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Abstract: A novel procedure for the generation of a repredem volume element for
long fiber reinforced thermoplastics and mateneth a similar microstructure is
presented here. It is characterized by a maximber faspect ratio of approx. 5000 and
a maximum fiber volume fraction up to 25 %. The mloty procedure is based on
characteristic values describing the microstrucinie statistical sense, which are the
fiber orientation distribution, the fiber lengthstiibution and the fiber volume content.
The resulting mesh for finite element analysis @spnts the microstructure with a
relatively low element count, modeling each fibatydby a single element per cross
section. Hence, the model is computationally véfigient and allows the analysis of
comparably large structures which include the cetepliber length spectrum of the
investigated material. The procedure is validagalrest the elastic properties of three
material variants with different fiber volume frewts, incorporating their experimental
measured fiber orientation and length distributions
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1. Introduction
High-performance cost-efficient composite matenvahgch can be manufactured on
mass-production scale are needed e.g. for lightwaigtomotive components. Long-

fiber reinforced thermoplastics (LFT) are extremglgmising in this respect since they
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are well suited for mass production by injectiorcompression molding. Automotive
applications, however, require that these mateaiatstheir mechanical performance
must be simulated which in turn requires preciserosiructure based modeling of their
effective behavior. Such modeling is also needeaptomize material design or
processing conditions.

A variety of analytical approaches is availabletd predict the effective elastic
properties of short fiber composites. Most appreadre based on Eshelby’s equivalent
inclusion problem [2], which treats an ellipsoidalusion in an infinite matrix at dilute
concentration. The Mori-Tanaka model [3] extendsHEshelby problem to non-dilute
concentrations of the inclusions by consideringsghateractions in an approximate
way. The elastic constants of a unidirectional cosie can be determined in this way
[4]. Following a different route one can start fréfill’'s self-consistent scheme [5] and
derive the modeling of transversely isotropic cosifes including the effects of fiber
aspect ratio, which leads to the Halpin-Tsai equati6]. The effect of fiber orientation
distribution can be included by averaging the eéaginstants of a transversely
isotropic composite [7]. All these analytical mtgdsuffer from the drawback that they
require significant simplifications regarding theognetry and the interactions between
fibers or inclusions. Nevertheless, the orientativaeraging scheme yields accurate
results for the elastic properties of LFTs [8,9hwéver, geometrical features like fiber
waviness resulting from the dense packing of th€ hftcrostructure and detailed fiber-
fiber interactions in regions of high fiber densignnot be addressed by the classical
analytical approaches. In order to overcome thestictions, a micromechanical model
is needed which explicitly depicts the complex mstructure of such materials. This is
particularly important when modeling the complexlear and time-dependent
behavior of the thermoplastic matrix of LFTs aslvaslfiber-matrix interface

debonding phenomenae. Finite element (FE) modelgemerally capable to fulfill such
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tasks. Guseet al.demonstrated this for straight short fiber comigssunder variation
of the fiber orientation distribution and found egment of the elastic properties with
the analytical solutions within engineering accyrd®]. They also studied the effects
of fiber volume fraction, aspect ratio and fibandéh distribution on the elastic and
thermoelastic properties of short fiber compoditds. In a similar spirit, Paet al
created a representative volume element (RVE)diodom chopped fiber composites
with volume fractions up to 35 % and applied thedeldo predict the elastic properties
as well as the damage behavior [12, 13]. Hagbatl modeled discontinuous carbon
fiber composites with unlimited volume fraction k@presentation of the fibers as one
dimensional beam elements, embedded in a freeumtsted matrix mesh [14]. Harper
systematically investigated the effects of RVE skmmundary conditions, fiber length
(up to 10 mm) and volume fraction (up to 50 %) loa ¢lastic properties of structures
with random orientation. The main advantage ofiéitter method is the ease of
implementation as well as its computational efficig, while limitations exist with
respect to application to the modeling of matearad in particular interface failure.
Soltaniet al reconstructed a 3D representation of non-wovbrida with algorithms
applied on 2D slices of CT voxel data to calcuthpermeability of such fiber
networks [15]. Each fiber features the exact geoyreet observed by the CT scan.
However, vast efforts have to be made for suchngtcoction mainly due to detailed
checks of neighborhood relations for each voxet.the extremely high aspect ratio of
LFT, such detailed reconstruction of CT data candresidered as problematic due to
the data amount and the necessity to acquire GIsseih a huge volume with the
lowest limit being the maximum fiber length. Wittate-of-the-art CT and
computational resources, this cannot be considesexirrently technically feasible.
Faessett al generated fiber networks based on measuredtstaltigalues describing

