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Abstract: Fiber reinforced thermoplastics are consideredasising candidates to enable
the mass production of lightweight components. §suge their structural application,
accurate methods to describe their mechanical li@hane mandatory. However, the
modeling of the damage behavior of the thermoplasttrix under multiaxial stress states
within the microstructure still poses enormous lgmages. In order to capture timesitu
behavior, a novel methodology is applied. Ten&#tg are conducted on micro specimens,
which are manufactured from 100 pum thin sliceshefrnaterial’s cross section. A
corresponding finite element mesh which preciselyicts the individual microstructure of
each sample is reconstructed based on microscamesrand computer tomographic (CT)
scans. Since the dimensions of the specimens Higently small, the position and
orientation of each fiber can be directly mappethtomodel. Furthermore, the evolution of
deformation and damage within the microstructungsile in microscope images. Inverse
simulations are performed to separate the mecHdmetavior of the matrix, the fiber-matrix
interface and the fibers. On a first specimen &jgproximately 5 vol-% fiber fraction, the
constituent properties are calibrated by an autechparameter optimization procedure until
the global stress-strain curve of the simulatioreag well with the experiment. The approach

is validated by the simulation of a second specimigim a strongly different fiber fraction (15



vol-%) and thus, a strongly different damage betraVi is shown that the stress-strain curves
and the observed damage evolution of both specicembe accurately captured applying the
same material parameters. As an outlook for pakmuustrial applications of the method,
mesh free fast Fourier transform (FFT) simulatiaresperformed. Such models are based on
raw CT voxel data, rendering the extensive worgedmetrically reconstructing the
microstructure obsolete.

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

B. Fracture, C. Damage mechanics

1. Introduction

Microstructure-based modeling approaches are afarimportance in order to ensure the
safe application of lightweight components madenffioer reinforced plastics. Such models
can predict the local material properties withia gart based on the microstructure which is
formed during the manufacturing process. However giccuracy of micromechanical models
strongly depends on the knowledge of the mechapar@meters of the constituents - namely
the matrix, the fibers and the fiber-matrix intedaEven the outcome of comprehensive and
sophisticated geometrical models of the microstmécts questionable as long as the material
parameters lack in accuracy. Determining the compienlinear and time-dependent
properties of the matrix is an enormous challeMggterial parameters based on common
macroscopic mechanical testing methods suffer ttarmajor drawback that the mechanical
properties of a macroscopic specimerg(a neat matrix substance specimen machined from
the bulk material) can differ significantly frometthocal properties within the composite. This
is particularly true for thermoplastic compositeisice the fibers affect the crystallization
kinetics during the solidification process of thatnx (see Ref. [1, 2, 3] amongst others).
Thus, the degree of crystallization and the medadproperties of the matrix within the

composite deviate from those of the bulk matewth respect to the fiber-matrix interface,



it can be stated that even if various characteomanethods are available [4], they mostly
represent idealized conditions: The interface prigseobtained by such tests can hardly be
transferred to the real composite material [5]aA®nsequence, experimental
characterization methods are needed which captersmmechanical behavior of the
constituents within the composite. In order to safatheir contributions to the global
mechanical response of the composite, the testethaods need to be complemented by
numerical models and evaluation techniques.

First approaches to visualize and to understanddhegage mechanisms of short fiber
reinforced thermoplastics were made by Sstal. by means of evaluation of scanning
electron microscope (SEM) images, taken at multiphes during the loading of a bending
specimen [6]. The specimen was polished to obgbe/evolution of damage in the vicinity
of fibers which were cut at the specimen surfateyTalso applied acoustic emission
methods and estimated the stress levels in thexyie fibers and the interface close to the
point of failure of the composite [7]. In a similgpirit, Arif et al.studied then situdamage
behavior of short glass fiber reinforced polyamitguding the effects of humidity [8]. The
damage mechanisms during fatigue loading withimtierostructure of short glass fiber
reinforced thermoplastics were examined by Hordt&poormaker [9] and more recently, by
Klimkeit et al.[10] and Arifet al.[11]. The damage accumulation was characterized by
image correlation techniques applied on CT scarevatuate the fraction of micro voids [12].
Rollandet al. appliedin situ microtomography to acquire high resolution imagkethe
damage evolution within a short fiber reinforcedenial [13]. Such techniques were also
applied to continuous carbon fiber reinforced padysn14]. Contributions on the
micromechanical simulation of plasticity and damagelution of unidirectional aligned
discontinuous fiber composites were made by Hetrat. [15] and more recently by Okaké
al. [16]. Material models for short fiber compositeligh account for nonlinear constituent

properties and micromechanical damage scenaridsagiprogressive fiber-matrix debonding
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were presented by Kammoenhal.[17] and Notta-Cuvieet al.[18].

In our work, we follow a different route by applgia combined experimental-numerical
procedure. Micro tensile specimens are prepared the cross section of a compression
molded plate of glass fiber reinforced polypropgelm contrast to classical micro test
methods for composites [4] such as the microborttiefiber fragmentation test, where each
specimen is individually assembled, our micro smecis are taken from the real material.
Thus, they feature properties.@.the polymeric structure of the matrix and the Hasg
mechanical behavior) which are governed by theinglistrial manufacturing processdg.
injection or compression molding). Due to the msoapic dimensions of the gauge section of
approximately 800 x 200 x 100 pm3, the position anentation of each fiber can be directly
mapped to a corresponding finite element (FE) moberefore, it is no longer necessary to
use statistical distributions - such as a fibegmtation tensor - to describe the microstructure.
Consequently, the models do not contain any gedcaktmcertainties and the simulations
can be used to visualize and to evaluate the iddalidamage mechanisms of each specimen.
Furthermore, the parameters of the constitutiveslafithe matrix, the fibers and the interface
can be inversely determined and separated.

