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Abstract

Thisthesisaims to investigate the macroscopic influence of micromechanical parameters in short
fibre thermoplasticreinforced composites(SFTRCA numerical simulationsing the finite element
method has been carried out under the concept of Representative Volume Element (RdfEhe
short fibre composite material under investigatioall the properties were studied on the linear
elastic response.

The microstructure vas createdby implementing an algorithm to solve the packing problem and
create periodic microstructures. Various microstructures were developed in order to study the
influence ofthe dominantparameters The developed algorithris able tocreate microstructures
which can be separated into two main categori€he first one regards microstructures consigtof
uniform fibre length while the second one regards microstructures made ofumifiorm fibre
length. The uniform lengthdeveloped mirostructures were studiedvith respect tothe following
parameters Fibre Orientation Distribution (FOD), three cases of orientation were considered:
Aligned, misaligned and random orientation, three cases of fibre Aspect Ratio (AR): AR=1, AR=5,
AR=10, ad three cases of UC siz€he nonruniform length microstructures were studiedith
respect ta Fibre Orientation Distribution (FOD), three cases of orientation were considered: Aligned,
misaligned and random orientation, and two cases of UC size.

The devadped algorithm was programmed in order ¢oeate periodic microstructures considering a
number of parameters introduced by the user. The role of the algorithm was focused on creating
elliptical shapes and assigned them with various constant and randommpéees. Ellipses were
representing short fibres placdd a stochastic mannédn space(random coordinatesjor the cases

of randomly oriented fibresmis-oriented fibres and aligned fibreand for three cases ddspect

ratio: AR=1, AR=5, AR=The case®f random orientation and length distribution were seeded
from a pseuderandom number generator by following a uniform distribution. The case of
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generator but restriing the maximum achievable fibrengleto acheve a negative exponential
distribution.

A statistical test was implemented in order to quantify the influence of the stochastic parameters in
the macroscopic response and deritree representativeresultswhich must beindependent from

any stochastic parameteA Chisquare test was used for 97% accuracy and for twgreks of
freedom. The test was applied on the results (for all the properties under investigation) of the five
realisationsand it consisgtd of a comparison between the observed value, defined through the
analysis, and the expected value defined as the average quantity of the observed values.

The developed models were subjected to three kinds of periodic boundary conglikimesnatic
boundary conditions forthe effective transverse and longitudinal stiffness and shear stiffness
(O FO RQ, thermal boundary conditions for deriving the effective thermal conductivity1( ) and
thermo-mechanical boundary conditions for the case @defficient of Thermal Expansion (CTE)
( R ). In the investigation of the thermaand thermomechanicalproperties, results were
obtained for the steady state case.



A study on the effect of RVE size was carried and in the case of uniform fibrdength results

show that representativeness of the size is a parameter strotghendanton the combination of

AR and FD. Chisquare results show a small dependermtweenthe macroscopicesponseand

the sizewith regardto the uniform fibre length In the case of fibre length distributiochi-square
results show a very strong dependency of the effective properties with the developed realisations.
Conclusions about the representative szan be made once parameters as FOD, FLD, AR and

are consiéred. Once results from representative sizes of UCs were obtained a further comparison of
all the properties (mechanical, thermal and thermeechanical)with analytical predictiondook
place.

Acknowledgnents

First of all | would like express my sincgratitude to my supervisors Professéima Hodzic and Dr
Inna Gitman for theiexcellent supervisigrwithout which this work would have been impossible. In
particular, | would like to thankrofessor hna Hodzic for her patience, hencouragemenand for
guiding meand advising me accordingly during these yefimsyhich | am deeply grateful. Secondly

I would like to thank Drlnna Gtman for hersupport and herassistance and also for providing the
necessary conditions that made the completion obthiork possible. | am also grateful to Professor
Costas Soutis who esupervised my early PhD yeakBs contribution was critical for setting a strong
basis for the continuation of myhD.l would like to express my gratitude to Dr Sofia Pavlopoulou for
all her valuable advice. Throughout these years | had the opportunity to collaborate with a number
of people who critically contributedo this work. All my colleagues have provided the best péssib
working environment. Speci#thanks go to Alon, Steve, &lled, Pete, Muliady, Diyar, Tedy and Dr
Tim Swait for al of their help and companionshipdy family and my friends have played a key role
all theseyears with their encouragemersind understanding. Sincere thank® to my parents
Chrysostomos and Mariayy brother Angelosrad my sister Eirini antb Charis, for being there for
me all these years, fosharing my joyful moments anibr keeping me going when things went
wrong. Also special thanks Markos Andronikou and Panayiotis Apostolelis.

In conclusio | would like to acknowledge the financial contribution of the Qatar Science and
Technology Park.



Contents
R [ 011 oo [0 Tox i o T o PO TP PP PSPPI 15
1.1 GENEIAl ASPECLS. .. .eiieieiiiiiiiie it e ettt e e e e e e e e e e e e e e e e 17
1.1.1 MaNUFACLUINNG PrOCESSES. . uuuuiiiiiiiiiiiiieiiieeeee e e e e e e raesaeeeees 18
1.2  AnalyticaiTheoretical approach..........ccceeeveeviiiiiiiiii 24
1.3  Numericalcomputational apProach............cccueiiiiiiiiiiieiiiiieiieee e 26
1.3.1  Thermal and thermanechanical Properties............ccccceeeiiiiiieeiee e 31
1.4  Experimental aPPrOACh. ........ccoiiiiiiiiiii e 35
15  HOMOQGENISALION....eeiiiiiiiiiiiiiiieeeeiiiiiieee e e e e esiiiree e e e s s ssnnnnereeessssnnnnneeeesssssnnnnneeeeessnnnns 40
1.6 CONCIUSIONS ... .ttt et e et e et e e e e e e e e s anne e e e 41
1.7  Aim and scope Of thiS STUY........euueiiiiiiiiiiiiiiee e 42
R T O 111 =P PP PP PRP P PPPPPPPPI 44
2 Mechanical andhermal properties; characterisation of a SFRT composite.....................4 46
2.1 Material NOMOGENEITY. .....ccciiiiiiiiiiiiee ettt e s e e e ennreeeee . A0
21.1 INCIUSIONG INNOMOGENEILY......cco i e e e e e e e e e e e e e e e 46
2.2 Material SYMIMEIIY.....coiiii e e e e e e e e aaaaaaaans 47
2.3 Dominant parameters affecting the macranechanical behaviour of SFRC................. 53
2.3.1  Physical and mechanical properties of fibres and matri..............cccccceeerrniinnnnn. 54
2.3.2  Characteristics of fibres and matrix interface...........ccccooviiiivenieiiiniieee e 63
2.3.3  Fibre length distribution or aspect ratio diStributiQn...............eeeveeriiiiiiiieeeeennnd 64
2.3.4  Fibre orientation diStriDULION. ...........ccuiiiiiiiii e 67
2.3.5  VOIUME fraClioN........eeviiiiiiiee ittt sne e e 2
2.4 MOdelliNg StrategieS.....ceiiiieeee e e e e e e e e e e e e e e e e e e e e 73
241 Mean field aPPrOACH. .......ooiii e 73
24.2 Periodic micrefield approach...........ccocuvviiiiiiiiiiiiiieee e D
2.5  Micromechanical MOEIS............oooiiiiiiiiiiii e 76
2.5.1  Strain and stress CONCeNtration tENSQLS........cccouiiurrrrriieeeairrreree e e e srrreeeee e 78
ARSI Y o T | BT o] o] £ )(] 1 1= 11 (o] o PR 80
253 YT U ISESIr=T 0] 0] €00 d 10 F=1 1 o) o 81
2.5.4  Shearlag MOUEL.... ... 82
255 Eshelby inclusion approXimation...............oooioeiioiiiiiie e 86

256 9aKStoeQa | LIINEIOK.2.Y.. . AY.K2Y.2.3Sy.SA.081



2.5.7  SelfconSiStENt SCHEME. .......ciiiiiiii e 93
2.5.8 Mori Tanaka SCREME.......cooiii e 94
259 HalpinTSal MOAEL.........uiiiiiiiiee e 95
2.5.10 Analytical models compariselastic properties.........ccccvveeeeeeeieeii e, 97
2.6 Thermal CoNAUCHIVILY..........ccoiiie i r e e e e e e e e e e e e e e e e e s e e e s eaa s aaaaas 98
261 1 I f LAY Q&A@ 2. RS oo, 98
2.6.2 I K28 Q&... Y. 2 RS et 99
263 DASE ASY. QA Y 2RS e, 100
2.7 Linear Coefficient of Thermal EXpansian.................c.cccooiiiiiiiniiccccciv e, 101
271 { OKF LISNE . QA.. Y. 2. RS f e, 101
1.1.1.  ShearLag MOAEL......cccoe e 102
272 1 FELAY FYR th3ly208. Y 2RSS e, 102
2.8 CONCIUSIONS ...ceiiiiiiie ettt e e e e e e e e s e e e e e e e e eee s 103
3 Numerical MOAEIING......uueieiiieeiie e 105
3.1 Packing Probleml..... ..o a e e e e e e e 105
3.2 Representative Volume Element (RVE).......ccccooiiiiiiiiiiiiicieeecereeeeeeeeeeee e, 108
321 1= T 11T o PR 109
3.2.2 LENQGLN SCAIES......eiiiiiii e 109
3.2.3  Onthe existence Of RVE.........cooiiiiiiiiii e 110
G0 T |V To o (=1 1TV IS o o 111
3.3.1 Implemented AlQOTithML............oooiiii e 112
332 LY O dz8 A 208 B KL LIS oo 117
3.3.3 In plane orientation distribUtioN...............oooooiii 118
334 CAONBQa fSYyJiK.RAADNR.OGAZLAZ2Y e, 119
3.3.5  AlgOrithm tiMe rESPONSE......euiiiiiiiiiiiiiiii ettt e e s e e 120
3.4 Numerical models formation.............cooiiiiiiiiii e 122
34.1 Boundary CONAILIONS..........cooiiiiiiiiiicee e e e e e e e e e e e eeees 124
3.5 CONCIUSIONS ...ttt e e e e e 128
4 HOmMOQENISAtiON @PPrOACK.........uiiiiiieiiiiiiii e e e e e 129
41  Computational NOMOGENISALION......cceeiiiiiiiiiiii et 130
4.1.1  Asymptotic homogenisation approach.............ccceeeeeiiiiiiiiieiieeiiiieeee e 132
4.1.2  Volume average methad........... ... 135
41.3 Reaction force homogenisation approach..........ccccccuevvvveiiemiiiiiieiiiiiieeeeaeeeeeeenn 137

4.2  Macro-homogeneity CONAItION.........ccccuuuuiiiiiiiiiiiiiiiieeeeeer e e e e e aa e e e e e e 137



4.3  Effective properties under iNVeStIgation.............ccceeiiiiiiirieieeeiiniiiiee e 138
43.1 ElQStIC PrOPEITIES......eii i 139
43.2 Thermal PrOPEILIES. ... .cccc ettt e e e e e e e e e e e e e e e e s e e s saneannes 141
4.3.3  Thermoemechanical ProPEItIES......cuiviiiiiiieiiiie e 142

R AV = o] o] (o - Lo o W 144
441 CRESQUAIE TEST....eeiiiiiiiiiiiiiiie e e e e e e e s s e e e e e s annnneeeeas 144
442 Chidljdzr NE GSad FyR AY.Of.dzAA2Y.QA. . .2NARSE| GA2Y
4.43  Chisquare and aSPECE FALIO........ccuuiuurrriieeer it e e e e e e e e s e e e e 147
4.4.4  Chisquare and effective PropertiesS.........uuuereeieeiieiiiiiiiiiiieeeeeeeee e 149

4.5 CONCIUSIONS ..ottt ettt et e e et e e e bbb e e e s e e e e anneeeeaa 150

5  RESUILS 80 AISCUSSION.....ciiuiiiieiiiiiie ettt ann e e e nneeas 152

51 MonoRA&ALISNAESR .FAANBQA. . £.8Y. 30K 152
5.1.1  CRESQUAIE MESUIES.....eeiiieeiiiiiiiii ittt e e e e 152
5.1.2 Effective properties reSUIS..... ... 173

52 NonmonoRA & LISNE SR .FAONBQA.L£.SY. 0K i, 184
5.2.1  ChESQUArE rESUILS.......ociieiiieee et e e e e e e e e aaaaaaaeas 184
5.2.2 Effective mechanical Properties.............uvvveeiiiiiiiiieie e 193
5.2.3 Effective thermal CONAUCTIVILY..........cuuviiiiieiiieee e 197

5.3  Comparison with analytical MOUEIS.........coooiuiiiiiiiiii e 201

S O7o ] (o1 U151 o] o - SO P PP POPPPPN 205

6 Summary and CONCIUSIONS..........ccccccuuuuiiiiiiiiiiieiee e et e e e e e e e e e e e e e e e e e e e e e e e e e s e e e s aaanes 209

A = 11 ] [ToTo =T o] 0| 25U PPUPPRUTR 214



Table of figures

Figure 1.1 Stiffness of various materidih respect totheir density. Indication of specific #tiess16

Figure 1.2 EXtrusn COMPOUNTING PrOCESS........uuvieiieeeiiiiitrreeeeesaaiienneeeessaasnnreeeeeessannenneeeeesans 18
Figure 1.3 The number average of fibre lengith respect toflight number towardshe screw for
glass SPS with weight fraction of 40%. Ramani et al. (1995)........cccccciirrirriiiiniiiiiiereeeeeeeee, 19
Figure 1.4 Maximum fibre volume fraction as a functioawdrage fibre aspect ratio. Ageed from
IVHIEWSKIL.... ettt e e e s ettt e e e e sttt e e e e s s bbb et e e e e e e nbbrreeeeeeeaann 19
Figure 2.1 A bounded inclusion and iINNOMOQENEILY...........cccccuuriiviiriiiiiiiiee e e a7
Figure 2.2 Displacement vectdefinebetweern’ and¥ ..........cccvvveeiiiiiiiiiee e 48
Figure 2.3 structure and material Coordinate SYStEIMIS............uuurrriiiiiiiiriiiiierirrerrrreerreeeeeeeaaaaeens 51
Figure 2.4 Specific stiffiss and specific strength for various engineering materials................ 55
Figure 2.5 Schematic representation of manufacturing process of carbon.fibres.................. 56
Figure 2.6 The repeating unit of Aramid filRLeS.........vveviiiiiiii 57
Figure 2.7 A typical example of a tetrahedral bond of silica with oxygen...................cceeenni. 58
Figure 2.8 Glass fibres manufacCturing PrOCESS. ......uuuiiiiiiiriiiiieeeeiiiiiieee e e e e e e e ssnnnreeeee ] 60
Figure 2.9 A configuration of polropylene StrUCtUIE.........cevvvviiiiiiiiiiiiee e 61
Figue 2.10 A conformation of polyethylene StruCture.................ooo oo, 61
Figure 2.11 degradation of fibre length as a function of flight number for three different screw
JESIONS ... e e e e e e e e e Error! Bookmark not defined.
Figure 2.12vSRdzOG A2y 2F | @SNIF 3S FAoNK..LSyIlK..L. &4
Figure 2.13 Slice of specimen aldhgxis. Fibres are projected as ellipses.............cccovvvrunne. 68
Figure 2.14 Fibre orientation distribution function for various cases of shape functions......... 69
Figure 2.15 Distribution of fibre orientation coefficient for various combinations of shapeduascti
................................................................................................................................................ 70
Figure 2.16 Orientation distribution for various valuef8f...................cc oo, 71
Figure 2.17 Schematic representation of the Voigt and Reuss models............cccccvvvvvvvvvnnneee. 82
Figure 2.18 Schematic representation of the SHesmg model..............ccccooiiiiiiiiiie 82
Figure 2.19 A single elliptical inclusion embedded in a matrix domain.................ccccceeeiennnns 86

Figure 2.20 The first step involves the removal of the inclusion from the surrouddmgin......... 87

FTAONBQ

Figure 2.21 Theecond step involves the application of a surface traction on the boundaries of the

g Tel 11 ES{ (o] o PP PO PTPPPPT 87
Figure 2.22 The third step of the virtual experiment regards the return of the inclusion into its
original position WIthin the MATIDX.........ooueiriiie e 87
Figure 2.23 The final step of the process involves the removal of thedpction and the
application of an opposite and equivalent force acting on the surface of the inclusion.......... 88
Figure 2.24 A schematic representation of the EIM............cccccoiiiiiiic e 92
Figure 2.25 Schematic representation of the SCS........... e 93
Figure 2.26 Flow chart Of the SCS SOIMEI........cooiiiiiiiiii e 94
Figure 2.27 A comparison of predictions of longitudinal and transverse stiffrresigyited fibres
(o] T=T g1 7= 11 [ o AP P PR EPP PP 97
Figure 2.28 Prediction of effective stiffness in the case of randomly oriented fibres............. 97
Figure 2.29 Comparison of analytical models predictions for Thermal conductivity.............. 101

Figure 2.30 Comparison of analytical predictions fer@oefficient of Thermal Expansion.....103
Figure 3.1 Three dimensional ellipses and two dimensional elliptical shape representing.fibhss.


file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414274
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414275
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414276
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414276
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414277
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414277
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414279
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414280
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414281
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414282
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414283
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414284
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414285
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414286
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414287
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414288
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414288
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414289
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414290
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414291
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414292
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414292
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414293
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414294
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414295
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414296
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414297
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414298
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414298
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414299
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414299
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414300
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414300
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414301
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414302
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414303
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414304
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414304
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414305
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414306
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414307
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414308

Figure 3.2 A very basic structure of a packing algorithm...............ccciveiiiiiiii e, 107
Figure 3.3 SEM picture of short fibre COMPOSIte........covvvviiiiiiiiiiii e, 107
Figure 3.4 Three different lengths involved in a rmdile approach......................c..oeeeeeeenne 110
Figure 3.5 Unit cell structures of randomly distributactular inclusions. Left unit cell has a defined
wall effect while the unit cell on the right contains more flexible boundaries........................ 112
Figure 3.6 Simple structure of a packing algorithmy. ..o, 113
Figure 3.7 Calculation of distance between inclusions was based on centre to centre distance
(o= (o101 F= V[0 ] PO PP PPRTT 113
Figure 3.8 Flow chart of the initialgorithm able to produce a microstructure that consists of