the microstructure (fiber orientation, density,ddnand curvature) and investigated the
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effects on thermal conductivity [16]. However, v@ecedure does not account for any
matrix material and permits fiber interpenetration.

In summary, no suitable microstructure generatiethod for LFTs with respect to
representation of high aspect ratio fibers, theimat well as the fiber-matrix interface
is currently presented in literature. Modeling LA particularly challenging since their
mechanical properties strongly depend on all thearostructural characteristics (fiber
length distribution, fiber orientation distributipfiber volume ratio). In detail, the fiber
length distribution of LFTs can reach values of maxn fiber aspect ratio in the region
of 5000 while typically also a large fraction ofoshfibers is present. As a consequence,
the resulting RVE for the FE model must be largeugih to include the complete
spectrum of fiber lengths. The microstructure nthstefore be modeled in a very
efficient way to limit the element count to a reaable value. The key approach of the
work presented here is to build up a fully thremelsional LFT microstructure by
modeling the fibers with only a single hexahedtaheent over their cross section and
accounting for the matrix by a mesh of tetrahedlaients in which the element size
can grow dynamically in regions of locally decreasiiber density. To demonstrate the
applicability of this model it is used to predibetelastic properties of three different
LFT materials based on experimentally determinect@siructural properties and the
properties of the constituent phases. The modebtaaurse be extended to include the
non-linear behavior of the thermoplastic matrix #mel effects of material and/or
interface damage. It can then be used for the dpuetnt and validation of effective
models at the homogenized / smeared level whickuted for structural simulation of
LFT parts and components.

2. Investigated material

The investigated LFT material consists of a polpgtene matrix DOW® C711-

70RNA and glass fibersTufRov® 457h Three material variants with different fiber
4



fractions (PPGF30, PPGF20 and PPGF10) have bednggdPPGF30 (30 wt-%,
13.2 vol-%) and PPGF20 (20 wt-%, 8.2 vol-%) argefat interest for structural
application and commonly used by the automotivesty, while PPGF10 (10 wt-%,
3.8 vol-%) is rather of academic interest and piesiadditional data for model
validation. In order to produce the LFT strandtespre-product of the process, the
fiber rovings were fed into a double screw extruatled mixed with the polypropylene
melt. The overlapping edges of the co-rotatingwssriereak the fibers into fragments
with a maximum length defined by the pitch of tieeesvs. The material resulting from
this so called direct LFT process [17,18] is chemazed by a broad fiber length
distribution reaching from a large amount of filfrmgments well below 1 mm to very
long fibers up to 50 mm in length. Plates with disiens of 400 x 400 x 3 mm3 were
produced by compression molding in the followingpstThe LFT strand as it came out
of the extruder was placed asymmetrically intortt@d. The material flow during the
compression of the mold generates a high degrébeasforientation outside the strand
inlay position. This so-called flow region of thiage is investigated in the following
and can be considered as the most relevant stéte aiaterial for applications.

3. Model generation

The modeling procedure is divided into three stéjst, a fiber generator tool creates a
stack of planar fibers with given length and oraioin distributions. This stack is then
compressed until the desired fiber volume fracisoreached. In the last step, the
remaining gaps are filled with elements represeriie matrix to complete the RVE.
3.1. Generation of a fiber stack

The structure of the fiber generator tool is shanwhkig. 1 as a flowchart. The program
generates a stack of layers in which each layetagemultiple planar, straight fibers
according to the statistics provided by the usbesk are the desired fiber orientation

distributionL(a)qes, the desired fiber length distributidul) 4es, the desired total fiber
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lengthLs, the RVE dimensionX, Y, the limit of fiber length per laydr as well as
several other variables which control the procéskenalgorithm. The main aspects of
the procedure are described in the following buhitke(e.g. to avoid endless loops) are
omitted for reasons of clarity and comprehensipilit

