fig. 5: Stress-strain curves of multiple experiments: The curves of the specimens which were 

selected for the modeling (specimen 1 and 2) are highlighted in blue and red color, as well as 

three more specimens (A, B, C) for which the microstructure is shown on the right (green 

color). 

 

 

Fig. 6: Illustration of the image correlation technique used for strain acquisition (virtual 

extensometer method): Two grids of markers (red crosses) are placed in the image outside the 

damage region on the specimen surface. Their horizontal displacements are tracked and 

averaged for each grid. The engineering strain of the specimen is then calculated by dividing 

the average displacement ∆L by the initial length L0. 
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Fig. 7:  Reconstruction of the 3D fiber geometry based on microscope images (before testing, 

front and rear view) and a CT scan (after testing). To be consistent with the rear view of the 

CT scan, the rear microscope images were mirrored in horizontal direction. 

 

 

Fig. 8: Merging of the 3D model of the fibers with the specimen geometry to obtain the final 

3D model 
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Fig. 9: Reconstruction of the microstructure of specimen 1 (approximately 5 vol-% fibers): 

CT scan after fracture (a), transparent view of the 3D model (b), microscope image of the 

specimen surface before the destructive testing (c), surface view of the 3D model (d), isolated 

matrix of the 3D model (e), isolated fibers of the 3D model (f) 
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Fig. 10: Reconstruction of the microstructure of specimen 2 (approximately 15 vol-% fibers): 

CT scan after fracture (a), transparent view of the 3D model (b), microscope image of the 

specimen surface before the destructive testing (c), surface view of the 3D model (d), isolated 

matrix of the 3D model (e), isolated fibers of the 3D model (f) 
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Fig. 11: Surface mesh (as used for FEM simulations) of an exemplary section of specimen 2 

with linear tetrahedral elements of 5 µm edge length.  

 

 

Fig. 12: The boundary conditions are applied on the grey blocks (a), which are assigned to 

homogeneous, elastic material properties and are connected to the detailed microstructure 

using tie constraints. The red lines on the specimen surface (b) correspond to the node sets to 

determine the effective strain. 
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Fig. 13: Different discretization of the fiber structure of specimen 1: Reconstructed geometry 

of the pristine specimen in the form of a CAD 3D model (top), surface mesh as used for FEM 

simulations (upper middle), voxel discretization as used for FFT simulations (lower middle) 

and binarized CT scan of the damaged specimen after testing (bottom).  
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Fig. 14: Deformation and damage evolution of specimen 1 (approximately 5 vol-% fibers): 

The images correspond to the respective states at the initial configuration, at the beginning of 

the stress plateau, at the end of the stress plateau and shortly before failure over the whole 

cross-section (the corresponding stress-strain curves are shown in Fig. 16). The contour plots 

refer to the FEM simulation which accounts for matrix and interface damage. σ  denotes the 

nominal (engineering) stress and ε the nominal (engineering) strain. 
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Fig. 15: Deformation and damage evolution of specimen 2 (approximately 15 vol-% fibers): 

The images correspond to the respective states at the initial configuration, at the maximum 

stress, at the middle of the softening range and at the end of the experiment/simulation (the 

corresponding stress-strain curves are shown in Fig. 17). The contour plots refer to the FEM 

simulation which accounts for matrix and interface damage. σ  denotes the nominal 

(engineering) stress and ε the nominal (engineering) strain. 
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Fig. 16: Stress-strain curve of the in situ experiment (specimen 1, approximately 5 vol-% fibers) 

compared to different variants of micromechanical simulations (left) and plot of experimental stress 

and strain values against the image number (right). 

 

Fig. 17:  Stress-strain curve of the in situ experiment (specimen 2, approximately 15 vol-% fibers) 

compared to different variants of micromechanical simulations (left) and plot of experimental stress 

and strain values against the image number (right). 
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Fig. 18:  Comparison of FFT (top), FEM simulations (middle) and experiments (bottom) at 

the point of final failure of specimen 1 (left) and 2 (right). 

 

Table 1: Characteristic values of the microstructural models with vf being the fiber volume 

fraction, n the number of elements or voxels, L,W,T the length/width/thickness of the gauge 

section, D the distance of the node sets for strain averaging and l the element length. 

Model vf  [%] n L [µm] W [µm] T [µm] D  [µm] l [µm] Element type 

Spec. 1 (surf. mesh, FEM) 4.34 1.33 ⋅ 106 764 212 100 442 5 linear tetrahedra  

Spec. 1 (voxel discret., FFT) 4.57 3.88 ⋅ 106 764 212 100 - 2 voxels 

Spec. 2 (surf. mesh, FEM) 13.96 1.57 ⋅ 106 801 213 150 657 5 linear tetrahedra  

Spec. 2 (voxel discret., FFT) 13.93 5.44 ⋅ 106 802 212 150 - 2 voxels 

 

Table 2: Characteristic values of the experimental setup 

Av. displ. 

rate [µm/s] 

Av. strain 

rate [1/s] 

Magni-

fication  

Resolution 

[px / µm] 

Duration  

[s] 

Image 

freq. [Hz] 

Load cell 

freq. [Hz] 

1 1.25 ⋅ 10-3 10 1.81 695 s (spec. 1) / 380 s (spec. 2) 1 10 
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Table 3: Parameters of the constitutive models used for FEM simulations 

Parameter Value Unit Description 

Ef 7.2⋅104 MPa Young’s modulus of the glass fibers 

νf 0.22 - Poisson’s ratio of the glass fibers 

Em 1250 MPa Young’s modulus of the polypropylene matrix 

νm 0.35 - Poisson’s ratio of the polypropylene matrix 

[σY|εp]1 14.20 | 0.0000 MPa | - First value pair of eq. yield stress / eq. plastic strain (Eq. 1,2) 

[σY|εp]2 20.12 | 0.0104 MPa | - Second value pair of eq. yield stress / eq. plastic strain (Eq. 1,2) 

[σY|εp]3 22.50 | 0.0204 MPa | - Third value pair of eq. yield stress / eq. plastic strain (Eq. 1,2) 

εp
ini 2 - Eq. plastic strain for damage initiation of the matrix (Eq. 4) 

Gf 0.1 mJ Damage evolution energy of the matrix  

K 106 N/mm Stiffness of the traction-separation law of the interface (Eq. 6) 

δini 2⋅10-4 mm Separation at damage initiation (Eq. 7) 

δf 10-3 mm Separation at failure  (Eq. 9) 

 

Table 4: Parameters of the constitutive models used for FFT simulations 

Parameter Value Unit Description 

Ef 7.2⋅104 MPa Young’s modulus of the glass fibers 

νf 0.22 - Poisson’s ratio of the glass fibers 

Em 1250 MPa Young’s modulus of the polypropylene matrix 

νm 0.35 - Poisson’s ratio of the polypropylene matrix 

σY 45 MPa Parameter of the hardening law of the matrix (Eq. 10) 

a1 11 MPa Parameter of the hardening law of the matrix (Eq. 10) 

a2 182 - Parameter of the hardening law of the matrix (Eq. 10) 

Y0 0.02 MPa Parameter of the damage law of the matrix (Eq. 11) 

b1 17.5 MPa Parameter of the damage law of the matrix (Eq. 11) 

b2 3.4 MPa Parameter of the damage law of the matrix (Eq. 11) 

 