Lo ot U = T T o (1] o] o =TSSR 114
Figure 3.9 Flow chart of the algorithm used to develop various cases of SFRC microstructire.
Figure 3.10 Implementation of geometrical PEriOTiCIY-...........cueeeeriiiirmreeeeeiriieeee e 116
Figure 3.11 Aspect Rai®defined as the ratio between length of a fibre over the diameter...117
Figure 3.12 Orientation distribution for-plane randomly oriented fibres.............ccccccceinnnnnns 118
Figure 3.13 Distribution of fibres orientation for misaligned fibres.............cccoceiiiiiinennnnn. 119
Figure 3.14 Distribution of fibre 1englR...........ooooiiii e 120
Figure 3.15 Time response of the developed algorithnvdoious values of AR and orientatioh21
Figure 3.16 Plane stress element CRS3...... ... 123
Figure 3.17 Typical mesh sample of randomly oriented.JUC.............ccoviviiiiniiiiiiiee e, 123
Figure 3.18 Dirichlet boundary CONAItIONS............ccooiiiiiiiererr e 124
Figure 3.19Neumannboundary CONOITIONS..........cuurriiiieeiiiiie et 125
Figure 3.20 Periodic boundary CONAItIONS...........coviiiiiiiiiiiieiiee e 125
Figure 3.21 Boundary conditions fmlculating longitudinal thermal conductivity................... 126
Figure 3.22 Boundary conditions for calculating Coefficient of Thermal Expansion............ 126
Figure 3.23 Loading conditions for effective longitudinal, transverse stiffness and effective shear
L] (111 LTSS PSP PPRPT 127
Figure 3.24 Symbolic representation of the developed stress field for longitugiiffiaéss on the left
and transverse stiffness 0N the MgNT...........oo e 127
Figure 3.25 Figure 3.26 Symbolic representation of the developed stress field for longitudinal
thermal conductivity on the left and transverse thermal conductivity on the right................. 127
Figure 4.1 An illustration o the concept of homogenisation andth scales..................oceeeee. 130
Figure 4.2Schematic representation of the mulicale approach........ccccccvvvvevi L, 131
Figure 4.3 Asymptotic Homogenisation approachi.............cceeeviiuiiiiieeeiiiiiiieeee e 132
Figure 4.4 Plane stress triangular element with a single integration.paint.................cccc...... 136
Figure 4.5 Applied boundary conditions for calculation of the.CTE.................co i 143
Figure 4.6 Five realisatisof a UC consisting of the saméfhe same AR the same orientation
distribution and the SamMe UC SIZe.........oooiiiiiiiiiii e 146
Figure 4.7 Cksquare values for longitudinal stiffness for realisations with AR=10 and three cases of
Lo T T=T 1 r= LA 1 PSPPSR 146
Figure 4.8 Chaquare values for transverse stiffness for realisations W10 and three cases of
(o= 1 r= L1 [ 1 PSSR 147
Figure 4.9 Ckiquare value for longitudinal effective stiffness of aligned fibres as a function of AR.
.............................................................................................................................................. 148


file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414309
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414310
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414311
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414312
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414312
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414313
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414314
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414314
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414315
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414315
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414316
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414317
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414318
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414319
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414320
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414321
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414322
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414323
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414324
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414325
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414326
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414327
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414328
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414329
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414330
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414330
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414331
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414331
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414332
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414332
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414333
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414334
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414335
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414336
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414337
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414338
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414338
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414339
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414339
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414340
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414340
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414341
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414341
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414342
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414342

11

Figure 4.11 Chi square values for different mechanical properties for alidmed Wwith AR=10..150
Figureb.1 From every case of parameter combination, five realisations were developed in order to

study statistiCally the rESUILS.........cooi i 153
Figure 5.2 Chsquare results for uniform length aligned fibres............cccoooiiniiie, 156
Figure 5.3 Ckéquare results for uniform length misalignglres...............ccccccvviiiiiiieeieeeeiennennn. 159
Figure 5.4 Ckéquare results for uniform length randomly oriented fibres.............cccccccnnnnnes 161
Figure 5.5 Cksquare results regarding the thermal conductivity &ligned uniform length fibres.
.............................................................................................................................................. 164
Figure 5.6 Ckéquare results regarding the thermal conductivity for misaligned uniform length fibres
.............................................................................................................................................. 165
Figure 5.7 Chkdquare results regarding the thermal ahretivity for randomly oriented, uniform
[ENGEN FIBIES.....ceeeeeeee e s e 166
Figure 5.8 Cksquare results regarding the coefficient of thermal expansion for uniformly oriented
=X [To [ =T I ] o L= SO 169

Figure 5.9 Cksquare results regarding the coefficient of thermal expansion for misaligned figi@s.
Figure 5.10 Chaquare results regarding the coeffictesf thermal expansion for randomly oriented

1110 = PP 171
Figure 5.11 Effective mechanical properties results for uniform length fibres. Results are presented
with respect toAR for all the cases of orientation under investigation...............ccccvvveeeeenenee. 174
Figure 5.12 Effective shear properties results for uniftength fibres. Results are presentaith
respect toAR for all the cases of orientation under investigation...............occcvvvveeeeeiiiiieeeennn. 176
Figure 5.1Fffective thermal conductivity results for uniform length fibres. Results are presented
with respect toAR for all the cases of orientation under investigation........................ceeeenn. 179
Figure 5.14 Effective CTE results for uniform length fibres. Results are preséthteelspect toAR

for all the case of orientation under INVESIGAatiON............c.uuviiiie i 182
Figure 5.15 Chiquare results regarding the mechanical properties for non radiaperse fibre

length distribution, for three cases of orientatiQn..............ccccccviviiiiiiiiiiii e 185
Figure 5.16 Ckiquare results regarding the thermal conductivity for non maligperse fibre length
distribution, forthree cases Of OFENIALION. ........vveee et eeenn 189
Figure 5.17 Ckiquare results regarding the coefficient of thermal expansion for non nuiserse
fibre length distribution, for three cases of orientation..............cccccccciiiiiiiiiiiiiiieeeeee e, 191
Figure 5.18 Mechanical effective properties for non maiperse fibre length for the three cases of
Lo 1= ] r= LA TS 194
Figure 5.19 Thermal oductivity effective properties for non monrdisperse fibre length for the

three cases Of ONENTALION. .........o i e eeee e e e 197
Figure 5.20 Coefficient of thermal expansion for non mdigperse fibre length for the three cases
(o 0T 1= 1 7= L1 [ o SO 199
Figure 5.21 Comparison of FEA results with various analytical modiaddudinal transverse and

RS Q1= TRS] 1111 0 TC TSP 201
Figure 5.22 Comparison of FEA results with various analytical models for the case of randomly
oriented and misaligned fiDres. ... ... e a e 202
Figure 5.23 Comparison of FEA results with various analytical models for thermal conductivity for
aligned and misaligned fiDreS...... ... 203

Figure 5.24 Comparison betere FEA results and analytical models for coefficient of thermal
expansion for aligned misaligned and randomly oriented fibres........cccccoovvl. 204


file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414343
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414344
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414344
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414348
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414348
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414349
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414349
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414350
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414350
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414351
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414351
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414352
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414353
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414353
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414354
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414354
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414355
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414355
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414357
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414357
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414358
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414358
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414359
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414359
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414360
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414360
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414361
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414361
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414362
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414362
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414363
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414363
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414364
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414364
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414365
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414365
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414366
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414366
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414367
file:///C:/Users/ioannis/Desktop/conferences/To%20Thesis/Alma%20review%201/Thesis_II_01.docx%23_Toc399414367

12

List of tables

Table2w [/ 2YY2y TFTAONBQa YI G§SNALL.. LY. R..OKSANLISE I YSY

Table 22 Man commodity thermoplastics for structural applicatians.............cccccvvveveeeiiiinnnee. 61
Table 23 Main thermoset resins used for CoOmposite StrUCtUIES...........ccceeecevrvnneininiiniienreeeee. 63
Table 24. Stress, strain and displacement field for the inclusion and the matrix according to

9AKSE 08 Q&.. L. LILINE. L. QK Dottt 38
Table 25. Parameters of the Halpifisai model..................ooo i 96
Table 31. Elastic and thermal properties of glass fibres and polypropylene.............cc.......... 122
Table 41 Properties under iNVESHIGAtIQN..........coiiiiiiiriiiieee e 138
Table 51 Chisquare results for mechanical Properties..........cooecececiivrniiniiiiiiiinereee e 162
Table 52 Chisquare results for thermal Properties........ccccccvvevieeei e 167
Table 53 Chisquare results for thermoemechanical properties..........ccccvvviiiieiiiniiiiiieeeeeene 172
Table 54 Results for mechanical effective Properties........vvvvvviiiiiiiiie e, 177
Table 55 Results for effective #rmal properties..........cccceeeeeeiiii e 180
Table 56 Results for thermoemechanical effective properties...........cccvvvvveeiiiiiiieeeee e 183
Table 57 Chisquare results for mechanical properties of RLD.................cccc oo, 187
Table 58 Chisquare results for thermal properties of RLD...............coooiiiiiiiiciiiieeeeeee, 190
Table 59 Chisquare resultsdr thermosmechanical properties of RLD...........cccccvvveeiiiiinnnnne. 192
Table 510 Results of effective mechanical properties of RLD..............ccooieiiiiiiiiniiiiniiinrneeee, 195
Table 511 Results of effective thermal properties of FLD..........ccccvvviiiiieeieiiiiiiiii, 198

Table 512 Results of the effective thermasechanical properties of FLD............cccccceeviiineee. 200



Nomenclature

Acronyms
SFRC
AR
FO
SFRTC
IM
RSA
LRS
DoF
ITZ
RDSF
TRDSF
SFRP
EIM
MFI
HDT
TMA
CTE
LCTE
IFSS
ESCS
IDD
SCS
MCM
EIAS
CLT
LRSM
ucC
RVE
GETVRM
USDFLD
0
v
LF
SF
FOD
FLD
RoM
IRoM
LAA
FEM
DMA
CvD
LCP

Short Fibre Reinforced Composite
Aspect Ratio

Fibres Orientation

Short Fibre Reinforced Thermoplastic
Injection Moulding

Random Sequential Absorption
LaminateRandom Strand

Degrees of Freedom

Interfacial Transition Zone
Randomly Distributed Short Fibres
Transversely Random Distributed Short Fibres
Short Fibre Reinforced Polymer
Equivalent Inclusion Method

Melt FlowIndex

Heat Deflection Temperature
ThermoeMechanical Analysis
Coefficient of Thermal Expansion
Linear Coefficient of Thermal Expansion
Inter-facial Shear Stress

Effective Self Consistent Scheme
Interaction DirecDerivative
SelfConsistent Scheme

Monte Carlo Method

Equivalent Inclusion Average Stress
Composite Laminate Theory
Laminate Random Strand Method
Unit Cell

Representative Volume Element
Abaqus subroutine

Abaqus subroutine

Degree of Inhomogeneity

Glass transition temperature

Long Fibre

Short Fibre

Fibre Orientation Distribution

Fibre Length Distribution

Rule of Mixtures

Inverse Rule o Mixtures

Laminate Analogy Approach

Finite Element Method

Dynamic Mechanical Analysis
Chemical Vapour Deposition
Liquid Crystal Polymer

Fibres Volume Fraction

Matrix Volume Fraction

Molecular Weight

13



5'9’33'.0:8'

Weightfraction

Fibre Length

OrientationLength Distribution Shape Parameters

OrientationLength Distribution Shape Parameters

OrientationLength Distribution Shape Parameters

OrientationLength Distribution Shape Parameters

C A 0 DB

Matrix Density

Fibres Diameter

Fibre to Fibre centre distance

Polarisation Tensor

Reference Homogeneous Media Tensor

9aKSfoesain SAISY

Elastic strair(equivalent to eigerstrain)

Constrained field strain

Constrained field stress

DNBSyQa FdzyOGAz2y

Unit vector

9aKStoeQa GSyaz2NJ

Delta ofKronecker

Strain concentration tensor

Stress concentration tensor

Surface traction

Normal stress

Shear stress

Normal strain

Shear strain

L 2dzy3Qa Y2 Rdz dza

Shear modulus

Poisson ratio
YI OANDRE Y2 RStz & KeheHabpsiaiheted ctidactlristic length of
structure scale.
/| KAYyQa Y2RSft LI NI} YSGSN
/| KAYyQa Y2RSft LI NI} YSGSN
In plane orientation angle
Shape parameters for fibre orientation distribution model
Fibre orientation coefficient factor
Mean fibre orientation angle
az2zal LINRolIofS FAONBQa Fy3fSs
Fibre orientation distribution
Orientation cumulative distribution function
OrientationLength Distribution Shape Parameters

14



15

1 Introduction

Composite materialare known as new generatighightweight and very strongtiff materials, yet

this kind of materiahasexisied in naturefor thousandsof years now. Materials like wood, bamboo,
bones amongt many others area few examples of composite materials existitogg before the
modern engineering community thought of developing the first composite matérta. keginning

of composite materials startis the third decade of the 2Dcentury, however composite structures

can be foundas farback in timeas1500 BC Wwen ancient Egyptians and Mesopotamians mixed mud
and straw in order to create a strong and durable structural material for buildings. Later on, around
1200 AD the Mongolian army of Genghis Khandusebow made out of composite material
consisting of woodhone and animal glue, atif which were wrapped together with birch bark.
Thesesignsindicatethat humans understood the advantages of a composite system of materials, in
structures, centuries ago. Nowadays with the existing manufacturing technologies and the
significant improvemerst in theoretical knowledge, composite materials are the sharp edfe
materiak technology.

In general a composite material is a material made from two or more distinct materials with
significantly different physical or chemical properties, which produce a material with properties
different from the individual components ¢ KS &S O02y R LIKIF &4S 2F O2YLIR&AGS
and ts main purpose is to keep the reinforcing agésgether and also to transfer the load to the
reinforcing agent. The main matrix materials are polymers, metals and ceramics. Polymerialsateri
are the result of the polymerisation process of monomers and they exist in two types, natural
polymers and synthetic polymers. Natural polymers exist in nature in the form of natural silk or
natural wool or proteins. The second type of polymeric suues is the synthetic polymers.
Examples of synthetic polymeric structurasnongst others, include nylon, polyethylene, polyester,

and epoxy. Scientists developed the first synthetic polymers at the beginning of thee2@ury.
Plastics like vinyl, phetic, polyester and polystyrene were developed in the early 1900s and were
the first synthetic polymers. In the case of synthetic polymers two big categories can be -found
thermoplastic and thermoset polymers. The primary physical difference is that tdpdastics can

be remelted back into a liquid form, whereas thermoset plastiét always remain in a permanent
solid state. However in order to create a strestiff material, further that a polymeric matrix,
reinforcement is needed. Historically thestfirfibre reinforcement appears in 1935 from Owens
Corning by introducing the first glass fibre. Since then a period of developing composite materials
began and extreme growth occurred during World WaB¥11970 the sector of composite materials
was wellestablished, new types of resins with better properties were developed and new types of
fibre reinforcement like carbon and aramid were introduced into the market. Reinforcing agents can
be fibres(continuous, long or short), particles, nanotubes or namtipes. A relation between mass
FYR , 2dzy3Qa&a Y2Rdz dza T2 NJ O NRA Figadel NSAY F2NOAYy I YI G S
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Figurel.l Stiffness of various mater&ith respectto their
density.Adapted by D. Hull

The composite material to be further discussed will be polymeric thermoplastic matrix reinforced
with short glass fibreeomposite. Short fibre reinforced composites (SFRC) are materials with many
advantages. Amorggothers SFRC are not expensive composite materials, they have a relatively low
cost and easy process of manufacturing and they exhibit superior mechanicalrgepaver the

parent polymers. These are the main reasons for the extdrdevelopment and usage of SFRC.
Large scale production of SFRC is possible by using extrusion compounding and injection moulding
processes. These conventional fabrication technigumre the main reasorfor making the
manufactue of SFRC efficient and inexpensive in comparison thighmanufactue of continuous

fibre composite.

The following chapter provides a background for the mechanical, thermal and thercbanical
characterisition of short fibore composite materials. Prediction of effective mechanical, thermal and
thermo-mechanical properties of short fibre reinforced composites (SFRC) has been a field of study
for various researchers and gonsiss the main influence for thdollowing chapters. Through this
chapter different approaches that have been developed by numerous researchers through the years
will be presented. The chapter begins by discussing the main asgeitts manufacturing process

of short fibre compositewhich is a proceswhichintroduces major factors affectinghe behaviour

of the material and continues by addressing the major fundamental theoretical approaches on
micromechanical analytical modelling

The chapter is separated in three main sections.imurthe first section a reviewfovarious
analytical approaches on the field will be presentddllowed by numerical approach and
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experimental work. Finally the chapter concludes with a reviéth® homogenisation approach. All
of the sections presenteth this chapter are of important intest formaterial characterisation.

1.1 General aspects

Short fibre composite materials have been attractive to the industry since their invention. SFRC
received much attention as a material due to its mechanical amgbsipal properties, witlthose

properties beingstrongly influenced by the morphology and the type of the reinforcement, as well

as by the bonding efficiency between the fibres and the matrix. Various manufacturing processes

have been developed througlt the years. Mainly SFRC manufactured usingrjeetion moulding

LINE OSaa SEKAOAG LINBLISNIASE (KIG adaNey3Ifte RSLISYR
FAONBQa O2yi(iSyias FAONBQa tSy3adkK I|yR {fscal AyidSNF
properties in combination with the low manufacturing cost, it makes it easier to understand why this

family of materials were used and studied so widely. In any case of different combinations of matrix

and reinforcement materials, or in any caseddferent AR or FO, the macroscopic behaviour of the
composite material will be different. For this purpose a wide range of investigations have been done

in order to clarify the limitation and the potential of such matesia any loading or environmental

conditiors.