We demonstrate the feasibility of our methodologyrimdeling two specimens showing
strongly different microstructures and damage enahs. Therefore, the production process
of the material, the preparation of the micro speeis and the situtesting, including the
applied strain measurement technique are outlim&ection 2. In Section 3, two different
modeling techniques - the finite element method\F&nd a fast Fourier transform (FFT)
based simulation method - are described. Firstrabenstruction of the microstructure in the
form of a surface mesh is presented, followed lysihecification of the boundary conditions,
the applied constitutive models and the automatrameter identification procedure as used
for the FEM simulations. At the end of the sectitve FFT based simulations and the

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

finally discuss the applicability of a FFT baseahslation approach.

2. Material and experimental methods

2.1 Manufacturing process

The study was conducted on a discontinuous, Idyeg fieinforced thermoplastic (LFT) which
was manufactured by application of a direct complgnprocess as described by Henreng
al. [19]. The fiber rovings (glass fibers of the typgfRov® 4575) were directly fed into a
double screw mixing extruder, where the fibers whspersed in the polymeric melt (DOW®
C711-70RNA polypropylene). LFT plates of PPGF20ntnw@al fiber mass fraction of 20%,
nominal fiber volume fraction of 8.2 %) with dimemss of 400 x 400 x 3 mm? were
produced by compression molding as specified in R6&f 21]. The number average fiber
length of the LFT material is 1.2 mm (mean weighHesdyth 15 mm) with a mean fiber
diameter of 17 um [20, 21]. Since the dimensionthefmicro specimens (Fig. 3) are
significantly smaller than the mean fiber lengtte fibers are cut at the specimen surface.
Thus, the microstructure within the specimensnslar to short fiber reinforced plastics and
the high fiber length of the LFT material is sigo@intly reduced. However, the damage
evolution within the matrix and its interaction ithe fibers can still be studied on such a
small section. Moreover, we focus on demonstratuegorinciple feasibility of our micro
testing method. Therefore, the choice of the maltesisomewhat 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 pm thicknesse machined from thin slices of the
material. The slices were cut from the cross seatidhe LFT plates. The detailed procedure
is described in Fig. 1: First, a square sectioapgroximately 50 x 50 x 3 mm3 was cut from

the center of the LFT plate using a band saw (Fag. From the square section of the



material, slices with approximately 1 mm thickne&se machined using a cutting disc
suitable for polymeric materials (Struers 10S2%ational speed 1300 min) as illustrated in
Fig. 1b. For each slice, a multiple step grinding polishing procedure was applied. The
slice was fixed on a specimen holder by a very sambunt of high viscosity cyanoacrylate
(CA) glue which was applied at the outer regionghefslice and away from the regions
where the final specimen geometry is located. Firs¢ side of the slice was grinded and
polished multiple times with diamond suspensioa stibsequently decreasing grain size. At
the last step, a suspension with a grain sizepoh3vas applied until the surface was
perfectly even and featured a very low roughnebs. quality of the surface was evaluated by
an optical microscope after each step of the pnoeedt is very important that the fiber ends
at the surface of the slice were not damaged bynaehanical treatment. If the quality of the
surface was suitable, the slice was detached fnenspecimen holder, flipped and fixed again
using CA glue. The grinding and polishing stepsenepeated until the second surface was
of sufficient quality and the specimen featurethalfthickness of approximately 100 pm. All
slices were again carefully evaluated under arcapinicroscope to ensure that no visible
damage from the mechanical treatment existed. Slidgs of sufficient quality were selected
for the further procedure. In Fig. 1c, the finabgeetry of the specimens is illustrated. The
hourglass shaped contour was machined by a CNQusaily a Karnasch 30.6256 milling
cutter (1.5 mm diameter, 2 cutting edges, rotatispaed 1Omin™, feed rate 300 mm/min).
Two specimens were milled from each stripe of malterith the specimens positioned in the
center outside the regions where the CA glue wpbeap A special fixture was used to hold
the specimens during the milling procedure. Figh@ws the details of the fixture. The
fixture (Fig. 2a,b) is loaded with three slices @hhare clamped by metal bars (Fig. 2¢)
featuring the final contour of the specimens. wesal trials, it was found that the metal bars
were beneficial for a good quality of the specireelges obtained by the milling process.

Since the sandwich alignment (aluminum bar, polyodice, aluminum fixture) constrains
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the slice, the amount of burr which develops duthrgmilling process was significantly
reduced. Two specimens with different geometrieieweat from each slice. However, only
the hourglass shaped geometry (Fig. 2c, right)wsasl in this work. Thus, failure during
testing is localized within a well-defined regiomdacan be observed inside the limited field of
view of the applied objective. The geometry is dethin Fig. 3. The triangular sections were
used to clamp the specimen in the testing devideeffiect a self-alignment. The gauge
section of the specimen is represented by the miechanical models in full detail, as
illustrated in the figure.