First the length distributioh(l)4es. describing the desired cumulative fiber lenigtfor
each length cladss scanned for the maximum value @ which the desired value of
L is still larger than the length sum of the curlegenerated fibergL(l). If necessary,
the value of is decreased until a length class is found wisatot fully occupied. In

the next step, a random in-plane fiber angles chosen and the orientation distribution
L(a)qes.is checked whether the desired cumulative leadthr each class of angte is
still larger than the current value of fiber lendl(a) plus the current fiber length If

a value ofa is found, but the fiber does not fit inside the R¥imension andY, re-
orientation is attempted by choosing an alternatalee ofa:;. The practical meaning of
this procedure is to prevent cropping of longeerftband to preserve long fibers by
aligning them preferably in the direction of thegest RVE dimension. This aspect is
further analyzed in Section 5.1.

In the next step, a random value for the fiber taymrdinatez is chosen. If the
cumulative length per layeil(z) plusl; is larger than the length per layer lirhit
another layer is randomly chosén.is given by the user as a parameter to control the
packing density for each layer. The number of laygicalculated by dividing the total
fiber lengthL; by L’. The planar fiber position, defined by the fibersand end points
Xs, ¥s IS chosen randomly within the RVE borders andethe points¢, yeare calculated.
The fiber location is then checked for intersectiath any other fiber of the current
layer. If all checks are successfully passed, itvex is generated. If’ is set to a high

value, too many fibers are packed into too fewidsysd too many attempts are then



needed to find a fiber position where no colliswith any other fiber in the specific
layer occurs. Consequently the calculation timetierfiber generation procedure raises
drastically. If the value fok’ is set too low, e.g. resulting in only a singleeti per

layer, the fiber stack increases in height whiadreases the calculation time for the
following fiber compression procedure. Fiber plaeeins repeated until the total
generated fiber length reaches the desired anmaynif the desired fiber length is
generated, the program ends with the automaticrggoe of anABAQUS®input file

for the following step of fiber compression.

3.2. Fiber compression

The fiber stack is compressed by an explicit FEu&ion until the desired value of the
fiber volume fraction is reached. Fully integratddments (C3D8) are used for fiber
compression, while the element type is changeddaaed integration (C3D8R) for
structural analysis. The procedure as well as tloedinate system which defines the
mean fiber orientation as the flow directidi), (the perpendicular directio@)(and the
layer stacking or pressing directids) (s illustrated in Fig. 2. The fiber stack is pdc

in between two rigid shell elements whose distas@®ntinuously decreased until the
desired fiber volume fraction is reached. The tgpi@lues for the fiber volume fraction
of LFT materials in applications for structural {gaare in the range of 5 % to 25 %. Due
to their non-unidirectional alignment, their higspact ratio and fiber volume fraction
the fibers cannot remain straight to realize thpired dense packing. This has been
investigated in detail by others [19,20] for randipwriented fiber structures.

In order to retain the fiber orientation distrilmrtias well as possible, the pressing
procedure is divided into two phases with differeatindary conditions (BC). In Phase
A of the compression procedure, active for 90 %heftotal displacement of the rigid
platesumay all nodes of each fiber are constrained in tpkainar displacements, w

whereasi; was left unconstrained. This ensures that thdaneporientation distribution
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remains unchanged and fiber waviness developsiothyckness direction. For the
structures presented here, the achievable fibemwelfraction at the end of phase A is
5 % to 7.5 % before the simulation aborts due tesgive element distortion. To
generate a higher volume fraction, the fiber camsts must be relaxed. The following
scenario for phase B allows reaching volume frastiop to 25 % (depending on the
orientation distribution and aspect ratio) withyoniinor distortion to the planar
orientation distribution. In phase B, only the neaé the first and last element of each
fiber are constrained by boundary conditions, wisehtheir displacement i

direction to zero and apply a non-zero velocit{4idirection. A certain value of
velocity parallel to the mean fiber direction adlvas a non-zero friction coefficient of
the contact formulation is beneficial to keep fibeviness low and avoid major
distortion of the orientation distribution. The tywbase procedure was found necessary
to reach contact between the fibers before waviiseabowed to develop. To keep a
minimum distance between all fibers tpeneral contactormulation inABAQUS®
Explicit was given a non-zero value for tijlebal thicknesparameter and tHeature
edgeparameter was enabled to avoid penetration dilees.