Earlier theoretical micromechanical models were able to predict thacroscopic effective
properties of SFRC by using tidcromechanical parameters of the material. Simple and relatively
complex theoretical models have been developed in ofdesatisfy this purpose. Analytical models
are based on the accurate mathematical modelling of the physical phenormechanism that
takes place on a system of materials as a composite material. Through the revolutionary
development of computational pwer and the improvement of numerical methods, a more
comprehensive computational approach was made possible and a new era of computational
mechanics began. There are fivainfactors dominating the physical and mechanical behaviour of
SFRC:

Properties othe individual constituents
Fibre volume fraction

Fibre orientation distribution (FOD)
Fibre length distribution (FLD)
Fibrematrix interface strength.

=A =4 =4 4 =4
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1.1.1 Manufacturing processes

Theoretical models predicting stiffness, strength and fracture among ogmeperties strongly
depend on theaforementionedfive factorsparameters. FOD and FLDparticular, are properties
strongly dependant on the manufacturing process. As mentioned in the introduction, manufacturing
processes such as extrusion compoundingd dnjection moulding are most often used to
manufacture short fibre reinforced thermoplastic composite (SFRTC) . The process of extrusion
compounding shown ifrigurel.2 involves a screw (single or double) as a transport media due to its
ability to perform all the necessary steps of the process: feeding, pumping, melting and mixing. Its
advantage to include a relatively large quantity of compound maleimcluding screw technology

for the extrusion compounding offers a good homogeneity of the melt and an accurate temperature
control. A good degree of homogeneity is always an aim for short fibre manufacturing processes. As
reported by many authors, saretechnology for extrusion compounding SFRTC products leads to a
dramatic reduction of the fibre length distribution.
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Screw Barrel

Figurel.2 Extrusion compounding process
Adapted by B.T. Astrom

As it hasbeen reported by(Ramani, 1995jhere isan effect on the final fibre length with the
geometry of the screwFigure 1.3 demonstrates that the average fibre length is dramatically
reduced in relation to the actual geometric design of the screw and the numbers of flights. During
the process of compressing and mixing the polymer with the short fibres and especially during the
process of melting, extremely high shear stresses take place in the melted material.
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As a result, the fibres which appear between the screw and the walls of the exthwdak due to
the high shear stresses. Also, as reportedfy, et al., 2008he major causes of fibore damage can
be:

1 Fibresinteracting with a fibrestress concentration due to abrasion of fibres surface,
1 Fibresoverlappingcan cause high bending stresses, which will result in fibre breakage, and
9 High viscous forces introduced into the system by the matrix melt may cause fibre fracture.

For high Volume Fractiom(), or densely populated flow of fibres there is a hpgissibility of fibre

to fibre interaction. As a resulfMilewski, 1974presented a relation between fibre aspect ratio and

the maximum achievable volume fraction, shownFigurel.4, showing that high volume fraction

for randomly oriented SFRC is only possible for low aspect ratio. In other words, the higher the
aspect ratio, the lower the maximum achievable volume fractio
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Figurel.4 Maximum fibre volume fraction as a function
average fibre aspect ratio. Adapted frdiMilewski,
1974)
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It has also been reported bifru, et al., 2009hat the process of extrusion compounding for fibre
filled polymer manufacturing has a practical processing limit on the maximum fibre content of 40
45% weight fraction.

As reported byRosato, 2000)injection moulding (IM) is principally a mass production method and
has the advantage of casffective economy, vast quantity and no pesbulding operations, and
that is predominantly why IM is used to produce at least 50% (by WeidlSFRC. The IM process
involves three basic mechanical units:

1 Melting and injection unit,
T Mould, and
1 Clamping cylinder.

First, the composite compound is introduced into a heater chamber and then the injection process
follows under pressure into a maicavity. After that the part solidifies. The final step involves the
ejection of the product from the mould. In terms of fibre orientation for the IM manufacturing
process, the high speed flow of the melt helps to achieve a higher degree of alignment. A
combination of high speed flow with a narrow gate or a thin and confined wall helps fibres to be
oriented towards the flow direction. This phenomenon occurs mainly due to the most probable
interaction of fibres with thewalls of a narrow passage. This iatetion lead to high shear stresses
which resultsin a higher degree of alignment for the fibres. Tiest known model to describe this
situation iscalledii K S -cogedi & ¥ Y ¢ , invidiéhSvio skin layers surround the core layer. Due

to the interaction of the melt with the mould surface, fibres amgone to a higher degree of
alignment in contrast with the core layer, located in the middle of the mould (without any contact
with the cold mould surface) and the fibres tend to be more randomly oriented.

This case obrientation causeshe material todisplaya more anisotropic behaviour. In terms of the
aspect ratio, as in the case of the extrusion compound, there is a significant reduction of the fibre
length during the process of IM. As reported (Bamal, 1986)a significant reduction of fibre length
was observed from 0.71lmm to 0.27mm. According(YarKhanh, 1991)the IM manufacturing
process can be controlled by six variables:

1 peak cavity presure,

1 holding pressure,

1 back pressure,

1 screw speed,

1 melt temperatureand

91 barrel temperature profile.

Generally, fibre attrition is strongly influenced byetle variables.

As reported byThomason, 1996Juring the last decades the rapid increasdha use of structural
composites led to the need to develop high performance SFRC. High performance of SFRC can be
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achieved if the composite contains fibres with high ABh volume fraction and aligned orietion;

all of the aforementioned properties are strongly dependant on the manufacturing process of SFRC.
On the other hand, thenarketdemand for mass production of SFRC is in contrast with the quality of
the manufacturing procegsneeded to achieve higAR and aligned FO. This led to the development

of manufacturing technigues able to satisfy the needs of the market. Despite parameters like fibre
content being relatively easy to contradther parameterssuchas AR and FO are still not easily
controllabk.

Regarding the manufacturing methods of short fibre composite with thermoset resins a wide range
of methods are currently used in industry. The following paragraphs aim to describe the main
manufacturing methods as:

Hot press moulding
Cold press mouldin
Hand layup
Spray layup

= =4 =4 =

During the hot press moulding,raatched metal tool is placed between the platens of a hydraulic
press and heated to between 130°C and 170°C. The prepreg or reinforcement material is placed in
the tool, which has a cavity in th&hape of the component required. The tool is rapidly closed and
the cure is completed within-3 minutes. The tool is opened and the component removed. In order
to aid removal of the component from the tool, release agents are either incorporated intice e

mix or applied to the surface of the tool.

This method uses various compounds including SMC (Sheet Moulding Compound), DMC (Dough
Moulding Compound) and BMC (Bulk Moulding Compound). The compoungslysster resin

filler, catalyst, pigment and other additives. The fibre preforms are typicaliyayed chopped

fibre and binder or thermally deforme@hopped strand matontaining a thermoplastic binder. This
method does allow for a high production rate and is preferred by the automotive industry.

Some of thecharacteristics of the method are:

Tablel-1 Characteristics of hot press mould method.

key points
Resin Polyester, Epoxy
Fibre Type Chopped strand mat
Cost | Press 30K-350K

Tool 3K-70K
Application Car body panel

In the case of cold press mouldindprés inthe form of mats are placed on the mould and overlap at
the pinchoff area of the mould. The resin used consists of two batches mixed together, one batch
contains the catalyst and the other contains the accelerator. The resin is poured into the, theuld
pressislowered and the mould closed. The resin is forced to the edges of the mould but cannot
escape due to the overlap of fibre at the pincff area. Over this area the fibre is compressed more


http://www.vircon-composites.com/3_2_1.asp
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than over the rest of the mould. The effect is that thaireis contained in the mould but air can

escape, hence creating a back pressure that ensures the resin flows into all parts of the mould. A
cold cure process is used (although some increase in temperature is common) with an accelerator in
place to achieveure withina reasonable timescale (approximatéfy minutes). The curing process

is exothermic so that care must be taken not to degrade either the mould or the product.

As the manufacturing pressures and temperatures are low, the tooling is relafgtetiyluty and
hence low cost. This method also allows for moderate production rates and can be considered for
high volume production.

Some of thecharacteristics of the method are

Tablel-2 Characteristics ahe cold press method.

key points
Resin Polyester, Epoxy, Phenolic
Fibre Type Glass or carbon filament mat, woven

roving and mulitaaxial reinforcement

Cost| Press | 5k30K

Application High volume productions

For hand wet layup method, te fibre ispositioned in or on the mould by hand. If the mould is a
complex shapesmall pieces of mat are cut to fit and then more layamsapplied to achieve the

required thickness. The liquid resin is poured over the fibre and rolled to ensure complete vedtting
the fibre and removal of air bubbles. In general the resin cures at room temperature with the use of
an accelerator and a catalyst. If a hot cure is used then there is nho need to use an accelerator. Post
curing of cold cured laminates is recommended.

Prior to application of the fibre and resin, the mould is prepared with either polyvinyl alcohol er non
silicon wax to aid release of the component. Release of the component is achieved by either tapping
wedges betweenhe mould andthe component or by theuse of compressed air to gently force the
pieces apart.

Chopped strand @it is the most commonly used fibre althougloven rovings ugd when a
stronger and stiffer laminate is required.g&l coatis applied to the mould surface to produce a
resin rich smooth surface for appearance and protection purposes. For improved simfabe f
andcorrosion resistanca surface veil is used which is applied with an embedded fabric for
reinforcement or mixed with resin for smooth surface.

The advantage of this method is that isisnple and hence is widely used. There is low cost of

capital equipment and no requirement for highly skilled labour. It is also possible to achieve
relatively high fibre contents in the laminate. The disadvantages are that it is not suited for strength
or weight critical primary structure as the fibre orientation and local resin content cannot be well
controlled. The nature of the wet layp also hasealth and safetyssues because low molecular
weight resins can be harmful. The fusieom the curing process, especially wgblyester

resin require appropriate extraction systemaspecially to comply with emission levels for styrene.

Some of thecharacteristics of the method are


http://www.vircon-composites.com/3_1_1_6.asp
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Tablel-3 Characteristics of the hand wet layp method.

key points

Resin Polyester, Vinyl ester, Phenolic

Fibre Type Chopped strand mat, Woven roving

Cost <500

Application Boats, Ducts, Wind turbine blades,
Chemical tanks

The method of spray layp implies that gass fibre (Roving) is fed into a chopper on the spray gun
and the resulting strands are blown into a stream of liquid resin. The spray is dicéemould and
the resulting composite has a random array of glass fibres. The resin must be liquid at room
temperature to achieve adequate handling, wet out and fibre impregnation. In addition to this the
gel time of the resin must baufficient to allov complete layup of the part before solidification
occurs. The laminate is rolled to conform the laminate to the mould surface and remove any air
bubbles. There are two cure systems used, fpat and catalyst injection. Both systems begin the
reaction pocess at the gun, which means fast curing resin systems may be used.

Prior to application of the fibre and resin, the mould is prepared with either polyvinyl alcohol er non
silicon wax to aidhe release of the component. Release of the component is &ekiidy either

tapping wedges betweethe mould andthe component or by the use of compressed air to gently
force the pieces apart.

Glass fibras particularly suitable for this method as it is easily chopped into strands, has low static
and fast wet throughResinsuch asvinyl esteror polyesterare commonly used owing to their high
reactivity.

The spray method has the advantage on being a fast application method. It achieves better wetting
of the fibre with fewer voids than with hand lap. This results in parts having bethysical

properties. However, it produces parts that are less uniform, particularly in thickness than hand lay
up. The laminates tend to be resin rich and hence heavVigs method requires a low molecular
weight resin and the styrene emissions carhigh, requiring tighthealth and safety contrel

Some of thecharacteristics of the method are

Tablel-4 Characteristics of the spray kay method.

key points
Resin Polyester, Vinyl ester, Phenolic, Epo
Fibre Type Glass

Cost | Machine| 5K-10K
Mould 150-15K

Application Caravan bodies, Bathtubs, Shower
trays
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1.2 Analytical -Theoretical approach

The mechanical characterisation of a short fibre composite was first approached analyticidiéy by
implementation of micromechanical models. An innovative work was released in 1889 by Voigt and
in 1929 by Reuss. Both Voigt and Reuss models were refenendels since the earlier developed
models weremainly based on the Voigt model, known later as the Rule of Mixtures (RoM) while
Reuss model became known as the Inverse Rule of Mixtures (IRoM).

A pioneering work was released in 1952(Bpx, 1952pn stress distribution along the fibre, using

the shear lag model. Prediction of the effective elastic modulus was enabled by calculating the fibre
length factor and adding a modifying factor to the rule of mixtures (RoM).The shearodgl uses
microstructural parameters such as fibre length and fibre to fibre distance in order to calculate
macroscopic effective properties. A major contributiohthe shear lag model ighat by using few
necessary assumptions it caiccuratelypredict the normal and shear stresses distribution on the
fibre and also can predict the saturation effect of fibre length.

(Hill, 1963presenteda general theoretical approach on the problem of two isotropic phases for any
concentration by implementing the concept of the phase concentration tensor of stress and strain.
Hill also mentions that the calculation of macroscopic elastic propertiesvievatalculating the
dependency of the macroscopic moduli on the relative concentrations, on the inclusion geometry,
inclusion arrangement, inclusion distribution etc. A selhsistent method was introduced [giill,
1965pRs a nethod that takes account of the inhomogeneity of stress and strain in a similatovay

the crystalline aggregates theory. The model is able to predict the effective stiffness of a two phase
composite material. Inclusions are assumed to be aligned ellipedsto have the same elastic
properties as that of short fibres. The method is based on the solution of the auxiliary elastic
problem involving a uniformly loaded infinite mass containing an ellipsoidal inhomogeneity.

In 1957, a revolutionary work was mented in the proceedings of the royal society by a British
engineer namedSir Douglas Eshellfzshelby, 1957,)The method was promising solution of the
stress and strain field in a composite by analysing an ellipsoidal melesibedded in an infinite
matrix. Eshelby used the superposition method of linear elasticity, and by assuming four steps of a
virtual experiment, he proved that the stress and strain field inside the inclusion are uniform, for an
ellipsoidal inclusion irm homogeneous infinite matrix. Sir Douglas EsHelaprk consista head
cornerstone on the field of micromechanics.

Another work on the prediction of short fibre composite came frétalpin and KardogHalpin,

1976,) once theyreleased a paper on the review of the Halpin Tsai equations. It should be
YSYUA2ySR GKIFG 1 FELAY FyR ¢al A Sa-dohsstert aeth8dR Y 2 NB
with approximations to make the model compatible for short fibre composites.tAsilli be

discussed later, the limitation of the Halplisai model, for a very stiff or very complained material,

led to variations of the RoM. The Halpin and Tsai model has been widely considered to be a reliable
model, relatively easy to use, with closeghalytical solutions. The model uses the degree of
inhomogeneity and the geometry parameters of a short aligned fibre to predict its macroscopic
behaviour.
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A more complicated scheme was presented(lhpri, 1973)whichaimed to discuss a new method

of calculatingthe average internal stresses of a matrix in a material containing inclusions with
transformation strain. The original work of Mori and Tanaka does not refer to composite materials,
but to the plastic deformation thabccurs in a material with transformation strain. In the paper the
concept of average stress throughout the matrix is discusaed also an expression of the average
elastic energy by considering the effect of interaction between the inclusion and teefrendary.
.Sy @Sy AaiSQa (BenZehidte, 1087uggepted & new approach on the Mori Tanaka
scheme for calculating the effective properties of composite materials. A direct approach on the
applications of the theorysi presented in the paper, through a method named EIAS (Equivalent
Inclusion Average Stress). The method combines the concept of the equivalent inclusion method
(EIM), introduced byEshelby, 1957,)and the concept of averagersss and strain, introduced by
(Mori, 1973) considering the interaction between the inclusions. A detailed discussithe
aforementioned models, regarding the concept of average stresses,-siggn or the equivalent
inclusion concept, can be found in the book (Mura, 1987) Sufficient definitions of inclusions,
inhomogereities and the inhomogeneous inclusions are given based on the concept ofstigen

All the previews of the aforementioned models are micromechanical models. They may have
different approacles but all of them consider information derived from the microstructure of the
material in order to calculate macroscopic effective or apparent prige A different analytical
approach came mainly from the work @flalpin, 1976,)and ceworkers which is derived from a
micromechanicafselfconsistentymodel, but thisis more a semémpirical approach.

The Laminate Anafly Approach (LAA) has been udmdvarious researchers as a model able to
estimate the effective mechanical properties of SFRC. The model uses a macroscopic approach on a
composite material using the Classical Laminate Theory (CLT) and simulates tHégsharaterial

as a stacking sequence of differently oriented laminates. The model indirectly uses results from the
shear lag model, the Voigt model and the Halpin Tsai model in order to calculate micromechanical
properties.Under this consideration inforation of the microstructure of the material are introduce

into the model and treated with a macroscopic approach through Elbfe orientation and fibre

length are involved within the model in the same manner as in CLT.

The effect of fibre length and fibrorientation was deeply discussed @ju, 2000) In an analytical
manner they presented a model of calculating the probability density distribution for the fibre length
and fibre orientation. They proposed a fibre efficiencgtéa, which is a product of the fibre length
efficiency factor and the fibre orientation efficiency factor. The article concludes with a tensile
strength model which considers the main micromechanical parameters affecting the composite.

A more recent workrom (Jules, 2004presents a hybrid way of calculating effective properties. In
this article a software is developed and presented, which calculates the effective properties using
the Mori Tanaka scheme, by implementing numdriceethods in order to assign random values in
micromechanical parameters. The developed software has the ability to consider fibre orientation in
three dimensional space and fibre length.