2.3 Micro tensile tests

Micro tensile experiments were performed usingdirstom built test setup shown in Fig. 4.
During testing and mounting, the specimen can Isemied using an optical microscope
(Nikon) with a 4 mega pixel camera (Basler acA2080kc, Camera Link interface). An
objective with a magnification factor of 10 was dise acquire the images during the
experiments. The self-aligning clamping mechanisioased on interlocking of the triangular
sample sections (Fig. 3, Fig. 4c) with groovesm ¢lamps (Fig. 4b) of a corresponding
shape. The left clamp is attached to the loadvaéh a capacity of 5 N (Fig. 4a, measurement
specialties XFTC300), whereas the right one is eoted to the movable part of the test
setup, which is equipped with two driving mechargsmserial alignment. A piezoelectric
actuator (Fig. 4d) is mainly used for fatigue loapwith high frequencies and rather low
displacement amplitudes. However, the experimehisi® work were conducted only using a
linear electric motor (Physik Instrumente, traxaige 50 mm, resolution 0.3 pm, maximum
displacement rate 30 mm/s) providing a limited agitabehavior, but a high travel range
which is necessary for tensile tests with high defttions. The motor is coupled to the
movable stage (Fig. 4e) which acts as a suppoth&opiezo and has a degree of freedom in
x-direction. Only the linearly moving rod of the tooitself is visible in Fig. 4. At the left, a

second stage is used to adjust the alignment aflimeps. The degrees of freedom (y,z) are
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transverse to the loading direction (x). The posiis chosen with micrometer screws. More
details about the test setup can be found in R&f. [The specimen (Fig. 4c) was placed using
vacuum tweezers. After applying a negligible prdladnich leads to self-alignment of the
sample, additional clamps were carefully screwetbprof the sample’s gripping sections to
ensure that the sample stayed within the focalegtdrthe microscope objective during the
testing. The experiments were conducted at a dispiant rate of 1 um/s which corresponds
to a nominal strain rate of 1.280°1/s. More details are given in Table 2. The resglti
stress-strain curves are presented in Fig. 5 agéthier with the simulation results, in the left
graph of Fig. 16 / Fig. 17. The right parts of flygires show the stress and strain signals over
the image number (proportional to the testing tumite an image acquisition frequency of

1 Hz). The measured load values were divided bgpleeimen cross section (Table 1) in
order to obtain engineering stress values. The kadimensions were measured optically
using a light microscope. The strain values wetaiobd by image correlation as specified in
the following.

2.4 Strain measurement

The image correlation technique used for straingmesment is based on the Matlab script
developed by Senn and Eberl [23]. In contrast toroscopic investigations, the micro
samples could directly be analyzed without applyrgyrey scale pattern since the images of
the specimen surface are heterogeneous enougb the\tisible microstructure. It was not
possible to determine accurate local strain validsn the damage zone: The local distortion
of the specimen surface during the evolution of @geneads to a strong change of
appearance and reflectivity. Moreover, the damage zvas not in focus for the whole
experiment (this effect is particularly pronoundéedspecimen 2, see Fig. 15). Therefore, a
virtual extensometer method was applied, where thrdysections outside the damage zone
are evaluated. The position of the markers istilisd in Fig. 6. Two rectangular grids of

markers with a spacing of 10 pixels were placethenmage having an initial distance
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Each marker corresponds to a 30 x 30 pixel subddbedirst image which is tracked by
image correlation during the further progress efeperiment. For both sets of markers, the
displacement values of the markers were averageglemgineering strain was calculated by
dividing the change in distané of the two sets by their initial distante Since the
obtained strain values were mainly used to comiper@xperimental results to the
simulations (where exactly the same procedure wpbeal to derive the numerical values),

the use of an integral, engineering strain valueal justified.

3. Modeling

3.1 FEM simulation

3.1.1 Reconstruction of the microstructures and mésng

Since the specimens feature a very small gaugmsdepproximately 800 x 200 x 100
the microstructure could be directly reconstrucligte reconstruction was based on two
different sets of data. First, microscope imagethefundamaged specimens were acquired
before the experiment. Using computer aided dg€idD) software (in our case the part
module of Abaqus CAE V6.11) the ellipsoidal cuttswgfaces of fibers visible at the
specimen surface were reconstructed and descriptelposition and orientation of each
ellipse. For this purpose, 2D sketches were drawthe microscope images in the
background. This step was performed for the frowt ldackside of each specimen and is
illustrated for an exemplary specimen in Fig. 7.itAsan be seen in the figure, the ellipsoidal
cutting surfaces of the fibers were not alwayshkesin the microscope images. In particular
for the rear surfaces of the specimen, the fibenewadly visible due to the fact that the rear
surface touches the fixture which holds the sardpleng the polishing process. Thus, the
rear surface is smeared by debris which accumuwlatbs the gap between the rear surface
and the fixture. As shown in Fig. 7, such badlyblesfibers could be identified by a CT scan.