3.3. Meshing and boundary conditions

In the last step of the RVE generation procedine gdieformed fiber mesh is imported
into the FE preprocessing softwaigperMeshto fill the remaining gaps between the
fibers with a tetrahedral mesh representing theixadirst, the fiber mesh is placed
into a cuboid with the desired dimensions of theERVhe faces of the three
dimensional fiber elements (C3D8R) act as seedthéotetrahedral matrix elements
(C3D4) in order to let the matrix mesh grow froncleéber surface. The desired
element size of the matrix mesh is chosen autoaibtiby the meshing algorithm
resulting in small elements in regions near or leetwseveral fibers and larger elements

towards the RVE borders, where the fiber densityefses. For the RVEs analyzed in
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this work, this resulted in less than 10 millioerakents. Details of the resulting mesh
for RVEs of all three investigated fiber volumedtians are shown in Fig. 3 with a part
of the matrix mesh removed. The corresponding fiitice (1/4 of the total RVE) is
depicted in Fig. 4. Due to the complexity of theusture and the fact that the fibers
need to be enclosed by the RVE boundary surfacee#te the matrix mesh, it was not
possible to consider periodic BCs for the RVE satiohs. Thus, displacement BCs are
applied as illustrated in Fig. 5. To determinedtiiness, the displacement values for
each node of the constrained reginn.. u, is set to zero for one sidA)(and to an

equal non-zero value for the opposite siledf the RVE. Two node sets outside the
stress concentrations near the constrained bondeesbeen defined. The resulting
displacement values for each node of the nodeasmtslb have then been averaged:
Us=avg (k1... b respu, =avg (b1... ) with avg() being the arithmetic mean
and the engineering strain has been calculated=bfuy, - u,) / lo with |y being the initial
distance between the node setndb. The modulus has finally been calculated
according to Hooke’s law by calculation of the geot of engineering stress and strain:

E = o/ . The stresgr has been obtained by dividing the sum of nodaitiea force

Fg= 2 Fg1... gnat the RVE bordeB by the initial RVE cross section area.

4. Results

4.1. Experimental determination of fiber orientation distribution

The fiber orientation distribution was extracteonfr characteristic specimens by means
of image analysis of computer tomographic (CT) sc&Phoenix nanome|x 180NF
HCT devicewas used to acquire the scans with a voxel siappfox. 8 um and a
resolution of 3603 voxels of the cubic analysigisecof approx. 32 mms3 to screen the
specimens over their complete thickness. The sp@mwere taken from the same

regions of the LFT plates as the tensile specimertbe following step the CT data



was analyzed with the plugirectionality of the image processing softwdaneageJ/

Fiji [21]. The raw CT voxel data was decomposed into38@s of 2D-images in

which the planar fiber orientation distribution feaich slice was analyzed (see Fig. 6).
The overall orientation distribution was deriveddweraging over all 360 histograms.
This procedure can be applied because no signifatenge of fiber orientation over
the specimen thickness could be observed (se@Fighe distributions are interpreted
as fiber length fraction per angle class as theveoé recognizes the amount of picture
area with a preferred direction and does not perfany segmentation of fibers. Similar
measurements wittmageJhave been presented by Graupeteal. [22]. Validation
against a commercial fiber orientation analysid t@s shown no significant deviation.
The resulting planar orientation distributions iwo of the investigated fiber volume
fractions are compared to the corresponding RVESgn8. No CT data was available
for the lowest volume fraction. The RVE of the vole fraction of 3.8 % (PPGF10) was
therefore generated with the orientation distrimutof the 8.2 % (PPGF20) material.
The fiber meshes of the variants with the mediudhlaghest fiber volume fraction are
compared to the respective CT scans in Fig. 9.