The preview paragraphs refers to analytical models, a theoretiggdramch based on the
mathematical modelling of the mechanism that takes place in a two phase composite material
behaviouron a micro scaleThe fact that recently published works are still contributing to the field
of analytical modelling is an indicatidghat a more simple and holistic approach is possible. The
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common base of the presented theoretical work in micromechanical aspects of SFC is the
ARSIFEfAALFIGA2Y 2F GKS YIGSNRFfQa Y2NLIK2f23&8d | &4adz
the uniform length and orientation, the assumption of a single inclusion embedded in an infinite

matrix, are ideal situations of the stochastic morphology of a short fibre composite. A closer
SEIFYAYLGA2Y 2F GKS YIFGSNAIf Qa Y2 NLiosputtdral OF y 6
approach, a topic which will be discussed in the next paragraphs.

1.3 Numerical -computational approach

Since 1970, there has been a race to develop numerical methods that will be able to solve
differential linear or nodinear equations, whicldescribe the behaviour of materials under various
loading conditions. The Finite Element Method is a ‘wsthblished method and is one among
others methods (Boundary Element Method, Finite Volume Method) used for computational
structural analysis. Therafe, a more realistic approach on the microstructure of the composite is
enabled and various geometric parameters can be evaluated through a computational approach.
Through literature, one is able to find humerous papers which discuss computational mechani
traditional engineering material]sas well as for more advanced materials such as composite
materials. The following paragraphs will focus on scientific work dealing only with numerical models
for short fibre composites and more specifically theeriiture considering microstructures or
micromechanical properties of a short fibre composite material.

A relatively recent paper was released (hyine, 2002)or the prediction of elastic and thermo
elastic properties of the &jned short fibre composites. Throughout the paper, a numerical approach
is presented based on the Finite Element Method (FEM) and the thetasbic properties of the
model are calculated using an iterative method, by minimising the strain energy usimgjLayate
gradient approach. Through the developed three dimensional model of the aligned short fibre
composite, the author investigates the replacement of the length distribution in the morphology of
the composite with a monaisperse (uniform) fibre lerig which will show the same longitudinal
modulus. The distribution of longitudinal and transverse Young modulus, as well as the shear
modulus Poisson ratio and the coefficient of thermal expansion are presented as functions of
volume fraction. Volume fra@in was increased until 30%. For the casewof p v Results for
longitudinal Young modulus and CTE are presented as a function @hARvork concludes that a
replacement of the fibre length distribution can be done with the number average length of the
fibres in a composite material. Predictions of the developed numerical model are compared with
theoretical predictions of the Halpifisai model an@Tandon, 1984inodel.

In a laterwork, the author (Lusti, 2002¥ocuses on the second important microstructure variable,
the fibre orientation. Elastic and therrastic properties of three dimensional misaligned
structures were calculated numerically and compared with experimental and analytszdisieThe
stochastic parameter of orientation was seeded by sampling the measured distribution using the
Monte Carlo method (MCM). In both papers the author uses three dimensional representations of
the microstructure of a short fibre composite, experigm@geometric periodicity.
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(Pan, 2008also studied the effect of random fibre orientation on the macroscopic effective stiffness
properties of a randomly oriented fibrous composite. Through the paper, the author underlines the
difficulty of creating models that represent the geometry at miaeel for high volume fraction. A

method of generating three dimensional, random fibrous realisations is predemiech is based on

the Random Sequentialb&orption(RSARlgorithm. A modied RSA was used in order to overcome
GKS a2l YYAYy3 LINRBO6fSYé&d ¢KS 2FYYAy3d LINRBofSY OFy
analytical predictions onw and the achievablewy from the developed algorithmAnalytical
predictions on the maximum a@vablew were proposed byEvans, 1986,by implementing a

linear function of AR. A modified version of RSA algorithms was used in order to overcome the
jamming limit. The modification regards the ability of the algorithnceaint for fibre kinks or fibre

local bending. By implementing this techniq(féan, 2008)vere able to achieveo up toc & b

using inclusions with AR=20. Fibres were simulated as slyéirglers, which are cylinders with a
hemisphere attached to both ends. By using this shape, stress singularities in the model were
minimized. The developed RVE consisted of two kinds ofesus, the fibre reach sulayer and

the matrix reach suttayer. Both layers are repeated six timeslaeven times respectively through
thickness in order to build the RVE. The developed microstructure can be approached as
macroscopically transversely isotropic behaviour due to th@lame random orientation. Fibre

length was assumed constant and filmess section or bundle cross section was approached as a
dodecagonal shape. The size of the RVE was chosen based on a literature approach of scales as

v a S where0 represents the length of the RVE amipresents the length of the fibres. Effective

stiffness properties were calculated using a homogenisation procedure based on six independent
loading conditions. Results from the developed numerical model were compared with analytical
approximations from the Halpiifisai equation.

In asubsequenpaperthe author(Pan, 2008nvestigates the effect of interaction between fibres by
considering two cases of models consisting of overcrossing fibres. The first model contains two
overcrossing fibres or a single interaction pair and the second model corta@ige fibres or
twenty interaction points. The interaction was measured in terms of stress concentration and the
stress concentration was defined as the ratio of local stress over the average stress. The
phenomenon of fibre overcrossing was studied asuacfion of two variables. The first was the
distance between the fibres, and the second was orientation between them by changing-the in
plane and out of plane angle. The effect of those two variables and the general effect of crossover
fibres in the stiffess of the composite are evaluated for the through thickness direction The

study concludes that the stress concentration factor for the case of a single interaction pair increases
with decreasing the distance between the fibyasd also ¢ slichtly increases by decreasing the
FAONBQA RA&GFYOS® Ly G(KS OFas 2F d6Syide AyaSN:C
compared with the single interaction pair and shows the same dependency with fibre distance,

also increased while théistance was decreasing.

A similar approach was performed l§iorga, 2008) An RSAased periodic microstructure was
analysed through FEA. Results for effective stiffness were compared with a windowing approach
method named Lamate Random Strand method (LRSM) and analytical predictions of the Halpin
Tsai model. Two random angles (in planand out of pland3 ) and a random point in space were
seeded to the RSA in order to produce a fowerlapping periodic microstructure oamdom short

fibre composite. Two different cases of the same material were studied. A random fibre composite
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with & p & o PAR=10 and restricted in the range of p 7t The second case wése same
material but nowe ¢ TR AR=20 and restricted inthe range of v’. For both cases the in
plane angle has no restrictionso it was free to vary in the intervait’ o @’ The effective
stiffness tensor was calculated based on a volume average scluérsieesses and strains field as a
result of the loadng conditions. Numerical models were subjected to uniform kinematic boundary
conditions for six static problems which correspeddo the six independent loading cases. Results
from the random microstructure were compared with orientation averaged restiftsn aligned
fibres and a relative error between the two different methods was calculated.

LR#™ is a method proposed bffonita, 2006)and is a windowing approach able to rapidly evaluate a
large number of fibre arrangementesr in-plane orientation. Calculations of effective properties are
based on the classical laminate theory. The method is able to consider the effect of fibre kinks but
not any out of plane orientation of the fibres. The method has the ability to measwestttistical
inhomogeneity in the material by information derived from local region. A comparison between the
LRS method and the direct finite element approach was performed and also results for the statistical
homogeneity are presented as a function bétwindow size.

(Berger, 2007)nvestigatethe elastic constants of short fibre composite materials using a three
dimensional RVE. Fibres were simulated as cylinders for the case of random orientation and aligned
fibres. The periodic microstructure was created using the RSA method with some cabatifs in

order to avoid local areas with low quality mesh or element shape. These constraints lead to higher
guality mesh, less distorted elements, and as a consequence more accurate results. The author
discusses the limitation ab by using the RSethod for fibres with constant lengttil ¢ v p

and fibres with different length Results are presented as a functiorunfrom 10% up to 40% with

a step of 10%. For every casecoffive different samples of RVE were generated and the average
mean of the effective property was calculated. By applying six particular loading cases, the nine
material constantsO HO HO HO RO RO R H H  were calculated. In the case of random
orientation, the materialis assumed to be statisticallydgopic and the mean value fd®iOand’

was calculated. Results from the numerical models were compared with various micromechanical
schemes. The macroscopic isotropic behaviour of the randomly oriented composite is evaluated by a
direct comparison bthe Young modulus in every main direction as a functiot offhe effect of

fibre orientation is also investigated by comparing the Young modulus in the three main directions
for aligned and randomly oriented fibres.

(Gitman, ®07) studied the existence and the size effect of RVE for a three phase composite
material. The composite under investigation consists of circular inclusions antfom diameter
(between 2.5nm - 5.0mm). The third phase is an Int@hasal TransitionZone (ITZ) which surrounds
the circular inclusion and is attached to the matrix. The developed RVEs experienced-efiectll
and geometric periodicity. The term waffect is understood as the ability of the inclusions to
penetrate through the borders fothe RVE. Four different RVE sizes were considered in order to
study the size effect. For all the cases three differenivere developed®w ol v BpTib

and for the combination of different size and different five differentrealisationswere generated.
Realisationgefer to different samples which consist of tlamew and RVEsize but different
stochastic parameters like the inclusiorQ fosition and size. The purpose of developing five
realisations is to evaluate the influence adshastic parameters at the macroscopic response.
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A gradient damage model was used to describe the damage initiation in the material and elastic
properties degradation during the test. The craeitiation occurs in the intephasial zone, because

ITZ haghe lowest crack initiation strain compared with matrix and inclusions. Periodic boundary
conditions were implemented by using a penalty method for the uniaxial tension test. Results of the
material behaviour are presented in the form of strestgain cuwe for the elastic, the hardening and

the softening region of the material. The elastic region is understood as the linear part of the stress
strain curve. The hardening region is the Amrear region before the peak of the curve and the
softening regionis the region after the peak, across which the material exhibits a softening
behaviour. The existence of RVE is discussed through two different perspdwtistatistical and

the deterministic approach. According to the statistical approach, an RVE iexisnathematical
expectation and the standard deviation of an-sgale property (such as stiffness) must converge to

a specific value while RVE size is increasing. The deterministic approach involves the value of
dissipated energy plotted for increaginvalues of RVE size. Dissipated energy is measured as the
area under the stresstrain curve. Regarding the existence of RVE in the three different regions the
author underlines the lack of RVE existence on the softening region. The author investigates th
deviation of a single tested sample from the mean of its class akati@ns, by implementing a chi
square tesicriterion. The criterion calculates the effect of deviation for accuracy of 95% with two
Degrees of Freedom (DoF). It was reported thattfe hardening region a larger size of RVE was
required when compared with the linear elastic region of the stssgin curvewhere smaller size

of RVE can be used

As it was explained b§Kari, 2007the main advantage ofraalysng SFRC using numerical modsls i

the ability of computational models to approadb,a satisfactory degree, the real miestructure of

the material. The author suggests a method of overcoming the jamming problem and evaluates the
effective mechanial properties of a Randomly Distributed Short Fibre Composite (RDSFC), for
relatively highw. Two different types of composite were created in respetithe orientation:
Randomly Distributed Short Fibres (RDSF) and Transversely Random Distribute TRBYE). TDRF
models consist of aligned fibresall the fibres are oriented towards one direction. Both micro
structures were created using a modified RSA algorithm. Modification regards the distance between
the cylinders and the distance between the fawe of the cylinder and the surface of the RVE. The
second modification protects the model from errors introduced through bad mesh quality. A final
modification is the deposit of fibréa a descend mannen order to achieve higheb .

The aithor points out the limitation of the developed algorithm to reach higkemwith . identical

size of inclusions. The suggested solution comes through a modification of the RSA algorithm, in
order to deposit first high AR fibres, and once it reaches the jamming limit, to reduce the AR and to
continue with the process. By using this technique tlgoeathm was able to generate 3D RVE with a

w of 40%.For the two different types of composite, various models were created in order to
evaluate the influence ab 8

The influence of the RVE size on the macroscopic response of the Young modwdasrisegk for all

major directions with the relative error measured as the standard deviation. Results for
O{0f0Fd1 regarding the RDSF composite are presented for variousom 10%40% and are
compared with predictions from analytical microntemical models. A comparison between
‘Of0{0 is used as a measure of the isotropic behaviour of the RDSF composite, with variations less
than 1.5%. Finally, a comparison between the RDSF &&His performed, indicating the
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influence of fibre orierdtion. The author concludes that for RDSF there is no significant influence by
the AR, in contrast with the TRDSF material in which effective properties improved considétiably
respect to AR increase. This is also reported for the randomly distributesk,eo 8Orientation
appeasto bea more dominant parameter when compared with AR.

(Wang, 2011¥tudied mechanical properties and developed a damage model for random composite
materials. Mechanical properties and fractureoperties were studied by performing computational
experiments under the concept of RVE. For that purpose a 2D RVE was developed.

The packing problem of randomly distributed inclusions was solved by developing an algorithm able
to approach the solution il 62 RA&GAYy Ol &aiSLAP ¢KNPMNBEEKAXNKSDE F AN
algorithm begins by placing circular inclusions in a periodic manner with constant distance between
them in both®and & coordinates. While the algorithm is still working on thetfisgep, inclusions

that belong to every even row or every odd column experience a moveant Waxes respectively.
During the second step, a zoom in approach is performed. The algorithm considers the
neighbourhood of fibres close to each other. A cartde circle is then calculated for every fibre in

the neighbourhood. The points where the concentric circle of an inclusion siieetconcentric

circle of another inclusion in the neighbourhood define the space were the inclusion can randomly
move or rotde. The second step in the algorithm is essential in order to obtain randomly distributed
inclusions.

That loth materials matrix and inclusions are linear, transversely isotropic and perfect bonding was
assumed between matrix and inclusions. Damage tigtiaand propagation was studied based on

the maximum principal stress theory. Stresses were measured in every integration point and
compared with a stress value calculated by the maximum principal stress theory. If the measured
value exceeds the specificaximum principal stress, material stiffness is reduced locally in order to
simulate damage initiation. Once the damage is detected, the elastic modulus is degraded by a
factor ofp 1 in order to simulate theeduction of stiffness due to crack existenddeasurements

of stress on the integration points took place by implementing a-sséroutine GETVRM and the
damage criterion was implemented through the USDFLD subroutine. Results indicate a linear
relation of load in respect to displacement. Agreememitviieen computational predictions and
experimental data of ultimate load was observed.
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1.3.1 Thermal and thermo -mechanical properties

Apart from the mechanical properties of a composite material, of which a proper calculation is
necessary for a complete engineering design, thermal and themachanical properties are equally

very crucial parameters once an engineer designs a new materéadtends the usage of an existing
material. Especially in the case of polymeric composite materials, special care is needed once the
polymer is thermoplastic, with mechanical properties strongly depending on the current
temperature situation and also ahe previews of thermal load.

An extensive article written by{Schapery, 1968)n 1968 studied different approximations of
analyticallycalculating the coefficient of thermal expansion for a composite material in various
cass. A further discussion on the manner of answering the volumetric and the linear coefficient of
thermal expansion problem is presented. Through the paper, a new method for calculating upper
and lower bounds on thermal expansion coefficients of isotropit @nisotropic composites can be
found. The developed method is a combination of the complimentary and potential energy
principles, with a procedure of minimizing the difference between upper and lower bounds. The
author approaches solutions analyticalbetween the upper and lower bounds for the CTE, based
2y G(GKS SELINBaarAzy 2F DA6oQa FTNBS SySNHeéesx AYLX SY
the composite, such as bulk modulus, compliance tensor and stiffness tensor. Through the study, the
author discriminates a few cases in which a more exact approach, instead of upper and lower bound,
is possible. For those cases the bounds coincide or are very close to each other.

In the case of a composite material in which the bulk modulus is equaledativer bound, it

represents a case of uniform stress distribution, in which an exact solution is possible through the
Gwdz S 2F aAEGdzNBé owz2aod Ly GKS OFrasS Ay 6KAOK &
bulk modulus is close with the uppbound, the Turnerprediction can be used to derive an exact

solution. The case of a composite material consisting of different phases with the same Poisson ratio

is another one case in which exact solution can be found.

(Hatta, B85) published an article presenting a new analytical approach to study the problem of
thermal conductivity for SFRP, for steady state heat conduction problems. The roots of the proposed
approach are derived from the Equivalent Inclusion Method wisciin analogous approach to the
Eshelby EIM for the elasticity frame. Through the proposed method, a closed form solution can be
achieved, with the formulation being based on a simple algebraic operation. By considering two
types of fibre orientation distbutions (uniform distribution and cosine type distribution), the author
compares results of effective thermal conductivity using different analytical models as a function of
AR, and orientation angle. Results show that thermal conductivity increaseelation tow and
decreass in relation to the orientation angle. Results of thermal conductivity as a function of AR
show that there is a significant dependency between conductivity and ARfor v 1

(Chen, 199@ublished an article in which they studied the thermal conductivity of a composite

material consisting omis-oriented short fibres of carbon or glass, dispersed in a-futeylene

ddzf FARSO YIFIGNRE®D® ¢KS&@ YIRS dzasS 2F Mlodarnda &AY:
characterize the orientation distribution function ofis-oriented fibres.
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Authors investigate in an analytical manner the thermal conductivity response of the composite
material for the steady state condition. The analytical formulation isedaon the mean field

F LILINBF OK 2F a2NA FyR ¢FylF{1l Ay O2ya2dzyOiliAizy oAl
studied thermal conductivity as a function of AR.and fibre orientation. Throughout the analytical
calculationsthe interaction of fibres is considered by implementing the mean stress concept of Mori

and Tanaka¢ KS | dzi K2NB o6l &SR GKSANI OFft OdzA FdAz2ya 2y ¢l
analogous thermal micedJ- NI YSGSNBE |a (K2&S dzaASR o0& TVenkSft oeQa
like perturbed heat flux are introduced into the calculation to represent the analogous perturbed

strain for the mechanical loading problenn addition, the concept of inhomogeneitieshe

equivalent transformation temperature and the perturbed temperature gradient, with which they

connect the Eshelby tensarere used

By implementing a spherical coordinate system, the authors were able to create second order
transformation tensors irorder to consider fibresnis-orientation. The nature of the orientation
distribution in the composite imainlya result of the material forming, but also of the mould cavity,

the melt behaviour of the polymer with the fibres or the geometry of the fibrése orientation
RSyairide FdzyOlAazyz FT2N GKS TFTAONBQa 2NASylGlGA2y>X
using a single parameter which takes values depending on the degree of fibre orientation.