Since numerous samples were tested in total, in@apossible to acquire CT scans of each
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pristine specimen with respect to the vast effbinerefore, the CT scans of the two specimens
chosen for the micromechanical modeling were talfter failure. The CT data was carefully
evaluated using 3D visualization software (3D ViewklmageJ). Two dimensional view
cuts were extracted at multiple positions overthtiiekness of the 3D CT data using ImageJ
and compared with the available microscope imaf#iseoundamaged specimen surface.
Thus, the CT scans enabled the reconstructionediiter structure within the specimen,
whereas they could not be used to locate the dékaectpositions at the specimen surface
since they were taken after fracture. In the nteqi,2he 3D CAD model of the fibers was
generated by extrusion of the 2D ellipsoidal cgttsarfaces of the fibers on the specimen
front and backside along the path which was redelayethe CT scans. Finally, the 3D CAD
model of the fiber structure was merged with theg&idmetry of the specimen in Abaqus
CAE as illustrated in Fig. 8. The resulting geoncalrmodels of the fiber structure of both
specimens are compared to the microscope imageSaidans in Fig. 9 / Fig. 10.
Subsequently, the 3D geometries of the fibers aatlixnwere meshed using Abaqus CAE
V6.11. A free meshing technique, using linear tegdral elements (C3D4), was applied.
Since this element type considers a constant saamultitude of elements needs to be used
to achieve accurate results. Therefore, an elefaegth of 5 um was chosen, resulting in an
element count of approximately 116°. More details are presented in Table 1. An exergpla
cut through the mesh is shown in Fig. 11. Two satiahs for each specimen were
performed: The first simulation accounts exclugifer matrix damage and considers a
perfect bonding between fibers and matrix. In daise, the fibers were connected to the
matrix by tie constraints. For the second simukatinich accounts for interface debonding, a
cohesive contact formulation between the fibersthrdmatrix was activated.

3.1.2 Boundary conditions

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

to keep the size of the models at a reasonablé [Elve displacement boundary conditions
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could not directly be applied to the boundary stetaof the detailed sections since strong and
unrealistic stress concentrations would occur. Asnaedy, the boundary surfaces of the
detailed microstructural models were connectedtadgeneous elastic blocks by means of
tie constraints. The elastic blocks represent éneaining part of the specimen and feature an
elastic modulus equal to the homogenized stiffeéslse detailed microstructural model of
the gauge section. Fig. 12 shows the alignmertiefjauge section and the elastic blocks (a),
on which the displacement boundary conditions @de fixed, one side displaced) were
applied. The models were then computed by AbaqdidiixV6.11. To provide a similar

strain measure as for the experiments, two nodevgate defined on the surface of the model
with a distancé,, (Fig. 12b) identical to the distance of the twtss®d# markers used for

image correlation (Fig. 6). The engineering stka@s again calculated dividing the distance
changeAL (here derived fronthe average displacement of each node set) bitined i
distancel.

3.1.3 Constitutive models and parameters

Linear elastic properties were assigned to thadibs specified in Table 3 without
considering any damage or degradation effectseShme fibers are very short due to the
microscopic specimen dimensions, stress valudwinange of the fiber strength can not
develop. Consistently, no fiber failure was obsdrivethe experiments.

The von Mises plasticity model with isotropic hamtey (Abaqus keyword *PLASTIC) was
applied to describe the plastic behavior of the/papylene matrix. Value pairs of equivalent
yield stressoy and corresponding accumulated plastic stganvere specified to account for a

multilinear hardening. The equivalent yield strissdefined as

/ ', 1)
Oy = 3/2 o ijO- ij
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with ¢';; being the components of the deviatoric stress teii$® accumulated plastic strain

is obtained by integration of the equivalent plastrain rate over time

t 2
epzfépdt @
0

with the equivalent plastic strain rate

Py 3)
Ep = 2/38585

Damage initiation starts when a threshold valuaherequivalent plastic strain is reached

(Abaqus keyword *Damage Initiation, criterion=DUQH)

& 2 &p" (4)
The evolution of damage is described by a linedncgon of the stiffness (Abaqus keyword

*Damage Evolution, type=ENERGY)

Egam = (1 = D)E, )
whereEqanmis the stiffness of the damaged elementByiefers to the undamaged state. The
damage variabl® has an initial value of 0. When a specified valti&ilure energyGs has
been dissipated, it reaches the maximum valueaofdithe corresponding element is deleted
from the mesh.

The effects of interface damage are described ubmgohesive contact formulation

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

ty Sn (6)
<
t, 5,

with the normal (n), first (s) and second sheacdgthponent of the traction vectpthe

Ky
Ks
Ky

stiffness matriXK and the separation vectdrThe three diagonal components of the stiffness
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matrix K were set to an equal value as specified in Tabfeduadratic damage initiation

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

G\ (S L (S (7)
(5) +Gw) +(5) -

The evolution of damage was specified in the foAnagqus keyword *Damage Evolution,

type=DISPLACEMENT)

thay = (1= D)tds¢ (8)
wheret®™is the traction of the damaged statehe initial (undamaged) value abdthe
damage variable. The latter has an initial valué ahd reaches 1 when the effective

displacemens®™ reaches the specified failure lind *", where

9
§eft = J(an)z + 682 + &¢ ®)

3.1.4 Parameter identification procedure

The material parameters were determined using mmated parameter identification
procedure which is based on the software LS-OPTTh@ software generates a parametric
input file in which 3 values of yield stress (defining the hardening), the damage energy of
the matrixG; and the failure displacement of the interfageare the free parameters. In the
following, each model was computed by Abaqus Expli6.11 and the stress-strain curve
was extracted automatically by a Python script. paw@meters were varied until the mean
squared error between the numerical and experitemntees was minimized. The
optimization procedure is based on a successiyp®onse surface method (SRSM) which
represents an iterative domain reduction procefiurdiscrete variables and is suitable for
nonlinear problems [24]. The resulting materialgpaeters 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 microstmectol the form of a surface mesh (as
required for the FEM simulations) represents a e#stt, an alternative simulation method
was applied. In this respect, mesh free FFT baskeérs are advantegeous since the CT voxel
data can be directly used for the computationsawitithe necessity to generate a mesh. In the
following, the FFT solver FeelMath of the commelsiaftware GeoDict [25] was applied.