4.2. Experimental determination of fiber length digribution

The fiber length distribution cannot be determifredn the CT scans since this would
require identification of continuity of fibers wiids not currently possible for LFT
materials. The fiber length distribution was therefdetermined by the analysis of the
fiber lattice of an incinerated specimen with 1%2olume fraction (PPGF30) by
means of automatic image analysis. The specimeriakas from the same region of
the plate as the tensile as well as the CT speanfenharacteristic sample of fibers
taken from the incinerated specimen was analyzeghlgutomatic scanning procedure.
Photographs were taken after the fibers have bsperded in a dilute solvent which

were then analyzed by image processing software anlalysis was carried out kyz
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high precisionunder application of the company’s fiber separaficocedure and
analysis softwareASEP®[23,24]. To distort the measurement as little assue a
large specimen area of approx. 100 x 60 mm wasechtasextract the fiber lattice. The
resulting length distribution (weighted by length)epicted in Fig. 10. The mean fiber
length (weighted by length) is 15.2 mm. 8868 fidease been analyzed. The original
length distribution as received from the analysetdires 80 length classes which turned
out to be too fine to realize both orientation misttion and length distribution in the
FE model with a reasonable number of fibers. Thgiral length distribution has
therefore been coarsened to only 33 length claggles length interval of 200 um for
fibers below 2 mm length and a length interval oh@ from 2 - 48 mm fiber length.
No significant deviation in mean weighted fiberdémcould be observed comparing
the original and coarsened distributions.

4.3. Experimental determination of the fiber volumefraction

The fiber volume fraction was calculated from valéer mass flow rates of the
production process under consideration of the rdassity values for fiber and matrix
as specified in the manufacturer’s data sheet @5Jhe values for the three produced
material variants are 3.8 % (PPGF10), 8.2 % (PPG&20 13.2 % (PPGF30).

4.4. Elastic properties, experimental

To measure the elastic properties of the LFT matdansile tests with a strain rate of
22 10°/s were carried out with ldegewald&Peschke Inspekt 1@ting machine on
specimens cut from the 3 mm thick plates. The dogelshaped specimens with a
reduced section of 70 x 10 mm? and a gauge lerfdi@ cnm were taken from the flow
region of the plate under 0° and 90° relative ®rtaterial’s flow direction. The
stiffness was determined from the initial, linekaséic part of the stress-strain curve,
where no effects of plasticity or damage could bgeoved. At least three specimens per

orientation were tested to obtain the stiffnessi@slin flow directiorE; and in
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transverse directioB,. The values are presented in Table 1.

4.5. Elastic properties, numerical

Three RVE variants were generated to model the in&ferial with all investigated

fiber volume fractions. The specifics of the analystructures are shown in Table 2.
The edge length of the square fiber cross sectamaliosen so that the numerical fibers
had approximately the same cross sectional areeasal ones with a mean value of
17 um diameter. The RVE dimensions were choselneio $pecified values in order to
realize the statistical data as well as possihlekbeping the maximum element count
below the limit of 10 million elements. Aim of timeimerical studies was to include the
complete fiber length spectrum in mean fiber oaéioh direction. This is why an RVE
dimension of 50 mm was chosenlhdirection. To limit the element count and for
computational performance tBedirection was cropped to a much smaller value (1.5
mm for the highest volume fraction and 2.75 mmtl@r others). This explains the mean
weighted fiber length of the generated structuegadsignificantly below the
experimental value of 15.2 mm (Table 2).

The elastic properties of matrix and fibers wetae¢he values specified in the
manufacturer’'s data sheet [25] respectively to esliaken from literature [27,8,11].
The values are f£= 1250 MPay, = 0.35, E= 72 000 MPays = 0.22. The resulting
effective elastic properties of the three compssite presented in Table 1 together
with the experimental and analytical data.