The conductivity of the material is strongly pimdant on the degree of inhomogeneity between

fibres and matrix, on the conductivity of the constituents, on the AR, dheand on the degree of

orientation. Results from the analytical model are compared with experiments from a former
publication of he author and results are found to have an acceptable agreement with lagas2®?o

deviation. The authoronsiders the skin core effect, in which during the process of forming the
composite, all the fibres that are close to the mould walls experience arstieess which force

them to have a higher degree of orientation when compared with the fibres in the middle of the
compositeg KA OK R2 y2i SELISNASYyOS (KS akKSINI aiNBaa 27
very low degree of orientation.

Resuls showan enhancementof the conductivity of the polymeric matrix, especiaiiythe case of
carbon fibres. Longitudinal thermal conductivity seems to have a strong dependency on AR, (AR<40),
in contrast with the transverse thermal conductivity, which msao be unaffected in respecf AR.

The same behaviour was observed in the skin and in the core of the material. For short carbon fibre
reinforced composites, the range of AR=A® shows a significant increase for the longitudinal
conductivity. For bothlongitudinal and transverse directions of thermal conductivity, the
dependency of the property with AR becomes saturated for AR=50.

Dependency of thermal conductivity with was also studied for the range af  Tpht frdhg

as a function of therientation parameter_. Longitudinal conductivity increases with the increase of

@ and also increases for p m The opposite behaviour was observed for the transverse
conductivity in respectof the orientation parameter_. As long as_ increased, tansverse
conductivity also decreased. The effect became saturated above mConsidering that the author
emphasized the importance of choosing the most appropriate process technique. The article
concludes by underlining the strong enhancement on therm@hductivity caused by the two
manufacturing dependant parameters such as AR and fibre orientation.
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(Hua, 2013}¥tudy the thermemechanical behaviour of a metalatrix composite. Specifically, they
investigate properties sicas effective stiffness, the Poisson ratio and the Coefficient of Thermal
Expansion for aluminium 2080 reinforced with SiC particles. The tharauhanical properties were
Ay@SadaAa3ariSrR Fa b Fdzy OliAzy 27F GKS Od&iy andA G dzSy i
orientation.

Analysis of the material and results were obtained by the Mamaka model and FE simulations.
Both cases were compared with experimental results. The FE model was built under the concept of a
representative volume element, by uginan RSA to solve the packing problem and randomly
disperse thirty inclusions of a spheeglinder shape in a square, without any intersection, and by
sharing the same probability of orientation angle. The stress and strain field was obtained by
applying riodic boundary conditions, through a uniform strain distribution of 2%. For the
calculation of CTE, a temperature rise of 180is implied. Results show a very good agreement
between the MT model predictions and FE calculations, but both deviate frp@rienental results.

This may be a result of the numerical simplification as the constant aspect ratio, the idealized
orientation, or the perfect interface between fibre and matrix.

Based on the very good agreement between results from MT and FE, the authors compare the
computational time needed for both cases and emphasise that the MT schenwetligut a
comparison a much faster method. In order to investigate the influence of ipirtstiffness, the
author compares the effective propertiegith respect tovolume fraction, for the stiffness of various
particles. Results show that there is higher sensitivitysfor p 1 Pwith the maximum increase on
growth rate existing ato ¢ 1 land being equal to 36.8%.

The coefficient of thermal expansion and the Poisson ratio decreatberespect tothe volume

fraction and particle stiffness. The influence of AR was also investigated frora2QRwith a step of

5. Results show saturation ¢ine AR dependency far'y pm ¢ KS STFFSO0G A& (1y26y
AKSEN)I fF3¢ 0SKFE@A2dzN) 6KAOK RSaONARoSa GKS f2FR 0
the degree of inhomogeneity. The effect of particles orientation was studied throughVite-

Tanaka scheme. Results show that the effective modulus in the longitudinal direction was strongly
dependent on the particle orientation, in contrast with the weak dependency of the transverse
direction and particle orientation. Effective Poissonaand CTE decreaséth respect tow .

(Annapragada, 2008tudy the thermemechanical properties of an energetic composite material
consisting of particles with various diameters. Thehor investigates the elastjgroperties of the
energetic material using the FE method and the thermal properties using the finite volume method
(FVM) under the concept of RVE. Effective properties such as the Young modulus heat conductivity
and specific heat were examined for 2D RVE and 32 RMe author underlines the computational

cost of a 3D simulation in comparison with the 2D.

For the 2D simulations, two different methods were used. The first method implies the analysis of a
2D RVE with a constaat. The second method uses slidesad8D structure, along a different cross
section. Effective properties are obtained by arithmetic averaging over results for all the sliced 2D
RVEs. Effective mechanical properties, Young modulus and Poisson ratio were obtained by applying
kinematic unifom boundary conditions, in a way that boundary nodes displacement paralleled to
the boundary faces where couple and kinematic degrees of freedom were restricted.
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A homogenization process of calculating the average stress and strain leads to the calodiltiten
effective Young modulus. Thermal conductivity was calculated by imposing a temperature difference
on the boundaries of RVE and by measuring the total heat flux of the material. The constitutive
equation of a steady state thermal conductivity wasedisin order to calculate the thermal
conductivity. Effective specific heat was obtained through a-$tep procedure. First, a heat flux is
applied on the left side of RVE for a specific tevavhile the remaining sides are insulated. During
the second ®p, adiabatic boundary conditions are applied to all walls and the system is allowed to
reach an equilibrium temperature and the specific heat is calculated.

The composite material consists of estane matrix and glass particles in a weight fraction afi®1%

59%. The matrix was modelled as an isotropic material with temperature and strain rate dependant
properties. Glass particles were also isotropic without any dependency on temperature or strain

NI GSd ¢KS |dziK2NJ | f a2 &ediffekeSt RVHISKS wSeFdeRIOpRd addF  w+ 9
convergence was obtained if a requirement of deviation was satisfied. Results show that thermal
conductivity converges faster in comparison with specific heat, or in other words, specific heat
shows higher dependery on the size of RVE when compared with thermal conductivity. A
comparison between 2D and 3D models shows that results follow the same trend without significant
deviation however, the computational cost for 3D simulation is much higher.

(Berger, 2007)nvestigate the thermemechanical properties of unidirectional fibrous composite
material and consider the existence of an interphase between matrix and fibres. A periodic unit cell
of a three phase composite was developed witlirrical fibres in a square packing array and
coated with an interphase materiallhe bonding on the interphase between fibre and matvixs
assumed to be perfect and all the constituents behaved isotropic and linear elastic.

Results are obtained by alying periodic boundary conditions on the surface of the unit cell and by
coupling the kinematic degrees of freedom for all the nodal pairs opposite each other. For each
virtual experiment, boundary conditions were imposed in such a way that only one staqio

strain was not equal to zero each time, and as a result, the corresponding coefficients of effective
stiffness were calculated. Volume average stresses and strains were calculated using a summation
for the local values of stress, strain and volume.

By obtaining the coefficients of effective stiffness, a calculation of the coefficient of thermal
expansion is possible. In order to calculate CTE the boundary conditions imply a kinematic restriction
on the boundaries of the unit cell and a temperatuiifaetence between the two sides. Due to the
temperature differences and the kinematic restriction on the boundary on the unit cell, a stress field
will be induced into the system. With average stress, elastic stiffness and temperature difference
known, the calculation of CTE can be performed. Results show that CTE decrease lvitarly
respectto w, and that the FEM has a perfect agreement with the asymptotic homogenisation
method.

(Annapragada, 20063tudy the effective thermal conductivity of particulate composite through
numerical experiments. For the specific study, the material used for inclusions has higher thermal
conductivity, and is used in order to improve the thermal conductivity of the compaositeerial.
Calculations of the effective thermal conductivity are based on the concept of RVE.
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A random packing algorithm was developed for 2D and 3D simulations. The algorithm was able to
ensure geometric periodicity and a random distribution of #iotersected circular or spherical
inclusions. A temperature difference between two opposite faces while the rest of the faces of the
RVE are insulated. The method of finite volume was used and the total heat flux was calculated.
Results for the effective thermh@onductivity were obtained through a method able to capture the
effect of particle concentration, the degree of inhomogeneity and the particle population in the RVE.

Results for the 2D case are presented for lawand the effective thermal conductiyi of the
particulate composite. A linear relation with and a relatively good agreement withe predictions

of the Maxwell model were observed. For higler v 1 Pesults show a larger deviation frone
predictions of the Maxwell model and are s& to the harmonic mean calculation. The same linear
relation between effective thermal conductivity anal was detected. As reported in the paper, the
distribution of effective thermal conductivity for values af 1 1 1 Pover the degree of
inhomogereity shows a saturation on the contribution of inclusions for values ¢ 1in
contrast, by increasing the volume fraction of the composite, effective thermal conductivity always
increases, with the major variatiasccurringbetweencw ¢ m 1 P

1.4 Experimental approach

Apart from the analytical and numerical approach on the characterization of a composite material,
the most reliable way to obtain data most of the time is an experiment. Even if the cost of
performing a virtual and a real experimentrist comparable, the neefbr experimental results is
more than obviousat least during the initial stage of numerical model development.

An extended study on mechanical and thermal properties of short fibore composite materials has
been completed byThormason, 1996)In the first publication of this seriethe authorinvestigates

the influence of fibre length and volume fraction of a composite consisting of short glass fibres
embedded in a polypropylene matrix. Results are presented for the cases eredifimeltflow
index, molecular weight of the matrix and fibsézing.

Tensile properties were determined using an Instron 1195 according to ISOIRSB{E) and
according to ISO/178975(E) for the flexural modulus. Experiments for tensile and flexooaulus

were executed for a range of fibre lengths, sized fibres and a matrix with two different Ml and
Results show that stiffness increases almost lineailly respect tofibre concentratiorm @ b

A similar dependency between fibre lengthdastiffness was observed, with exception of very

fine inclusions. Samples with a concentration of 60% also show a lower stiffness than the general
trend. This may occur due to fibre packing consideratiansl relatively long fibres, due to the high
concentration, tend to orient out of plane. It was also observed that samples containingfiires!

show no significant improvement in stiffness. However, the effect of sizing was clearly observed for
the ultimate properties.

The molecular weight and MBf polypropylenewere also examined. Results show no sensitivity of
stiffness on molecular weight and MFI changes for the specific laminates. The shear lag model
developed by Cox is used for theoretical comparison. A good agreement between theoretical and
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experimental results was observed, for fibre length T®d& & andew 1 T PThe author reports

that deviation from the theoretical predictions may occur due to several factors affecting the
behaviour of the material such as: the out of plane orientatian increase in cross/er points
between fibres, and also an increase of void content. All the aforementioned factors are related to
the problem of packing a high volume fraction of inclusions with a high aspect ratio.

Experimental measurements of the idocontent show a significant increase for high fibre content

® @ 1 R A recalculation of stiffness using the RoM, including the appropriate correction on the
volume fraction, due to void content, for high volume fraction samples, shows a good agreement
with experimental results. The author concludes by underling the linear increase of stiffness as a
function of weight fraction foro 1 1T PAbove that value, various mechanisms caused by the
packing arrangement are activatednd the increase of stiffneds less. It was also observed that
there is an independency of stiffness with fibre length f& m®d& &, however it must be
emphasised that fibre length is directly related with the packing problem.

In a subsequentwork (Thomasn, 1996)investigate the thermal properties of short fibre glass
polypropylene composite. A heat deflection temperature test and DMA test were performed in
order to obtain the storage and loss modulus and also the heat deflection temperature. Results for
HDT are mitted as a function of fibre content fab 1 T Hor various fibre lengths. According to

the results, if a composite contains high levels of fibres with high AR, a plateau level of HDT close to
the melding point of the matrix is possible, even for lowdilbontent. The author underlines this as
evidence of improvement on the creep resistance due to long fibres or high AR.

The DMA test was also performed in order to study the ability of a material to retain stiffness at an
elevated temperature, specifidgl for high value of HDT. Flexural storage modulus was obtained
through the DMA test and is presented as a function of temperature for various fibre concentrations
for a fixed fibre length. Reduction of stiffness is clear and can be separated in tworstiystion at

the glass transition temperature and further reduction at the melting temperature of polypropylene.
Results also claimed that for high temperature, elevated stiffness can be obtained with high fibre
content.

A comparison of DMA results wiftexural test show a deviation of stiffness for temperatures of

¢ ¢ ;and p 1 tand an agreement with results obtained from DMAcab 3 Results of the flexural
A02Nr3S Y2Rdzf dza Fa | FdzyOGAz2y 27F GSYLISNlefdzZNSE F2N
the moduluswith respect oF A0 NS Qa fSy3adK FyR AYyRAOFGS GKS A
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interval of 0.0912mm.

The glass transition temperatui®’ increaseswith respect tothe fibre length and a comparison of
experimental data with theoretical predictions of the Cox model shgaod agreement. It was also
observed during the DMA tests that samples experience thea#led lofting phenomenon for
temperature above the polypropylene melting temperature. The phenomenon occurs because
during the manufacturing process, the out of plain fibres are compressed and held together by the
polymer. Once the temperature is close to the melting temperature, fibres rtrajghten out and

they may return to their original thickness. The phenomenon was studied in more detail and the
TMA test shows a steep increase in thickness once the temperature is close or above the
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polypropylere melting temperature. The dependency offtlavith weight fraction and fibrdength

was also examined. Results indicate that the phenomenon is more obvious for weight fraction
slightly above 20%. Below that value, loft seems to be independent of fibre length, for values
"Q o p & a. However, forhigher fibre content, the phenomenon is dominant and shows a
strong dependency on fibre length.

Through the TMA test, the iplane and oubf-plane linear coefficient of thermal expansion were
calculated. Results show that both LCTE were relatively iitsensith respect tofibre length, but

in contrast, a strong dependency was observed in respect to fibre concentration. The test was
performed for temperatures between¢ 1 ® §€ 1 1. F0r the whole range of temperatures,-in
plane LCTE decreaserilation to the fibre concentration. A closer loak the experimental data
shows that LCTE can be approached as a constant for fibre content betweed0¥W%ibre
contents below or above this interval exhibit a strong dependency on temperature-ofculane

LCE exhibits a complex behaviour with a peak between fibre content of 2%

A comparison of experimental data with theoretical predictions shows an excellent match forthe in

plane LCTE. Out of plane LCTE was compared with the Schapery model andmwjitoaaed model
LINELI2ASR 0@ (KS | dziK2NX¥» wSadzZ §a akKz2g |+ RSGOAI GA2
with the proposed model. Concluding, the author underlines the effect of void content on the
deviation of theoretical models and emphasises that gaodrelation of experimental data and

theoretical predictions occurs only when the effect of void is considered in the calculations.

In the third part of the studies, regarding the influence of fibre length and concentration on
properties of glass fibre @hpolypropylene compositg;Thomason, 1996nvestigate the strength

and strainat failure of short fibre compositeSlwo series of samples were prepared with variation
on fibre content, fibre length, MFI and molecular weight. Tensile and flexural strain at failure were
examined in respect to fibre content for fibre length values betweerl@rhm.

It is clear from the experimental data that increasing the fibre content results in lowering strain at
failure. This behaviour may result from the increase of local stress concentration points at the
boundaries of a fibre. High stresses at the end ofbeefimay lead to the matrix cracking if the
surrounding material cannot support the load. By increasing fibre content, the number of
concentration points increase and the material fails within lower strains. A contribution to this
phenomenon is due to theatt that longer fibres have the ability to transfleear higher stresses. In
that case, stress concentration will be higher and failure may occur within a lower strain rate.
Evidence of a dependency between fibre length and failure strain was not clear.

According to the flexural test, results seem to converge for high fibre length, to a specific value of
FIAfdZNBE &A0NFXAysS Ffy2ad FT2N) SOSNE FAONBQa 02y dSy
was plotted as a function of fibre concentration afibre length. Results for tensile strengitith

respect to fibre content exhibit a linear behaviour. Tensile strength increases linadrlyespect to

fibore concentration fow @ 1 PIt was also observed that sized fibres show a higher level of

tensile strength. A similar trend was observed for the flexural test. A linear increase of flexural
strength was observed for fibre content up to 30%. For higher values of fibre content, flexural
strength exhibits a plateau. When tensile and flexural strengtplatted over fibre length, it can be

observed that for very short fibres, the strength of the composite tends towards the matrix strength.

As fibre length increase, strength increases, and they experience saturation for lengths above 3mm.
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Samples with igher molecular weight matrix were tested and compared with the previous
experiments. The comparison shows that there is no sensitivity of the tensile strémgttatrix
molecular weight. It was also observed that for tensile strength, increasing the ddreent for
smallfibre length leads to a lower tensile strength. A comparison of tensile strength with theoretical
predictions of the Kell'yson model indicated a deviation on the predictions of elastic critical fibre
length. According to the theoretitgredictions, a much greater value of critical length is needed in
order to obtain 90% of the maximum attainable strengith. @mparison of tensile strength
predictions of the Kelliyson model with experimental results shows a large scatter. This dewviatio
may be a result of the simplifications of the theoretical model, such as: fibre orientation, voids and
distribution of fibre length. The author introduces a correction factor in the equation to consider the
orientation effect and a modification of the éffective fibre length. After the introduction of the
correction factor results from the modified Kelyyson model show an excellent agreement with
experimental data. Concluding, the author emphasises that the tensile strength of short fibre
compositess mainly dominated by the fibres with the same orientation as the loading direction. A
failure of those fibres will lead to material failure.

With their subsequentwork, (Thomason, 2008judied the influence of fibre length and
concentration for injection moulded long and short glass fibres embeddagatypropylene matrix.