The underlying method is inspired by the work oftMoec and Suquet [26] who first applied
the Lippmann-Schwinger equation to compute theineal mechanical response of
microstructures. It was subsequently improved tierdpplication to finite deformations [27]
and mixed boundary conditions [28] amongst othatuies.

To apply the FFT based approach, the geometry nedusdiscretized by voxels instead of a
surface mesh. The different forms of discretizaaomillustrated for an exemplary fiber
structure in Fig. 13. If the CT scan would haverbacquired prior to the testing, the
binarized voxel image (Fig. 13, bottom) could haeen directly used for the FFT based
simulations. Since it was taken after fracture,3BeCAD model (Fig. 13, top) was converted
to a voxel mesh (Fig. 13, lower middle) as a warkiad to demonstrate the general feasibility
of the FFT based approach. The results of the kRllations could then be compared to the
FEM results. The characteristic values of the FEEiMase mesh (Fig. 13, upper middle) and
the FFT voxel discretization are compared in Tdbl&€he CT scans feature a slightly larger
voxel size of approximately 3 um compared to th& Rtodel (2 pm). To convert the 3D

CAD models into voxel models, initially we extradte triangulation of the fiber and matrix
surface in the STL (standard tessellation langutage)at by using the software Medina [29].
In a second step the obtained STL surface was eexklising the software GeoDict [25],
which superposes the STL surface with a 2 um vgseland assigns a voxel to the matrix

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

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

3.2.2. Constitutive models and parameters

Again, linear elastic properties were assignethéofibers as specified in Table 4 and
discussed in Section 3.1.3. Since the convergeelcavior of the FFT solver depends on the
material contrast, which is increased by matrixesghg, it was not possible to model the
whole damage evolution including the final failuvégh the FFT solver and a strain-based
damage criterion (as used for the FEM simulatiofsjthermore, a major drawback of the
FFT based method is that no contact formulaticourgently available. Therefore, the effects
of interface damage cannot be directly capturd stmulations are restricted to matrix
plasticity and damage. Thus, a different plastiaitgd damage model according to Simo and
Ju [30, 31] was applied for the FFT based solvke fbllowing function describes the

hardening in the plastic regime:

R=o0y+a;(1—e%") (20)
with the yield stressy, the hardening variableand the plastic part of the free eneRyyhe
evolution of damage is defined as a function ofdtnain energy

_%(-b) (11)

d=1
Y

ble—bz(Y—Yo)

whered denotes the damage variable afthe threshold of elastic energy to initiate damage.
More details and background of the model are gindRef. [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 experimengsshown in Fig. 5. Similar to common

macroscopic experiments, the stress-strain curaede divided in an initial linear elastic
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section, followed by a nonlinear part where platier occurs, a distinct stress peak and
finally failure with the stress decreasing closeéoo. All specimens were prepared from the
same specimen plate of PPGF20 with a nominal fibkme fraction of 8.2 % (details of the
manufacturing are given in Section 2.1). Due tortheroscopic dimensions of the specimens’
gauge section (approximately 800 x 200 x 100 pth& microstructure characteristics of the
specimens differ from the nominal values of theanat (i.e. the sample plates as described
in Section 2.1). The micro specimens capture thg keeal mechanical behavior and thus
feature a strong variability in terms of maximumess and strain. For three specimens (A, B,
C in Fig. 5), the microstructure is depicted in tigeire. Specimen A and B having elevated
fiber densities show higher strength values thatispen C with less fibers. Two specimens
with strongly different mechanical behavior weréested for detailed microstructural
simulations (specimen 1 and 2), in order to ingadé the correlation between the local
microstructure and the resulting mechanical respobserved in the experiments. The stress-
strain curves of these two specimens are plottgether with the results from FEM and FFT
simulations in Fig. 16 / Fig. 17. It is remarkathat specimen 1 (approximately 5 vol-%
fibers) features almost twice the maximum straispEcimen 2 (approximately 15 vol-%
fibers). For the maximum stress, the ratio is iteetrFurthermore, the damage mode of both
specimens is strongly different, showing rathepoamal fracture for specimen 1 whereas the
fracture behavior of specimen 2 is dominated bysh®ng fiber interfaces. (Fig. 14 / Fig.
15). Comparing the stress-strain curves, specinfeatlires a matrix dominated, ductile
behavior whereas the mechanical response of spednsegoverned by its high fiber

fraction, resulting in a more brittle fracture. Téteess-strain curve of specimen 1 shows a
distinct oscillation at a total strain of approxielst 0.03 (corresponding roughly to image 200
in the right diagram of Fig. 16). This is likelyuseed by a localization of plastic deformation

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

4.2 FEM simulation

At first, FEM simulations were performed which omgcount for matrix plasticity and
damage. The perfect bonding between the fiberglachatrix is numerically represented by
using tie constraints as described in Section 3Th2 material parameters were determined
by the parameter identification procedure (SecBdn4) for specimen 1 with the low fiber
fraction. Then, specimen 2 with the high fiber fraic was simulated using the same material
parameters as before. The numerical results (nlnees in Fig. 16 / Fig. 17) agree well with
the experiments (black curves) up to the stresk.gea specimen 1, the whole experiment is
reproduced very well, whereas for specimen 2, itied failure as indicated by the stress drop
is predicted significantly too early. This motivat® consider the additional effects of
interface damage in the simulations. Furthermdre elvolution of damage at the
microstructural level could only be accurately mgprced if interface damage was activated
(see Fig. 14 / Fig. 15 which both account for if#ee damage).