4.6. Elastic properties, analytical

With respect to analytical validation, the oriemdataveraging scheme after Advani and
Tucker [7] has been applied to the LFT materiahdatthe same form as described by
Garesci [9] for a similar material. The same valiogghe constituent propertiesE

vm, E, vi) as well as the microstructural data (fiber orion distribution, fiber length

distribution, fiber volume fraction) have been ussdor the numerical approach. In
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order to apply the orientation averaging schems&ag necessary to convert the planar
fiber orientation distributions into second andrfbworder orientation tensors. For this
purpose, the periodic functign= a exp [ b sin(cx+d) ] + ewith the parameters, b, c,

d, ehas been fitted to the experimental orientatidia dad has then been used to derive
the tensor formulation in analogy to the procediescribed by Garesci [9]. No
significant deviation between experimental / nuicerdata and the fit functions can be
observed in Fig. 8, where also the resulting seavddr orientation tensoeg are
specified. The stiffness values obtained by appbozof the orientation averaging
scheme have been analyzed for discrete valuegettsatio of 10, 50, 100, 500, 1000,
2000, 3000 and 4000 for each volume fraction of%8.8?PGF10), 8.2 % (PPGF20) and
13.2 % (PPGF30). To obtain the final values asifipddn Table 1, averaging with
respect to fiber length has been performed by vieggtine analytical stiffness value for
a specific aspect ratio with the respective fileegth fraction of the fiber length
distribution.

5. Discussion

For all three investigated fiber volume fractiotiee micromechanical model is able to
reproduce the experimental results within a maxinai@wiation below 10 % which can
in general be rated as very promising. The dewaticthe analytical approach is
somewhat higher with the analytical values p&istematically being lower than the
numerical results and,Being higher. This is likely caused by a certagreée of
underestimation of frespectively overestimation ot By the Halpin-Tsai equations
for aspect ratios greater than 1Q)(Evhich has been reported by Tuckerl. by
systematic comparison of the results of analytea numerical models for
unidirectional fiber composites [1]. Three genea@lirces of uncertainty could be
identified for the modeling procedure and are dised in the following (5.1.-5.3). In

the end, an assessment regarding the model’'s @tsngiven in 5.4.
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5.1. Characteristic values of the microstructure

The characteristic values of the microstructureshiaeen determined by random
samples. The CT screening section of 33 mm?3 usedttact the fiber orientation
distribution can be considered as relatively sroathpared to the analysis section of the
tensile specimens of 50 x 10 x 3 mm3. A possibletian of the orientation
distribution within the specimens is not considarethe current data. Other
uncertainties remain concerning the correlatiomvben fiber length and orientation
distribution. Experimental determination of suchretation is currently not possible
since the orientation distributions and lengthribistions are determined by different
and independent measurements, which cannot bedelatvas therefore necessary to
assume that the longest fibers are preferably edign flow direction for the generation
of the fiber structures. (Although this assumpteems reasonable it is not validated by
independent measurement.) In the generation proeehlis is expressed by the finite
number of attempts to re-orient a fiber preseniisigength (see Section 3.1. for
details). This re-orientation only affects the etaition between length and orientation
distribution but does not modify the orientatiostdbution itself.

The uncertainty with respect to the fiber volunectron can be considered as low.
Appropriate studies based on weighing incineragetisnens demonstrated that the
calculated values are sufficiently accurate foramats like the one investigated here
[18]. For example, analysis of a 400 x 400 mm? gpen plate produced by
compression molding with a nominal volume fractadri3.2 % (30 wt-%) revealed a
minimum value of 12.4 % and a maximum value of 23.88]. For most regions of
the plate, the agreement to the calculated valienaech better.