The author aims to explain the structupgocessing performance relationship of various forms of

glass fibre polypropylene composites. Long discontinuoilse f composites are regularly
manufactured through the pultrusion process using continuous glass fibres. On the other hand, short

glass fibre composites are mainly produced through the extrusion compounding of chopped glass
fibres. For the specific experBy 1 4> (GKS RAFYSGUSNE 2F f2y3 FyR &K
were betweenp @ ¢ 1t dand short fibres betweep T p X @

Two other variables of the manufacturing process of the two materials involved in this study were
viscosity and temperature.olg fibres polypropylene composites require low viscosity resin,
achieved by high MFI andlesated processing temperaturesshort fibre polypropylene was
manufactured with lower MFI and lower processing temperatures. A coupling agent was added in
the compasite in order to improve the adhesive conditions between fibres and matrix.

Experiments were performed in ambient temperatureqfo awith 50% relative humidity, and for
three different parameters combined: LF19, SFif®l SF14 which stand for long fibrestrwa
diameter of 1$m and short fibres with a diameter of 19 and>M. Results were obtained for
flexural tests, the Izod and modified Charpy impact test, and also the-axigti impact test. Fibre
length distribution and fibre diameter were measured agy image process analysis and optical
microscopy. The dependency of fibre length reductiagth respect to the manufacturing process
and the initial fibre length was studied.

Results of fibre length are presentedth respect to fibre content. Results @l a general reduction

of the fibre length in respect to weight fraction. It was also observed that long fibre composite
asSsSvya G2 0SS tSaa aSyardragsS G2 GKS FTAONBQa tSy3i
This may be due to the differedompound processes of the long fibres and short fibres. Results
TNRY GKS GSyairatsS dSad AyRAOFGS F tAYSIENI NBEFGA2Y
show no significant improvement for long fibres and no important changes for smaller iiaofe
fiores6 A Y ONB | AAy 3 GKS 1aLISOG NrdAz2oe ! I3LAYysS Al KI &
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the elastic properties of the constituents and thbpthe orientation properties of fibres, and that it

is less sensitive to fibre length.rdason that the effect of fibre length does not contribute to the
AYONBIF&AS 2F ,2dzy3Qa Y2RdzZ dza YlIe& o0S GKIG AdG Aa °F
fibersgive slightly lower orientation and the effects cancel each othar

A similar trend was observed for flexural modulus. Results for tensile strength also show an increase
with fibre content.Long fibre compositdas the higher tensile strength. It can be expressed as a
linear function of weight fraction with a threshold weten 4050%.Regarding short fibre samples,
SF14 with a smaller diameter shows higher tensile strength. Results for flexural strength show higher
absolute values when compared with tensile strength, but generally the same behaviour was
observed. Tensile ehgation decreasewith respect to the fibre content, indicating a more brittle
response in higher weight fractions. A steep drop was observed with the addition of fibres and then
a linear decrease of up to 50% weight fraction. Long fibres show a highsitetgoerformance in
general, however regarding short fibres, samples with smaller diameter, show higher tensile
performance.

Notched Izod and notched Charpy impact test were performed. Results are plotted over fibre
content and havea similar trend for loth tests. The comparison between long and short fibres
indicates higher performance by long fibres. Results for short fibres portray that fibres with higher
AR perform better. An impact test for lower temperature was performed and compared with
impact test results at an ambient temperature. Results show a very brittle behaviour att for

short fibre samples, indicating less energy absorption capabilities when compared with the ambient
temperature.

Long fibre samples seem to be unaffected by the terapee. Stress levels of the three materials
were compared for strain values of 1% and 2%. Results indicate that there is an increasing difference
in relative modulus as the applied strain increases. In general, long fibre composites and higher
aspect ratiosamples show higher stress levels. A comparison with previous experimental work by
Thomason and Vlug is presented for various properties as a function of fibre length. Tensile
modulus, tensile strength and impact normalized properties are compared fasfibith lengths up

to 100mm. Results show that the effect of saturation exists for different fibre lengths in each
property. A direct comparison of fibre length, needed to reach 90% of its property performance,
shows that for tensile modulus it is Imm ftensile strength it is 7mm and for the impact test it is
16mm.

In a later work (Thomason, 2002ktudy micromechanical parameters from magnechanical
measurements on glass fibre reinforced polypropylene. A series -Gfag specimens with

w T1ip f o fr 11 bwere prepared and exposed to tensile and flexural load. Data for fibre
length and fibre orientation were extracted by applying a high temperature ashing procedure on the
specimens and a direct measurement of therditbength. Orientation distribution was obtained by
taking systematically optical micrographs across the thickness. The elliptical profile of a fibre on a
cross section can provide useful information for the flrerientation. An average value of
orientation was approximated, and based on that approximation, an orientation factor was
calculated.

Two different composites are compared with and without a coupling agent. Results for tensile
modulus show a linear dependency with fibre content. Increasingviiiame fraction leads to a
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linear increase of tensile stiffness. Results for tensile strength also indicate an inaidasespect
to volume fraction, but in this case the relation is not linear. It is also very clear from the plot that
the coupling agehis a major contributor to the increase of tensile strength.

A similar trend was observed for the flexural strength test in which alimear dependency of
volume fraction with flexural strength was detected and a clear enhancement effect for the
specimens with a coupling agent in comparison with the specimens without a coupling agent. Tensile
elongation at failure was also calculated. Results show high sensitivity for the initial addition of
fibres. For valueso p 1 ba linear decreasavith respect tovolume fraction was observed.
Samples containing the coupling agent exhibit higher elongation at break.

Fibre length after the injection moulding process was also examined through a range of volume
fraction. Results show that fibre length decreases liheaith respect to fibre content. It must be
noted that an increas@ melt viscosity leads to higher bending forces on fibres during compounding
or moulding. This decrease fibre lengthwith respect to volume fraction may be a reasfam the
strength poperties reduction showedwith respect to volume fraction. The author also proposes a
macro approach for determining the micromechanical parameters and dominating short fibre
composite strength. It is clear through the process of calculating micromectgrdacameters that

the method is simple, inexpensive and also appears as an ideal tool for industrial product
developers. By using this maeapproach and by deriving relations from a stres®in curve of the
material, values for the interphase shearesigth can be obtained for the two types of composite.

wSadzZ §a AYRAOFGS GKS AYLINRGSYSydG 2F GKS YIFGSNRL
also a degradation on IF88h respect to fibre content. The improved stress transfer from matrix to

the fibre as a result of the coupling agent has been reported by many authors. Finally, a comparison
between experimental results and predictions of the maapproach indicate a very good

agreement and a serious reduction of tensile elongation in respgttie fibre content. The author

concludes bynderining the significant effect of residual interfacial radial compressive stresses on

the interface shear strength.

1.5 Homogenisation

An investigationof various homogenization models araf multi-phase elastic composites was
carried out by(Klusemann, 20105ix homogenization models were compared regarding the degree
of inhomogeneity as a function of volume fraction. The authors introduce two new approaches, the
Hfective self consistent scheme (ESCS) approach and the interaction direct derivative (IDD)
approach.

The authors summarize the common process of homogenization methods in two steply, Birst
local problem of a single inclusion has to be solved in otdeobtain the local response and
secondly a process of averaging the local behaviour to obtain the global respaiese place
Predictions of the homogenisation approaches of Voigt, Reuss, theasaistent scheme, the Mori
Tanaka method, the Hashim@ Shtrikman bounds and the Lielens method were calculated for
@ T pand for the degree of inhomogeneity T QT
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Results show that there is a bigger deviation between the predictions of various homogenization
methods, as long as is increasig. More specifically, the author underlines the disadvantage of
the MT scheme to predict accurate resultsdor v 11 PThis is caused by the fact that the MT
method treats the matrix material as the one to have the higher concentration in the compasite. F
relatively smalto, predictions for the MT scheme, the setinsistent method and the Lielens
scheme coincide with each other. Results show a strong dependency between predictions of various
homogenization schemes with the degree of inhomogeneitgeerlly for highw .

Results from the aforementioned homogenization schemes were compared with results from FEM
simulations. FEM simulations were developed for a cubic 3D retonature consisting of spherical
inclusions. Linear kinematic boundary ditions were applied and the effective Young modulus was
calculated. A comparison with the homogenization schemestfor p randw 1 1@ Whows

Fy AYONBFAS 2F (KS \&th lespértithc@dhd an agipéAentawithYSER dzb dza
Lielensmodel and lower K5 bound. For constagy 1@ andt p ¢ GKS STFSOGABS
modulus experiences a linear increasith respect to the degree of inhomogeneity, but a saturated
behaviour can be observed for p T

Porosity of the same matial was also calculated foy 1 p, the homogenization schemes, and

@ 1 T ufor the numerical approach. Results show a significant reduction of the effective
. 2 dzy 3 Qa withdRuiztt tizdvoids content. Predictions of the homogenization scheshesv
higher deviation for highet . Concluding, the author emphasizes that the homogenization method
should be checked for its behaviour in the case of a high degree of inhomogeneity.

1.6 Conclusions

Through the aforementioned presented work on the fieldcharacterising the effective properties
of short fibre reinforced composite materialhe section of dominant manufacturing parameters
which affect the respose of short fibre composite was initialoveled. The main theoretical
models developed thragh the years followd, and computational research on composite material
characterisation was then reviewed. Finally the literature review concludes with a refitiae
experimental research and some homogenisation aspects.

Even if the field is weltovered from all the reported aspectdots of effort needs to benadein
order to be fully andoptimally covered. Regarding the manufacturing processaslot of
optimisation need to take place in order to constrain all the dominant parameters of the
manuacturing process becausas it was presented, those parameteexert a high level of
influenceon the macroscopic response of the material.

Analytical and seranalytical models developed through the yegssovide a useful toolfor
material characterisation. It is a cost ineffective process which can lead to very useful conclusions
about the material behaviour. The main drawback regarding implementation of analytical models for
material characterisation is that simple to use modelayninclude assumptions that deviate from

the real nature of material but play a crucial rofematerials behaviour. On the other handery
complicated models may overcome this barrier of assumptions but theyire the implementation

of high level mathmatical calculations. In any casegood analytical model must be charactedse
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by its ability to predict the macroscopic behaviour of a material in a broad range of parameters, to
have a clear physical meaning (indhglall the physical mechanisthat take place during the
YI GSNR I (ad tohB as Githgleas possible to use.

The field of numericatomputational simulations was the last one developeten compared with

the analytical modelling and the experimental characterisation of matefi&iis. is mainly due to the
delay in developing and optimisig numerical methods imelation to software and also the
development and optimisation of high performance computers in orderatcurately simulate
materials or structures behaviour. The main l@rto numerical simulations is the computational
cost needed for an appropriate numerical model and also the accurate development of the
microstructure in order to capture all the phenomenon hapjpgyat a lower scale.

Experimenation is a necessary prose in order to obtain the real reaction of the material without
considering assumptions of the analytical models or errors and uncertainties introduced by a
numerical simulation. The main drawback of experiments is the fact that some parameters cannot
be fully controled during the manufacturing processes armmot be accuratelymeasured during

the experiment.

1.7 Aim and scope of this study

Taking all the aforementioned into consideration the objective of this thesis is to offer a new
approachto the numerical modellingand characterisatiorof short fibore composite. The following
work is based on computational modelling of short fibre composite through a Representative
Volume Element for a variety of parameters that play an important imkbhe mechanich thermal

and thermemechanical effective properties of SFRC.

Of particular interest for this study is the commercially attractive composite caomgisif
thermoplastic polymer and chopped glass fibres. In order to approach the problem of material
characerisation, an indepth knowledge of composite material miesiructure and composite
material responses is needed. Considering a computational approach for material characterisation,
the finite element method was used in order to derive the response ofrtiaerial for various
loading cases.

The direct aim of the project is 1o

1 Create representative microstructures of SFRC cangistf 30% fibres by volume. The
developed microstructures will be used as a tool to study the maweochanical, thermal
and thermemechanical effective properties.

9 Fully characterise the SFRC regarding thermal mechanical and tmeecttanical properties
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Study the influence of

o FOD
o FLD
o AR

on the effective properties.
Study the representative size of SFRC rmitnactures with high degree of
inhomogeneity 6 Qom
Study the influence of FOD, FLD and AR on the size of RVE.

By meeting the previous targets it will be able to create mapping between the effective properties
and the optimum micromechanical parameters. This map will be a tool for designing with SFRC
which will consider changes in FOD, FLD and AR in order toaghpan optimum combination for

the designer. It will be also possible to create a parameters/propesiis mapping regarding the
influence of the aforementioned parameters (FOD, FLD, AR) and properties under study
G B B M B M [ )withthe representative size

In order to fulfil these objectives the following actions are considered:

T

Understanding the limitation and disadvantages of short fibre composite on the
manufacturing process.

Understandinghow the dominant micromechaical parameters influence the performance

of the material and also ways to implement those parameters into the numerical model.
Development of microstructure able to mimic the actual packing behaviour of fibrous
composite materials. The development of naistructure for numerical models plays the
same role as the manufacturing process for the experimental approach. Development of the
microstructure includes all the parameters under investigation.

Creaton of an algorithm able to reproduce random miestructures and able to consider

FOD and FLD.

In line with the previous action for uniform fibre lengéhstudy onthe influence of aspect
ratio on the effective propertieaeedsto take place.

Expose the RVE to various loading conditioftgough the followig chapters mechanical,
thermal and thermemechanical effective properties will be analysed theoretically and
numerically.

In order to consider a statistical study on the results of every UC, a set of realisations need to
be created for each combination parameters and each loading case

Finally a comparison of numerical results with vei/eloped theoretical models is used as

an evaluation of the accuracy of the models.

The generic question of the study is the ability of the short fibre thermoplastterial to fulfil
several structural or senstructural applications. The individual questions of the study can be
summarised as:



44

1 What are the effective
0o Mechanical propertiesd h
o Thermal properties0 b h
o Thermemechanical propdies | h h

of the developed material?

1 What is the representative size of SFRC microstructures?
1 How do the microstructure parameters influence the representative size of the RVE,
regarding:
o Fibre orientation distribution
o0 Fibre aspect ratio
0 Fibre length distribution
1 How the aforementioned parameters influence the effective properties?

1.8 Outline

Chapter 1 provides a background for the mechanical, thermal and themsxhanical
characterisation of short fibre composite material$ie pediction of effective mechanical, thermal
and thermomechanical properties of short fibre reinforced compositesREFhas been a field of
study for various researchers andonsists the main influence for the following chapters.
Througtout this chapter different approaches that have been developed by numercgesarehers
through the yearswill be presented. The chaptebegins by discussing the main aspecfshe
manufacturing processes of short fibre compositehich is a process introduce major factors
effective thebehaviour of the materialThe chapter oentinues by addressing the major fundamental
theoretical appraches on micromechanical analytical modelliflge chapter is separatedtmthree
main sections. During the first section a reviefvvarious analyticabpproachesn the field was
presentedfollowed by a numerical approach and experimental work. Finatie chapter concludes
with a reviewof the homogenisation approach.

Throughout chapte@, various aspects of mechanical and thermal characterization of materials are
discussed. The concept of eigstnains is presented and very basic definitions of bgeneous and
inhomogeneous media are given. The micromechanical definitions of inclusion and inhomogeneity

are presented, as well as the assumption that follows each degree of homogeneity efiéralg
F2NNMdzE (A 2 yvisifthet ds@udsé&d@ad tiey F€ dzSy OS 2F GKS YIF GSNRI §
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macroscopic behaviour of short fibre composite follows. The following section presents analyses of
various moelling strategies. The advantages and disadvantages of various computational
micromechanical approaches are discussed subsequentsection. The chapter concludes with an

analysis and discussion about various micromechanical analytical models. Thesswaiptions of
micromechanical models are presented and compared. In addition, a discus$idhe
micromechanical parameters that each model considers was performed and the influence of those
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parameters are further discussefl.comparisorbetweenthe anajtical micromechanical predictions
as a function of AR takes place for all the properties under investigation.

Througlout chapter 3 the development of the numerical models is presented. Firstly the
development of a packing algorithm is discussed. Ti@n challengesof packing algorithm
development are presented whilat the same time solutions to overcome those problems are
suggested The main thinking behind the algorithm structure is explajnedile the limitations the
advantage and the modifications of the algorithrim order to cover various cases of FO and AR
follow. The main assumptions of the developed models are givéh a discussion on the potential
inaccuracythese will cause. A detailed discussio the conceptof RVEakes place with various
definitions anda report on the length scale assumptions and on the existence of RVE. Therchapte
offers a detailed descriptionf 1 KS 3IS2YSINARO LISNA2RAOA(GE ochad (KS
two dimensional space. The topiof fibre orientation distribution and fibre length distribution are
also discussedvhile the time efficiency of the packing algorithm is presented as a function of fibre
orientation and fibre aspect ratio. Finallhe chapter concludes with a report dhe mechanical,
thermal and thermamechanical applied boundary conditions.

Chapter 4 consistofa report on computational homogenisation processes. Througthe chapter

a definition of hanogenisation approads is givenwhile the main homogenisation ethods are
presented. An extenel discussion on the formulation and on the main assumptions of each
homogenisation method took place. Advantages and limitatioheach methodare also discussed.

The requirements of using a homogenisation method are pregknwhile various schematic
representations of the method are given. A report on tmacrohomogeneitycondition is given
while the properties under investigation are further discussed. For all the presented homogenisation
approaches the one which will hesed is further explained by addressing in detail the formulation of
the method in each step. Finallhe chapter concludes with a report on the representative element
approach anan the implementation of the ckhéquare test.

Througtout chapter 5 resus from the developed numerical models are presented. The chapter is
separated ito two sections whichrefer to uniform fibre length and fibre length distribution. For
both sections results are presented as a function of the parameters under investigatsnlts from

the chisquare test are presented first in order to clarify the representative siaesl as a
consequence the valid results. The fifth chapter concludes with a direct comparison of the
representative results with various theoretical modatsa function of the aspect ratio.

Chapter 6 includes all the conclusion rekm Thischapter discusses all the resutichapter five in

a qualitative and quantitative manner. Useful conclusioan be made regarding the representative
size of such anaterialand howit is influenced by different parametersisé the combinations of
parametes that influence the representativeness of the matermle under investigation The
quality of the effective propeit values is discussed and the importance of combining the
information included in the results with the information included in the-stpiare test was
addressed. Finallyhe chapter concludes with a discussiohthe comparison of numerical results
and theoretical predictions and the main reasons for any deviations.