In the following, the simulations were repeated Hreltie constraints between fibers and
matrix were replaced by a cohesive contact formaneds specified in Section 3.1.3. To
determine the interface parameters, the paranggatification procedure (Section 3.1.4) was
now performed for specimen 2, while the matrix pagters were retained as before and the
only free parameter was the failure displacemett@interface. Then, specimen 1 was
simulated with the same parameters for matrix atetfiace damage.

For specimen 1, the numerical stress-strain cuowsidering matrix and interface damage
(red curve in Fig. 16) shows negligible differencespared to the model which only
accounts for matrix damage (blue curve). This issed by the low fiber fraction of specimen

1. Thus, the global stress-strain behavior is goegipredominantly by the matrix, resulting
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in a negligible influence of the interface. Howeuwhe consideration of interface damage is
crucial for a correct prediction of the microstuwetl evolution of damage (Fig. 14) as
discussed before.

For specimen 2 with the high fiber fraction, th#etence between both simulations (matrix
damage only, blue curve / matrix and interface dganeed curve in Fig. 17) is significant: If
interface damage is activated, the maximum strigiimal failure is captured more accurately,
whereas the maximum stress is predicted slightydw. This is likely caused by the
cohesive contact formulation, which introduces abe amount of compliance into the
model compared to the tie constraints.

As a first conclusion, it can be stated that th&Ftmulations reproduce accurately the
stress-strain curves of both specimens even ththeyhhave strongly different
microstructures, leading to distinctly differentechanical responses. In this context, we want
to emphasize that for each numerical study, theesaaterial and damage parameters have
been applied for both specimens. Moreover, theraxgatally observed evolution of
deformation and damage within the microstructurelmaaccurately captured by the FEM
simulations, which is again strongly different bmth specimens (Fig. 14 / Fig. 15). Overall,
the results are very promising and indicate thatcombined experimental-numerical
approach is capable to capture ithsitu damage behavior of the matrix and the fiber-matrix
interface within the microstructure. However, vefforts have been made to manually
reconstruct the microstructure of the specimenstaidild up the finite element model.
Therefore, the method is hardly applicable withpractical framework.

4.3 FFT based simulation

As an alternative to the FEM simulations, a fastirtey transform (FFT) based simulation
technique was applied. The method does not requashing which simplifies the
preprocessing tremendously. In principle, CT datadirectly be fed into the simulation

software in the form of a 3D voxel image. After aegiing the different phases (matrix and
18



fibers) based on a greyscale threshold, the simoktan be immediately performed. Thus, it
would be possible to acquire CT scans of a largeusatnof specimens prior to the mechanical
testing and then carry out simulations of eachviddial specimen. However, in this work, the
manually reconstructed 3D models of the fiber stmgs were discretized by voxels to
demonstrate the general feasibility of the appraacte only CT scans of the damaged

specimens (after testing) were available (see@esti2.1).

The computations were performed with the FFT soheslMath which is part of the software
GeoDict [25]. Using the FFT method, it was not plalesto model a sudden load drop with a
strain-based damage criterion as it was appliethieFEM simulations due to numerical
instabilities. Thus, a different constitutive models chosen for the matrix (see Section 3.2.2)
in which the damage initiation can be expressedlfasction of the elastic energy. The
resulting stress strain curves for both specimeaslaown together with the results from the
FEM simulations and the experiments in Fig. 169/ Ei7. For specimen 1 having the lower
fiber fraction, the agreement up to the maximuresstiis excellent (green curve in Fig. 16),
whereas during the evolution of damage, the loaggisignificantly too early. A similar
behavior can be observed for specimen 2 with thkeerifiber fraction (green curve in Fig.
17). It would thus be necessary to shift the danaitjation threshold to higher strains, which
again resulted in numerical problems. It can bgliconcluded that the FFT simulations
accurately reproduce the nonlinear deformation Wiehap to the peak load and that the
maximum stress is correctly predicted for both speas. In contrast, the evolution and
localization of damage within the microstructurgrgiicantly differs from the experiments
and the FEM simulations (Fig. 18), particularly secimen 2: The region where strong
localization of plastic strain and shear fracturewss is much smaller than for the FEM
model and the experimental observation. It theeef@ems that the applied constitutive

models for the FEM simulations are more appropfiatéhe investigated material.
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Nevertheless, FFT methods have been extensivebla®sd in recent times. Further progress
is expected, which will help to capture the evaantof damage within the microstructure
more accurately. In this respect, a first apprdadiccount for interface phenomena has been

recently made by the introduction of composite \©%83].

5. Conclusions

A novel methodology was presented to capture thara@tion and damage behavior of
discontinuous fiber reinforced plastics. The metlsolased on micro specimens machined
from approximately 100 um thin slices which weré&r@asted from the cross sections of 3 mm
thick sheet material. Since the dimensions of gexignens are sufficiently small, the position
and orientation of each individual fiber can beadily mapped to a corresponding model. In
contrast to common representative volume elemdrtsanicrostructure, the models are not
based on a statistical descripti@ng( fiber orientation distribution) and thus, uncantas

with respect to the microstructure are mostly etateéd. The models are therefore well suited
to determine the material parameters of the caestis (fiber, matrix and interface) by
inverse simulations. Furthermore, the deformatiotsh @damage evolution can be captured on
the microstructural level using microscope imadgeth® specimen surface in order provide
additional information for the simulations.