5.2. RVE dimensions and boundary conditions

It is remarkable that the numerical values foifiséi$s in flow directiorie; show a

smaller relative error to the experimental datantthee values foE,. The applied
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method of homogenization induces that every fibaglenough to connect the analysis
node sets (Fig. 5) contributes to the overallrstifls in an equivalent way as an endless
fiber. In1-direction, the distance between the node setsnf@)is very close to the
stiffness saturation length with the result that dpplied method of volume averaging is
accurate. In detail, fibers longer than 40 mm wiachincorrectly considered as endless
do not significantly affect the effective propestignce the stiffness of a 40 mm fiber
(aspect ratio 2350) represents approx. 99 % ofdheration value according to the
Halpin-Tsai equations [6]. However, the distanceveen the node sets Zadirection is
significantly smaller (approx. 2 mm for 3.8 and 862solume fraction
(PPGF10/PPGF20), 1 mm for 13.2 % (PPGF30)) scetlsabstantial amount of fibers

is overrated in their contribution to the overdiffsess. Evaluation of the Halpin-Tsai
equations [6] reveals that a 1 mm fiber (aspeab Q) represents approx. 75 % and a 2
mm fiber (aspect ratio 120) approx. 85 % of thi#ress saturation value. It needs to be
mentioned that for prediction of the elastic s&fs in both directions within
engineering accuracy, a quadratic RVE base secfierg. 5 x 5 mm?2 would be
unproblematic with respect to the element countsiticbe suited to include the most
relevant part of fiber length up to 93 % of theusation value. However, the RVEs of
this work have been generated with respect to egijdn beyond linear elasticity where
no such saturation length might exist. Hence th@ementation of the asymmetric

RVE dimensions is currently the only way to incaade the complete fiber length
spectrum irlL-direction while it must be accepted that Bhdirection gives somewhat
less accurate results.

5.3. Mesh effects

Another reason for deviations between numericalexuetrimental results might be the
effect of the relatively coarse mesh and in paldicthe representation of the matrix by

linear tetrahedral elements which were chosendorputational performance. Such
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linear elements are known to be less accurateestssand strain concentrations which
arise e.g. at the end of a fiber. This is partiatigressed by the meshing algorithm
which decreases the element size in regions otoadiber and increases the size
towards regions of low fiber density, where noist@ncentrations are present. An
element study was performed on a smaller stru¢fiurxel x 0.2 mm3). The original

mesh used to analyze the large RVEs (1 linear teekahelement with reduced
integration C3D8R by fiber cross section, linearaieedral elements C3D4 for the
matrix) was compared to a quadratic variant (2 qatégdtetrahedral elements C3D10 by
fiber cross section, quadratic tetrahedral elem€B8i310 for the matrix). The original
mesh was found to be 6 % stiffer than the quadnaéish. This is considered as a rather
moderate deviation.

5.4. Potential of the modeling approach

It has been shown that the 3D model predicts thgtielproperties of all three
investigated materials with less than 10 % dewafiom experimental data. In contrast
to analytical approaches which are mostly basea wmnidirectional reference
composite, fiber waviness and entanglements asudt i the dense packing are
inherent to the 3D approach. However, the simglifans of the analytical approach do
not affect significantly the elastic propertiesjshthe results of the orientation averaging
scheme [7,9] presented in Table 1 are in good aggeeto experimental and numerical
results. While analytical approaches require assiomgpfor the length averaging that
are still controversially discussed, the FE moassnot require such assumptions
since the effects of fiber length are explicithyngauted. For example, the number
average length has been found to be most accuwatparing analytical to 3D models
for short fiber composites [11], whereas implemgoteof the weighted length
distribution yields better results for injection iaed LFTs [8]. Nevertheless, the

established analytical models are accurate enaughetlict elastic properties and thus
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the tremendous effort of the 3D approach doesewmnso be well justified.
Applications beyond linear elasticity can thus basidered as the true potential of the
3D approach. Contrary to the analytical models 3epproach provides detailed
information about the stress-strain state at theraacopic level. Thus, the effects of
stress concentration, localization and progressareage of matrix, fibers and the
interface can be described in conjunction withififieer interactions resulting from the
complex geometry and with the nonlinear deformakiehavior of the matrix. Whereas
the fiber length rather weakly affects the elaptioperties, its influence on the damage
behavior is of much greater interest. Hence theahcah be helpful to identify the
optimum microstructure for a given application andinderstand the complex
deformation and damage behavior of LFTs. Validatigih respect to the elastic
properties as carried out in this work was justfitet necessary step to establish the
model. Application to non-linear behavior beyond tapability of analytical
approaches is our aim. Hence, new effective mddelsFT, suitable for the structural
simulation of parts or components can be devel@gpeldvalidated with the help of
detailed microstructural models such as the onmeduoted here.