46

2 Mechanical and thermal properties z characterisation of a SFRT
composite

Throughout the following chapter, various aspects of mechanical and thermal characterization of
materials are discussedrhe concept of eigestrains is presented and very basic definitions of
homogeneous and inhomogeneous media are given. The micromechanical definitions of inclusion

and inhomogeneity are presented, as well as the assumption that follows each degree of

hom2 3SySAdéed ¢KS ISy S Nlais firthelsdrisded an@thfe infiuEncd o thel S Q&
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section presents analysed various modelling strategieand the advantages and disadvantages of

various computational micromechanical approaches are discussed. The chapter concludes with an
analysis and discussion abotarious micromechanical analytical models. The main assumptions of
micromechanical models are presented and compared. In addition, a discussion on the
micromechanical parameters that each model considers was performed and the influence of those
parametersisfurther discussed.

2.1 Material homogeneity

Througtout the introduction and the literature review, at various instanct® reinforcing agent

was referred to as inclusions. The term inclusion has a specific meaning once the scale of
observation or the description of the mechanismwgh respectto the micro scaleln order to
accurately distinguish the differences of arclusion with an inhomogeneity, it is crucial first to
present definitions of eigestrain and homogeneous, inhomogeneous material.

A homogenous material is anything made of matter that is uniform in composition. More
specifically, a material issaidtéb K2 Y23Sy S2dza AF GKS YIFIGSNRLFf Qa St
all points of the body. An inhomogeneous material is any material which has elastic properties which

are not the same for every point in the material.

2.1.1 Inclusion zinhomogeneity

The termeigenstrain is relatively new and is a generic name first reported in the literature by a
German engineerd. Reissnerin 1931 in a study regarding residual stresses. The concept of using
the eigenstrains method for further micromechanical analyses basome more popular since
1957, when Sir Douglas Eshelby presertisdwork referring to an analytical solution of the stress
and strain field for an ellipsoidal domain.
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This work inspired a great number of scientists to apply a different appréactieveloping
micromechanical models for material characterisation. Thrawghhis original work, Eshelby
referred to eigenstrains as stress free transformation strains. This definition is a result of a process
within the material, observed to have streBge transformation strains. Such a process may be a
phase transformatioron austenitic alloywhich will lead to a strain field. However, those strains do
not result through a stress field appliet the material, but are a result of phase transformation.

In a slightly different context, however with the same basic id€mnerintroduces the term of
GSEFAaGAO LRt NRALFGA2Y éstraiksy of & NdSmagerie@us polgrysiiNI (2
deformation. A similar term for the use of residual stresses @&i&sfrom engineers in order to
describe the seléquilibrated internal stresses when they remain in materials after the
manufacturing process.

N

In general, eigesstrain is a name for neelastic strains which may exist due to misfit strains, initial
strains, plase transformation, plastic strain or thermal expansion. The-expliflibrated internal
stresses, caused by the aforementioned eigémains, on a body free from external force or surface
constrains, are called eigenstresses. The incompatibility of esigaims is the reason behind the
existence of eigenstresses. Generally, any type of strain which exists in a material in the absence of
an applied stress field can be treated as eig&ain. An inclusion is defined as a sddmain where
non-vanishing eigesstrains dominate, while in the rest of the domain eiggmins are zero. The
surrounding domain is called matrix. It must be emphasised that the inclusion is defined only when
the elastic moduli of the subdomain/inclusion are the same with the surrogndimmain/matrix.
Figure2.1 shows a bounded sutegion K of a homogeneous region L.

Figure2.1 A bounded inclusion ananinhomogeneity

The subdomain is called inimmgeneity when its elastic moduli differ from the elastic moduli of the
surrounding domain. As reported ijura, 1987) for an inhomogeneous swdtomain a uniform
applied stress at infinity is not uniform at the neighbourhood of the subdomain. However, this stress
disturbance due to the inhomogeneous sdbmain can be approached by an eigeress field
caused by an inclign, with the proper selection of eigestrain. Further discussion takes place in
the following paragraphs.

2.2 Material symmetry

For designing purposes, or during the manufacturing process, composite materials are keen to
exhibit an anisotropic behaviour. then becomes crucial to discuss the general expression of

l 221S5SQa fFogd ! OO2NRAYy3I (2 GKS adiNHzOGdzNBE 2F GKS Y
2F GKS YFGSNAREFE OKFy3ISa FyR GKFEG KFEa I NBFESOUA



48

elasticity, the constitutive equation relating stress and strain, under the condition of infinitesimal
aYlrftf adGNIAYyS AaEquatibh2iSRLINBAAG2 |1 SRA1SQHFPI L6 Ay |
law is a linear equation which relates stresses to strains by a constant tensor.

” o - Equation2.1

For the above equation, stress and strain are second order symmetric tensors. Strain tensor is
defined through differentiation of the displacement field, while the displacement field can be seen in
Figure2.2 and expressed througBquation2.2.

Figure2.2 Displacement vector defir
between” and¥

ow + B Equation2.2
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Under the concept of continuunmechanics, stresses can be expressed as the internal forces
reacting for an infinitesimal volume of the material, when it is subjected to an external force. Stress
has a physical meaning of force over the cross section area and is fully defined by é cetmn
symmetrictensor as proposed by Cauchyeapressed ifEquation2.5.
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” T
. ” ” " t ” t Equation2.5
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The tensor relating linear elastic strain with stresses is known as the elastic stiffness tensor and
since stress and strain are symmetric second order tensyrsiefinition the fourth order stiffness
tensor experiences minor symmetigguation2.6.

o} 0 o} 0 Equation2.6

For the elastic medium under discussion, a potential function is assumed which sdgtiatlon
2.7. CombiningEquation2.1 and Equation2.7, the fourth order elastic stiffness tensor can be
expressed as slwn inEquation2.8.

” — Equation2.7

0 S —— Equation2.8

Since the order of differentiation is irrelevant, tlegistenceof Equation2.9 can be prova. What
Equation2.9 stated is called major symmetry on the elastic stiffness tensor.tDtieat property of
the potential function, it can be shown that the fourth order elastic tensor has a major symmetry
and that the inverse tensor exists and is also symmetric.

0 0 0 0 Equation2.9

The inverse tensor is known as the compliance terisquation2.10.

Y 0 Equation2.10
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In general, a fourth order tensor consists of 81 constants, however, for a fully anisotropic material,
only 21 out of the 81 are independent. The remaining 60 components of an anisotropic stiffness
tensor can be expressed adumction of the 21 independent constants. Due to the major symmetry
of the elastic stiffness tensor, as expressetquation2.9, the total number of elastic congtés is
reduced to 36. A fully populated elastic stiffness tensor is showexpression 2.1while 2.12
definesthe same equation in a contracted notation form.

é,C1111 Ciz Ciiaz Ciip Cuizs Cuyy Cip € 143 C 4
gCZle Coz Coss Comy Comg Cpat € 00 € 555, C 5
écsall Caso Casss Cazy Cagg Coazgy € g3y C 335, C on
:C1211 Cir Cuias Coiop Cuss Cios1 G Ciagy Coaag

2C2311 Coro Cosss Cozin Cosy Coaat Cogn Cozap Cogyy 211
G:C3111 Cao Caizs Car Caizy Caizr Cain Caigy C oo
gClel Coze Cass Cony Coizp Coia €y € 515, C o
écszll Ca Cas Cany Canay Cogpar € g0 C 305, C o
o Cair Cazs Caip Caim Caiz Caimn C 313,Caia

Contracted notation is also known as Voigt notation and it is a way of representing a symmetric
tensor by reducing its order. There are a few variants on the process of contracting indices, coming
from different researchers, however the approach differdyoon the certain weights attached to

the selected element of the tensor.

é,Cll C, Gy Cu Cy Cp

gczl Cp Cu Cy Cp Cy

éC31 C Gy G Gy Gy b 1o
éczu Cp Cu Cu Cpi Cy .
Csi G Ci3 Gy Cyy Cog

€Cor Coo Cos GCo Cos Cg

During the following paragraph, an explanation of material symmetry will take place with @furth
report on the reflection of material symmetry on the elastic stiffness tengde. assume that an
elastic mediumis reported with respect totwo coordinate systemschofo and a second
coordinate system & hi fro , Figure 2.3. Symmetry of the two coordinate systems must be
reflected on the symmetry of the material structure. Directions towards the principal gibe two
O22NRAYIF (S adagdadsSya Ydzad KIFIgS GKS alyS Stradao
for the two coordinate systems.

LJi
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Figure2.3 structure and material
coordinate systems.

Anisotropic elastic materials exhibit a degree of symmetry within their structure, which is reflected
on the symmetry of elastic properties. Due to that symmetry, many of the elements of elastic
stiffness vanish or are simply related to others. Beginning with the higher degree of anisotropy, a
triclinic material, as shown iEquation2.13, has a fully populated elastic stiffness tensor with 36
constantsof which 21 are independent. A solution to such a problem is not trivial and is needed for
mono-crystal triclinic systes. Such a material has properties that change drastically with the

orientation.

é,Cll C, C3 Cu Cy Cp
gCZl sz Czs C24 C25 C26
Lo Ci Cu Co Co Cy Equation2.13
: s Ci Ciu Cuy Cu Cy |
s G G G Cs G
€Co1 Coo Cos Co Co Cos

A step higher in elastic symmetry is the monoclinic material. A monoclinic imlabers a plane of
symmetry, and every direction in the media which is symmetiib respect tothe symmetry plane,
has the same properties. For a monoclinic material the elastic stiffness terysantially populated
with 20 constants fronof which 13 a@e independentEquation2.14.
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A material which has two vertical planes of symmetry which impose the existence of a third vertical
plane is called orthotropic. It can be shown that if two orthogonal planes of symmetry exist, there is
always a third orthogonal plane of symmetry. Singlle composite materials show an orthotropic
behaviour. The elastic constants of the stiffness tensor are reduced toofLZyhich 9 are
independent,Equation2.15.

eC, C, GCg

é-12 Cp Gy

gcm C23 C33 Equation2.15
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An elastic media with an axis of elastic symmetry is called transversely isotropic ma&tquation

2.16. An axis of elastic symmetry is the one with the entire vertical directtastic equabnd every
vertical on the elastic axis plane has isotropic properties. It is obvious that the transversely isotropic
material experiences a higher degree of symmetry and that is reflected in the elastic stiffness tensor
as 12 constants with 5 of them inpendent.

e(:ll C. Cp

é-12 C22 Czs

écﬂ Csx Gy

é (C,,- C) Equation2.16
¢ 2
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The highest degree of symmetry exists in isotropic materials. Elastic media in which all the directions
are elastically equal is called isotropitguation2.17. Isotropic material has an infinite number of
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planes of symmetry, meaning that the properties are independent of the orientation. For an
isotropic material he elastic stiffness tensor has 12 elements with 2 independent constants.
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Througlout the previous subsection, the concept of material symmetry was discussed. The
reflection of material symmetry on the elastic stiffness tensor was presented for the cases of
triclinic, monoclinic, orthotropic, transversely isotropic and isotropic materials.

As reported byNye, 1949)this symmetry can be summarised as: for a material element and for its
physical properties, every material symmetry transformation of the material element is a physical
symmetry transformation of he physical property. Also, the definition of inclusion and
inhomogeneity was given as defined in micromechanics. The definition of inclusions and
inhomogeneity was defined through the concept of eiggdrain and eigenstresses. Clarification of
the aforementioned definitions and concepts was found necessary due to the following analysis of
micromechanical modeland due to the assumptions on material symmetry for the numerical
models.

2.3 Dominant parameters affecting the macro -mechanical behaviour of
SFRC

The mechanical and thermal performance of a short fibore composite is strongly influenced by various
parameters mainlyoriginating from the properties of the constituents and the manufacturing
processes. Throughit the following subchapter those major fact@r are described and analysed.

Also, what influences those factors is dis@gsand useful conclusions about high performance of
SFRC are presented. A general discussion and details on the physical and mechanical properties
which are influenced by these naoajfactors will take place during the following chapter.

A strong disadvantage of pure polymer structures is their low strength and stiffness in comparison
with traditional engineering materials. On the other hand, pure polymeric structures have numerous
advantages that render their implementation in structure applications necessary. In order to
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overcome this difficulty and make use of the strong advantages of polymeric structines,
introduction of reinforcing inclusions is needed.

The rapid engagemenof reinforcing inclusions in the polymeric structures is a result of the
manufacturing process. Without huge difficulties, injection moulding methods and extrusion
compounding methods were able to manufacture reinforced polymeric structures, and also the
manufacturing time is muckhorter compared with manufacturing continuous composite materials.
High performance short fibre composite materials can be obtained if the major factors affecting
their performance are satisfied. The major factors that play itical role in determining high
performance short fibre composite materials are:

Physical and mechanigaloperties of fibres and matrix.
Characteristicsf fibres and matrix interface.

Fibre lengh distribution or aspect ratio.

Fibre orientation distribubn and

Volume fraction.

=A =4 =4 4 =4

It is then crucial for any micromechanical analytical model to include information about those
factors. However, not all the parameters have the same influence for every property under
investigation. It is important then to clarify the influence of eveagtbr for the properties under
investigation.

2.3.1 Physical and mechanical properties of fibres and matrix

Througtout the following paragraphs some of the main properties of fibres and matrix materials will
be analysed. Physical properties as dimensiorssfddment or a tow are presented among with
mechanical or elastic properties fibres and matrices. The suiapter is divided into two sections.
The first section refers to properties fibres and the seconckfers to theproperties of matrix

materiak.

2.3.1.1 Fibres

Fibrescomprisethe main reinforcing agent for advanced composite materials. Production of fibres

for commercial purposes started 1931 with glass fibredut the advanced fibres for structural

applications were developed the late 1950s dér boron fibres andhe 1960s for carbon fibres.

Advanced fibres have the characteristic of high specific mechanical properties. The term specific
YSOKFYAOFf LINRPLISNIGE NBFSNA (G2 GKS NIGA2 o0S0G6SSy
strength etc.)over density. Some of the most common fibre materials and their filament size can be

seen inTable2-1.



55

Table2-1 Common fibre material and their filament size.

Fibre type Filament size'( 0 Filament per tow
Glass fibre 6-14 2000
Kevlar 12 1000
Carbon AS4 8 12000
Carbon IM8 5 12000
Ceramic Nicalon (SiC) 15 500
SC$S (SiC) 20 1

As can be seeim Table2-1 fibres exist in towgomprised ofilaments which vary in diameter. The

micro size of filaments and the population of them in a tow resudt very flexible fibre. The main

type of fibres will be presented with emphasis glass fibres as the material under consideration.
Figure2.4 shows amap of materials placed in a position indicating their specific stiffness and specific
strength. Materials placed in tHewer leftcorner are characterised by low specific stiffness and
strength. On the contrary materials placed towards thp right comer are characterised by high
specific properties.
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o IM8
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© Boron
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O Sapphire © r
O Nicalon
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o FP Al
1 8 Metals
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Elp

Figure2.4 Specific stiffness and specific strength for variot
engineering materials. Adapted by D. Hull
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2.3.1.1.1 Carbon fibres

Carbon fibres are widely used in advanced lightweight structliesse g&e mainly produced by a
chemical decomposition, hegtontrolled pyrolysis of a precursor material. The precursor material
can be Polyacrylonitrilgayon or petroleum pitch. The amufacturing process involves heat
treatment of the precursor materidab a temperature range betweep 1 TLIE & 11 T8 T For the
first two cases of precursor material the start point of the manufacturing process is textile fibres. A
schematic representation of manufacturing carbon fibres can be seEigime2.5. Filaments of
carbon havea diameter that rangefromt p ft dand tows consisbf betweenc T TWIE @ T T 1T TU
filaments. A tow is what is knowasa carbon fibre. Carbon fibres are flexible with elevatedrstgt
and strength properties.

PAN process iz

Carbonize [P Graphitize =5

. -

Stretch El 7777777 -'/lf,-r’j r _] [ - j

Pitch process Oxidation / Stabilization
(multiple ovens)

O R

Spool Sizing Surface treatment

Figure2.5 Schematic representation of manufacturing process of carbon fibres. Adapte
B.T. Astrom.

2.3.1.1.1.1 Manufacturing carbon fibres

The process of manufacturing carbon fibres starts from drawing and oxidizing the filares at
temperature belowr 11 1T The purpose of that step is to ensure that the material will not rimelt
the subsequensteps of the process. During the first step drawamgl oxidizing may occur
consequently. Fibres then undergo heat treatment at temperatures aljovertia the absence of
oxygen (a process known as pyrolysis) in order to removecadomon elements. Generally common
carbon fibres consist @f 1 w v f carbonwhile graphite fibres, which are also carbon fibres,
consist ofw w arbon. The following steps involve carbonization and graphitization of filbres a
temperatures above 11 1 TIBUring the process of carbonization and graphitization further drawing
may occuiin order to reacta higher degree of orientation for the fibres. The last steps involve
surface treatment and sizing of the fibres. The properties of fibres mainly depend on the €arbon
carbon bonds between the graphene layers and the orientation of thegss.
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2.3.1.1.2 Boron fibres

Boron fibres are produced by chemical vapour deposition (CVD) of boron on a tungstehheore.
diameter of boron fibres rangebetweenc ¢ 1 ' TTAwith an average diameter @f T ‘1t& Boron

fibres are characterised by a brittle beheur with low flexibility. Boron fibres consisttwo

different materials and can be seen as a composite system. As a result of the two materials existence
during the fabrication coellown process, residual stressegsedue to the mismatch of coeffiant

of thermal expansion. Boron fibres are characterised by elevated strength and stiffness properties.
Usually they are not used in combination with polymer matrices but they are usually combined with
metal matrices.