The applicability of our method was studied by modgetwo different micro specimens
which show strongly different microstructures lewgto clearly different mechanical
responses with approximately 100 % difference iximam stress and strain. It was shown
that the FEM simulations reproduce the experimesitaks-strain curves quite accurately
using the same material parameters for both spasint@rthermore, the experimentally
observed damage evolution within the microstrucageeed well with the simulation if fiber-
matrix interface damage was taken into accountditin to the damage of the matrix. Even

if the results seem to be promising, a larger nurobdifferent microstructures should be
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studied in order to evaluate the performance ofmeetthod and to ensure that the determined
material parameters are transferable to other sp#d. In this context, also the influence of
the size of the specimens on the mechanical respimaild be examined. Such a variation of
size would also affect the surface to volume rafithe specimens. Thus, possible defects
caused by the machining of the specimen surfackel d@uevaluated, since they should be less
relevant for larger samples.

Since the reconstruction of the microstructuréhmform of a finite element mesh represents
a vast effort, feasibility studies were made tolappFFT based mesh free simulation method
which can in principle be directly fed with the @&ta. Using a different material model than
for the FEM simulations, it was possible to achiaveumerical stress-strain response which
agrees fairly well with the experiments. Howevlg evolution of damage still deviates
strongly from the experimental observations andREl simulations. In future, it might be
possible to address this issue applying alterna&iwvestitutive models and considering
interface damage, as soon as appropriate modelgigues can be combined with the FFT
approach.

The presented methodology provides the potentraéXperimentally calibrating much more
sophisticated multi parameter material models. Rigg the dramatically rising ability of
storing, handling and processing huge amountstaf dae could imagine to feed the whole
displacement field acquired during the experimantts corresponding microstructural
simulation models. Thus, the available informatiomcalibrate and validate the simulations
would increase dramatically. Instead of an integtadin value which is used in stress-strain
diagrams, locally resolved strain distributions|ddee evaluated for example by means of

machine learning algorithms, in order to develapdata based material models.
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8. Figures and Tables

Fig. 1: lllustration of the specimen preparation proced#&iest, a square section is cut from

the sample plate (a). Then, several slices of theenal are machined by a cutting disc (b).
The slices are polished until the desired thickmés0 pm is reached. The hourglass-shaped

contour of the specimens is machined by a compotairolled milling machine (c).
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Fig. 2: Fixture for the milling process of the contour bbétspecimens (a, b). The polished
slice of the material (black color) is clamped byetal bar (c), which has the same shape as
the contour of the specimens. Two specimens witerdnt geometries are milled from each

material stripe. The hourglass shaped geometrp@®nght is used in this work.
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Fig. 3: Geometry of the micro specimens as machined fremtaterial slice with a CNC

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

800 um) is represented by the microstructural noutefull detail as illustrated in the figure.

2.8 mm

Fig. 4: Micromechanical test setup as used forith&tu experiments under an optical
microscope (a: load cell, b: specimen clamps, ecispen, d: piezo actor, e: movable stage).

The x-axis refers to the load direction, y and thetransverse directions.




Fig. 5: Stress-strain curves of multiple experiments: @imves of the specimens which were
selected for the modeling (specimen 1 and 2) agklighted in blue and red color, as well as
three more specimens (A, B, C) for which the mittagure is shown on the right (green

color).

80

Experimental results —Others

70 -

60 -

50 - —Specimen 1

—Specimen 2

40

30

Engineering stress [MPa]

20

10

0 0.1 02 03 04
Engineering strain

Fig. 6: lllustration of the image correlation techniquedi$or strain acquisition (virtual

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

damage region on the specimen surface. Their haakdisplacements are tracked and

averaged for each grid. The engineering straim@fspecimen is then calculated by dividing

the average displacemehit by the initial lengthL,.

L, + AL
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Fig. 7: Reconstruction of the 3D fiber geometry based aecrescope images (before testing,
front and rear view) and a CT scan (after testifig)be consistent with the rear view of the

CT scan, the rear microscope images were mirroréiizontal direction.

Microscope (front view, before testing) 2D drawing of fiber ellipses on surface

Z

Extrusion of the fibers
(3D model, front view)

Multiple 2D view cuts (left) and 3D view
of the CT scan (right, after testing)

)

Microscope (rear view, before testing

T w—

2D drawing of fiber ellipses on surface

Extrusion of the fibers
(3D model, rear view)

. : : pa. 200 um
CT scan (rear view, after testing) Identification of badly visible fibers —

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

3D model
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Fig. 9: Reconstruction of the microstructure of speciméapproximately 5 vol-% fibers):
CT scan after fracture (a), transparent view of3Bemodel (b), microscope image of the
specimen surface before the destructive testing(cjace view of the 3D model (d), isolated

matrix of the 3D model (e), isolated fibers of 8@ model (f)

Specimen 1 (5 vol-% fibers)
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Fig. 10: Reconstruction of the microstructure of speciméagbroximately 15 vol-% fibers):
CT scan after fracture (a), transparent view of3Bemodel (b), microscope image of the
specimen surface before the destructive testingcjace view of the 3D model (d), isolated

matrix of the 3D model (e), isolated fibers of 8@ model (f)