6. Conclusions

With the presented RVE generation procedure, araifiective way was found to
model the complex microstructure of LFT includihg tcomplete fiber length spectrum.
In contrast to the established analytical modéls procedure considers effects of
geometrical features like fiber waviness and camxiended to include the complex,
non-linear behavior of a thermoplastic matrix am@d¢count for interface and/or
material damage effects. Validation against expenita data showed excellent
agreement for all three investigated materials ditferent fiber volume fractions.
Although simplifications as the rather coarse masth assumptions concerning the

correlation between length distribution and oriéntadistribution had to be made in
17



order to keep within the limits of computationatjpemance, the approach can
generally be considered as promising to model nadgerith a microstructure similar
to the one investigated here.
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9. Figures

Figure 1: Structure of thdiber generator tool to create a stack of planaajght fibers

according to the given fiber orientation distrilmutiand fiber length distribution.
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Figure 2: Fiber compression scenario showing the maximumlatiement of the

pressing plategmax as well as the flowl), transvers¢2) and the pressing directi¢8).




Figure 3: Mesh details of the RVE variants with differentdibvolume fractions. Some

of the matrix elements have been removed for faigin purposes.
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Figure 4: Details of the analyzed fiber structures with vagyfiber volume fractions.
One quarter of the RVE size is shown for each wariall matrix elements have been

removed.
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Figure 5: Applied BCs to determine the elastic propertiehefRVEs. The
displacement values for all nodes of each RVE haugde.., y are set to zero for one
side and to a non-zero value for the opposite Jile.node sets outside the stress

concentrations are used to determine the averdtgdiee properties.

node set b

Figure 6: Analysis procedure to extract the fiber orientatisstribution from CT scans:
Raw CT voxel data (left, the arrow shows the flavection), decomposition into a
stack of 360 2D images (middle, exemplary imagewsha@nd binarization and
orientation analysis of each 2D image with Bneectionality plugin ofImageJ(right).

The data of the PPGF30 material (13.2 vol-%) isnsho
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Figure 7: Plot of fiber orientation distribution over the igestack of 360 2D images of
the PPGF30 material (13.2 vol-%). The black lineresents the integral planar
orientation distribution used for numerical andlgtigal models, as obtained by

averaging over the 360 histograms of the stack.
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Figure 8: RVE orientation distributions compared to corresping CT measurements

and analytical fit functions used to calculate fiber orientation tensors.
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Figure 9: Comparison of CT scans and fiber meshes for twoegbf volume fraction.

Y/

Flow dir. (1)

PPGF20, - PPGF30,
vol. frac. 8 % vol. frac. 13 %

Figure 10: Fiber length distribution (weighted by length) &tetmined by analysis of

an incinerated specimen with a fiber volume fratd 13.2 % (PPGF30) [23,24].
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10. Tables

Table 1: Comparison of experimentally, numerically and atieéfly [7,9] determined

elastic moduli.

Material |Vol. frac. Vol. frac. Eiexp. | Exnum. | E;an. | Exexp. | Eonum. | E; an.
exp. [%0] num. / an. [MPa] [ MPa] | [MPa] [MPa] [MPa] | [MPa]
[%]
PPGF10 3.80 3.82 3052 2968 2568 2054 1999 2000
PPGF20 8.16 8.03 4435 4431 402 2432 2568 28
PPGF30 13.22 13.15 6649 6841 650 3074 3148 3
Table 2: Properties of the analyzed RVE variants.
Material | Vol. frac. | RVE dimensions| Element Fiber | Total fiber | Mean weighted
[%0] [mm3] count count | length [mm] | f. length [mm]
PPGF10 3.82 50x 2.75x0.125  7.3910 1633 3056 10.1
PPGF20 8.03 50x 2.75x 0.099 8.7310 2605 5048 9.4
PPGF30 13.15 50 x 1.5x0.134 9.66 10 3256 6067 8.1
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