Specimen 2 (15 vol-% fibers)
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Fig. 11: Surface mesh (as used for FEM simulations) ofx@mgplary section of specimen 2

with linear tetrahedral elements of 5 um edge lengt

Fig. 12: The boundary conditions are applied on the gregkd (a), which are assigned to
homogeneous, elastic material properties and aneexbed to the detailed microstructure
using tie constraints. The red lines on the specisugface (b) correspond to the node sets to

determine the effective strain.
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Fig. 13: Different discretization of the fiber structuresgdecimen 1Reconstructed geometry
of the pristine specimen in the form of a CAD 3Ddub(top), surface mesh as used for FEM
simulations (upper middle), voxel discretizationuged for FFT simulations (lower middle)

and binarized CT scan of the damaged specimentaftiéng (bottom).

Detail k»i l

CAD model
(before testing)

Surface mesh on CAD model
(before testing)

Voxelized CAD model
(before testing)

Binarized CT scan Detail

(after testing)

32



Fig. 14: Deformation and damage evolution of specimen pr@pmately 5 vol-% fibers):

The images correspond to the respective statée atitial configuration, at the beginning of

the stress plateau, at the end of the stress plateshortly before failure over the whole

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

refer to the FEM simulation which accounts for maéind interface damage. denotes the

nominal (engineering) stress aathe nominal (engineering) strain.
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0.250
0.125
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Fig. 15: Deformation and damage evolution of specimen pr@pmately 15 vol-% fibers):
The images correspond to the respective statée aitial configuration, at the maximum
stress, at the middle of the softening range anldea¢nd of the experiment/simulation (the
corresponding stress-strain curves are shown inliig The contour plots refer to the FEM

simulation which accounts for matrix and interfaleenageo denotes the nominal

(engineering) stress amthe nominal (engineering) strain.
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Image 325, € = 0.177, ¢ = 4.0 MPa Frame 15, ¢ = 0.198, 6 = 23.8 MPa 100 pm
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Fig. 16: Stress-strain curve of the situ experiment (specimen 1, approximately 5 vol-%1fpe

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

and strain values against the image number (right).
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Fig. 17: Stress-strain curve of the situ experiment (specimen 2, approximately 15 vol-%1#)
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Fig. 18: Comparison of FFT (top), FEM simulations (middie)d experiments (bottom) at

the point of final failure of specimen 1 (left) a@dright).
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Table 1: Characteristic values of the microstructural medeth vi being the fiber volume

fraction,n the number of elements or voxdls\W, T the length/width/thickness of the gauge

section,D the distance of the node sets for strain averagmu the element length.

Model Vi [%0] n Lum] W(um] T([um] D [um] |[um] Elementtype
Spec. 1 (surf. mesh, FEM) 434 1.33[11¢F 764 212 100 442 5 linear tetrahedra
Spec. 1 (voxel discret., FFT) 4.57 3.8811¢ 764 212 100 - 2 voxels
Spec. 2 (surf. mesh, FEM) 13.96 1.5711¢ 801 213 150 657 5 linear tetrahedra
Spec. 2 (voxel discret., FFT) 13.93 5.44[1¢ 802 212 150 - 2 voxels

Table 2: Characteristic values of the experimental setup
Av. displ. Av. strain  Magni- Resolution Duration Image Load cell
rate [um/s] rate [1/s] fication [px / pum] [s] freq. [Hz] freq. [Hz]
1 1.25010° 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 SiEMilations

Parameter Value Unit Description

E 7.210° MPa Young’s modulus of the glass fibers

Vs 0.22 - Poisson’s ratio of the glass fibers

En 1250 MPa Young’s modulus of the polypropylene matri

Vin 0.35 - Poisson’s ratio of the polypropylene matrix

[ovlg]a 14.20 | 0.0000 MPa | - First value pair of eq.d/gless / eq. plastic strain (Eq. 1,2)
[ovlg]2 20.12 ] 0.0104 MPa | - Second value pair of edd wteess / eq. plastic strain (Eq. 1,2)
[ovlg]s 22.50]0.0204 MPa | - Third value pair of eq.d/igtress / eq. plastic strain (Eq. 1,2)
&" 2 - Eq. plastic strain for damage initiation of thatrix (Eq. 4)

Gy 0.1 mJ Damage evolution energy of the matrix

K 10° N/mm Stiffness of the traction-separation lawtad interface (Eq. 6)
Oni 2010 mm Separation at damage initiation (Eq. 7)

o 10° mm Separation at failure (Eq. 9)

Table 4: Parameters of the constitutive models used for $ifililations

Parameter Value Unit Description

= 7.210 MPa Young’s modulus of the glass fibers

Vs 0.22 - Poisson’s ratio of the glass fibers

En 1250 MPa Young’s modulus of the polypropylene matri

Vin 0.35 - Poisson'’s ratio of the polypropylene matrix

oy 45 MPa Parameter of the hardening law of the méiik 10)
a 11 MPa Parameter of the hardening law of the méix 10)
a 182 - Parameter of the hardening law of the mégEix 10)
Yo 0.02 MPa Parameter of the damage law of the mgx 11)
b, 17.5 MPa Parameter of the damage law of the mgx 11)
b, 3.4 MPa Parameter of the damage law of the maiax {1)
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