2.3.1.1.3 Aramid fibres

KevlarAramid fibres a@ organics fibres produced by mapun of a liquid polymer solution. Kevlar
fibres are available in four grades. Kevlar&Bich is a special type of Kevlar exhibiting high
toughness properties, Kevlar 49 and Kevlar 149 which are Kevlar fibres witmkiigitra-high
modulus. Kevlar fibres were firgttroducedin the early 1970s as a reinforcement in automobile
tyres. Aramid filaments have relatively low diamet& (p ¢ & due towhichthey have a very
flexible behaviourThey consist of radially emged crystalline sheets and as a consequence they
behave highly anisotropadly. Aramid fibres have high strength properties on tension but low
LISNF2NXYIF yOS 2y 02 YLINE A& a A Jifis avielkddwnanat&rial lfoy/itR
ballistic propertes- the ability to absorb energy.

2dzy 304

5

2.3.1.1.3.1 Manufacturing of aramid fibres

Theraw materialfor producing aramid fibres is polyamide which is a liquid crystal polymer (LCP).
The solution spinning proce&s producing aramid fibres starts by dissolving polympewder in
sulphuric acid anéxtrudingthe product through small holes gt 1T &t a speed rate ofi® @a fi.
Fibres then pass through a water bathpoB in order to solidify. Most of the time aramid fibres do
not need any surface treatment due to their ductile behaviokiigure2.6 shows the repeatingnit

of a Kevlar material.
0 0
- c-T N-
H

H

Figure2.6 The repeating unit of
Aramid fibres Adapted from H.H.
Yang
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The advantages of Kevlar fibres are their improved toughness properties and damage tqleeayce
good mechanical properties and relatively high temperature tolerance, good corrosion resistance
and good electrical properties. Major disadvantages of aramid filrethat it is an expensive
material, relatively sensitive to moisture and also doeg extensive toughness propertigss very
difficult to do any machining process with it.

2.3.1.1.4 Glass fibres

Glass fibres have the highest percentage of use for discontinuous fibre composite materials. Due to
their inexpensive process of production, theogl physical and mechanical properties they exhibit
such as high strength, high stiffness, low specific weight, good chemical resistance and good
insulation propertiesglass fiboregompriseover 90% of the fibres used in short fibre composite
polymers. Tiey were first commercially released in 1931 from a company in lllinois but the first glass
fibre was produced back in 1893.

Nowadaydifferent types ofglass fibres exist in the marketfor ufse different purposes. Despite

that the majority of glass files are silica based structureé¥{Q2), which exists as a polymer, with
additivessuchas oxides of boron, sodium, calcium, aluminium and iron. Glass generally exists in an
amorphous structure or with a small degree of crystallinity after a{pestufaduring process. The
atomic structure of glass is what defines the elastic properties and strength of the mafégiale

2.7 shows a typical examplef a tetrahedral bond of silica with oxygen at the corners.

Figure2.7 A typical example of a tetrahedr:
bond of silica with oxygen
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Tetrahedraktructuresare connected together by sharing the oxygen at the corners. In such a way a
3D network structure is developed@he &istence of elements liké ¢&@ i0 Gon the corners of the
tetrahedral structure tends to improve the formability of glasg they have a negative contribution

on the stiffness and strength of the material because they tend to break up the network by forming
ionic bonds with oxygen atoms.

The main types of glass fibres are:

 EglassThisdéa (KS Y2ad O02YY2yaiikRyJa 272 Nt & REAPO GNA OF f
material has elevated electrical and weathering properties. It also ezlgibdd strength and
stiffness. It consists of alumirmorosilicate glass with less than 1% (Weight fraction) of alkali
oxide.

stands for corrosion andomparedwith Eglasst has better corrosion resistance but lower
strength. It consists of alkdlme glass withka high bororoxide content.

f SglassThisa G KS Y24 SELSyairdsS (e&L)S 2dgassTifrdsaad a{ ¢
KIS KAIKSNI aGNBy3IdKZ GSY LIS NghéhdaoddsaredhBeEA a G Yy OS
glass and §lass fibres. It consists of alumina silicate glass aliighd "Qlcontent.

2.3.1.1.4.1 Manufacture of glass fibres

Glass fibres are produced by extruding a melt of silica mixed with other oxides, through holes in a
platinumalloy plate. Holes have a diameter betwes® o0& & & and areusuallyextrudedin the
thousandsFibres are drawn & linear velocity ofp 7 7i and the final diameter of the fibres
depends on the sizef the hole the viscosity and temperature of the mgthe cooling rate and the
drawing velocityFigure2.8 shows the basic concept tfe glass fibre manufacturing process.
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Figure2.8 Glass fibres manufacturing process. Adapt 2.3.1.2 Matrix
from Michelman materials

Matrix is the constituent used in composite materials which masagold the reinforcing agents
(fibres) together and also transtethe load through shear stresses on the interface to fibaesl

last but not leastit protectsthe reinforcing agents from adverse environmental effects. More than
that matrix is the constituent of a composite which is respondiig@reventingany buckling of
fibres in compression and aléar transferring the load to surrounding filas in the case of individual
fibre fracture. The dominant materials used as matrices are:

1 Polymers
1 Metals
9 Ceramics

Thouglout the following subsection the three main types of matrix materials will be presented with
emphasis on the polymer matrices.

2.3.1.2.1 Polymers

For composite materials, the matrix is usually a polymer, however, different materials are used
depending on the application. The term polymer comes from the Greek language ands mean
G Yl-§d8zh £ RA Y, And ceferd 0 tha ¥epeating unissionomers é a macromolecule or a long
chain. A polymer ighe result of a process called polymerisation. Polymerisation is a process
whereby monomer molecules react together in a chemical reaction to form a long chain of a
network molecule. Polymers are highly maléar weight compounds consisg mainly of carbon

and hydrogen atoms connected together Ilpyimarily or covalent bonds.Figure 2.9 shows a
configuratbn of polypropylene whil&igure2.10 shows a conformation of polyethylene.
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Figure2.9 A configuration of polypropylene
structure.

H
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Figure2.10 A conformation of
polyethylene structure.

Polymers macroscopic behaviour is strongly influenced by the configuration and conformation of the
molecular structure. This dependency can be ascribed to the relative mobility of molecules which

can be on the intramer structure, on thetramolecularstructure or on the intermolecular structure

of the chain. In the firstcagbe LI2 f @ YSNR & LINPLISNIASa NB adaNepy3afte |
elements presented and the kind of bond between them. In the second case macroscopic properties

are influenced by theokation of the functional groups in the polymer chain.

Most polymers have an amorphous structure but sometimes a degree of crystallinity may occur with
an amorphous phase. In the case of gradual heating the amorphous phase of the polymer will always
melt before the crystalline region. This happens mainly because crystal structures consume more
energy in order to dislodge the molecules. This procesadsthermic The abilityto changephases

from solid to liquid and back to solid happens because mairlysectondary bonds (van der Walls
bonds) act between the molecules. A polyneghibitingsuch behaviour is called thermoplastic.

In general there are two maifamilies ofpolymer thermoplastic and thermosets. Thermoplastics
are polymers consistg of long molecular chainkeldtogether by secondary bongghich is the
reason that they can meld and solidify theoretically infinite times. Thermoplastic polymers usually
havean amorphous structureespecially in the case of irregular and stiff molecules stmagc On the
contrary, in the case of regular and flexible molecular structures, thermoplastigmerstend to be
partially crystalline. The degree of crystallinity can be controlled through the coolingusteythe
manufacturing procesd.able2-2 shows some of the main thermoplastigsed in structural or semi
structural applications.

Table2-2 Main commodity thermoplastics for structural applications

Material Density , 2dzy 3

. Modulus
0 "da
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(GPa)

Nylon 6.6 1.1-14 1.42.8

Polypropylene 0.9 1.014
PEEK 1.261.32 3.6

Behaviour of thermoplastiosith respect tothe temperature depends on the degree of crystallinity
and the molecular weight of the polymer. Amorphous thermoplatgad to experience the glass
transitionat lower temperaturesvhen comparedvith semicrystalline thermoplastig, since
crystallinityworks as a barrieto the polymer meling. In the same way thermoplassiwith high
molecular weight tend to need higher temperatures in order to lose their secondary bonds.

Glass transition temperature is defined as the temperatatre’hicha region ofrapidloosening of

the secondary bonds take plaeed relatively large segments of the molecules gain extra kinematic
degrees of freedom. Between the glass transition temperature and melt temperature amorphous
thermoplastic seems to experience what is kmo as rubber plateau. Rubber platealaisehaviour

of amorphous thermoplastics in which the material does not experience any stiffness degradation
but deformation occurs as a result of molecules sliding past one another.

As a generic netit must beemphasised that amorphous thermoplastics tend to shrink much less
than semicrystalline thermoplastie This happens mainly because there is no crystallisation during
the solidifcationstage and so molecul@® not changeheir structure dramatically. Ithe case of
amorphous thermoplasti molecules keep a random position. This has as a result a very good
surface finish for thermoplastic structures. On the other haihe existence of crystallinity in a
polymer improvethe resistance to solvents, mairthgcause regions with crystalline structures
prevent dissolution. Alsarystallinity improves creep resistance and stiffnedgsilst atthe same

time reducingpropertiessuchas toughness and ductility. As reported(Bystrom, 199Fan optimum
percentage of crystallinity in thermoplastics is abqutt o v b

In the case of thermosets polymers, initially they consist of long molecules connected only with
secondary bondsdthough the presence of carbecarbon double covalent bonesultsin

solidification of the polymer resin. As long as these intermolecular bonds cannot be broken without
breaking the intramolecular covalent bond, thermoset polymers cannot melt. In general thermosets
polymers consist of amorphous structures.

Initially thermoset resins are in a liquid form. By initiating a chemical reaction crosslink d#@nd
created between neighbouring molecules. At the end of this process an enormous three dimensional
network is created between crodmked molecules. The pross of crosslinking neighbouring
molecules is an exothermic processainly becausd leadsto lower energy state into the system
comparing with the random structure of molecules in the initial liquid form. On the contrary with
thermoplasticsthermosetsexhibit a different behaviouwith respect totemperature. Due tdheir
amorphous structure thermosets have an extended rubber plateau and never melt once covalent
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bonds hold the three dimensional chain together. Further agapionof heat on a thermoseuvill
lead toacharred carbon structure. The main thermoset resins used for composite structures can be
seen inTable2-3.

Table2-3 Main thermoset resins used for composite structures

Material Density ,2dzy3Qa a
0 " (GPa)
Epoxy Rsins 1.1-14 3-6
Polyesters 1.215 2.04.5

2.3.2 Characteristics of fibres and matrix interface

As reported while analysing the contribution of fibres in the previouschapter, fibres are also a
source of crystallization for the matrix. The region defined betwierfibre and matrix is callethe
interface. The general definition of an interfaces reported by(Fu, et al., 2009)is a boundary
demarcating distinct phases such as fibre and matrix.

An interphasemay be a diffusion zone, a chemical reaction zone, or the bounds between two
polymersin a polymer blend. The role of the interface or interphase is very crucial for properties
such as strength or toughness. It does not affect properties such as the elastic modulus because the
modulus is calculated under the assumption of infinitesimal sssaiasulting in a perfect interfacial
bonding which can be assumed without losing any accurattye calculations. In contrast, once the
material is loaded over the elastic region, elevated stresses in the matrix must transfer to the fibres
otherwise thecomposite will fail from high stresses in the matrix. If the interface is not strong
enough to transfer stresses to the fibre, the composite will show lower strength and probably a
matrix failure, or a ddonding mode of failure.

Interface can be improvkby adding any coupling agent in the composite. This will positively affect
the interfacial shear stress and will result in a higher stress transfer degree. The interfacial shear
strength, and as a consequence, interfacial bonding, are directly relatedhad is known as critical

fibre length through the shear lag model. Definitions and further details about critical length will be
given in thenext paragraph.
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2.3.3 Fibre length distribution or aspect ratio distribution.

Through the following chapter two verynportant micromechanical parameters for short fibre
composites will be analysed. The influence of fibre length and fibre orientation on the macroscopic
elastic behaviour of discontinuous fibre composites will be examined. The length of a short fibre
composite is a result of the manufacturing method. During the two main methods of manufacturing
short fibre composite, Injection moulding and extrusion compounding, certain length degradation on
fibre takes place due to the elevated temperature and the higbaststresses developed through

the melding and compounding procedsigure 1.3 shows the degradation of fibre length as a
function of flight number fothree different screw designs.

Another reason for fibre breakage during manufacturing is the high viscous resins. When a high
viscous polymer is injected with fibregdna mould, there is a high possibility that fibres will break
due to the high sheastresses developed from the viscous polymer. As observed Figorel.3 at

the end of this manufacturing process, fibre length undergoes a seriagrsdation. The final length
distribution of a short fibore composite is a parameter dependant on various manufacturing factors.

As reported by Fu et al. and by Thomason et al. these factors mainly include the fibre content, the
processing condition, matrixiscosity characteristics and the nature of fibres. During the
manufacturing process the most common reasons for a fibre breakage arefifibeeinteraction,
fibre-matrix interaction and fibre in contact with the surface of the manufacturing equipmenias
observed by Fu et al. that with the increase of fibre content, fiilvee interaction increases and
causes more damage to the fibre and leads to lower mean fibre length. Mean fibre length is
inversely proportional to the fibre content. Reductionfiifre length with fibre content can be seen

in Figure2.11 as it was reported byThomason, 2002)
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The literature reports that a direct relation between fibre length and mechaipibgsical properties
exists. In order to accurately study the influence of fibre length in the elastic properties, the strength
and the fracture toughness of a short fibre cposite- an accurate measurement of the fibre length
need to take place. The most common experimental way of fibre length measurement is direct
measurement through resin burnout. Fibres are collected after burtiiegesin and dispersed in a
solution wherdy a direct measurement can take place, usually through an image analysis method. It
is crucial to use the appropriate tools in order to define a probability density function which
describes the length distribution of short fibres.

Various characteristicef the fibre length distribution can be defined for a probability density
function"Qd, between fibre lengthad &€ 'Qdand a cumulative distribution functiofOa for the
probability that the fibre length is equal or less than a specific lengtfiFu, 1996)propose a
relationship between probability density function and cumulative distribution function as shown in
Equation2.18 and Equation2.19.

"Oa "QuQw Equation2.18

QwQw p Equation2.19

Short fibre length distribution can be described by a two parameter Weibull distribution function, as
shown inEquation2.20. InEquation2.20 & @ ¢ &are shape parameters antlis the fibre lengthlt

was reported within the literature that the distribution describes accurately the earpental
observations of glaggsolypropylene short fibre composites.

"Q0 afe 01 Q7 AQEd Equation2.20

A different form of Weibull distribution is Tung distributidguation2.21. For the above equation
6 ¢ @are scale and shape parameseespectively. The two equations are related through the
shape parameters.

"Q0 O Q hQed Equation2.21

The cumulative distribution function can be expressed in term®®f Qas showrEquation2.22.
The mean fibre length and the most probable length (mode length) are shotquation2.23 and
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Equation2.24. The most probable length can be obtained by differentiating the probability densit
distribution and allowing the resultant equation to equal zero. The solutiogifthat case will

indicate the peak on the probability density distribution plot.

o0 p Q HQED T Equation2.22

0 ®Q0 & 73 o p Equation2.23

p¥ O ® Equation2.24

Sl

For a specific lengtlr ® ¢ @ the cumulative fibre length distribution is known Eguation2.22.
Then, a solution for the shape parameters is possiBpation 2.25 and Equation2.26 show the

solution ofcycd ¢ @shape parameters.
, 1T T "oa 7i ip "Oa Cton 208
(0V] S " ation 2.
I 1o Ja (“

I p "Oa
_— Equation2.26

Two different approaches for the probability distribution function were proposed@iyin, 1988)
The probability density distribution and the mean length are presentedEquation2.27 and
Equation2.28. For the density functioroc ¢ @represent shape parameters and for the mean

length, 3 is the gamma function.

Equation2.27
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"Qa

Equation2.28
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The second approach §¢hin, 1988js a logarithmienormal distribution expressed iBquation2.29,
wherei @ ¢ ‘Qare model parameters andgis the fibre length.
p

"Qa ?lQ T Equation2.29
ne“t a

Mean fibre length and the most probablength are presented irEquation2.30 and Equation2.31,
where an expression of the model parameters as a function of mean and most probable length, is
shown inEquation2.32 and Equation2.33.

a Q Equation2.30
a Q Equation2.31
. C s 3 -
i 21 & I & Equation2.32
o
cid i |
‘ Equation2.33
o

As reported by various authorfCox, 1952)(Thomason, 2002)kffective properties of a short fibre
composite are strongly influenced by fibre length distribution, up to a certain fibre length or AR. It
has been shown analytically and experimentally that there is satmratn the reinforcing
phenomenon for fibre length, and the threshold is defined by the critical fibre length. A unique
answer for the critical fibre length cannot be given because as it was shown experimentally by
(Thomason, 1996)the critical length varies depending on the property under investigation.
Properties such as strength or impact resistance show a more sensitive response to fibre length and
larger fibresare needed to reach the critical threshold.

2.3.4 Fibre orientation distribution

The second parameter with strong influence on the mechanical and thermal properties of short
fibre composite is fibre orientation. Asith the previous parameter, fibre orientation is strongly
influenced by the manufacturing process.

It is reported by(Thomason, 199G@hat parameters of fibre length and fibre orientation acestly
effectivefor the manufacturing process but they also strongly influence the mechanical and physical
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properties of a short fibre aqoposite. For a short fibre composite, orientativill alwayshave a
random nature. Even with a manufacturing process aima¢arienting fibres towards the flow
direction, fibres will never be fully alignetionetheless a certain degree of alignment can be
achieved.

The symmetry of the materiahisreported in the previous subhapter, is strongly influenced by the
fibre orientation. The higher degree of symmetry for short fibrenposite is transversely isotropic
and it can be achieved with random in pé&aorientation. A short fibre composite, with a degree of
orientation, tends to have an orthotropic behaviour. It has been reported in literature that injection
moulded samples exhibit a skamre-skin behavioumwith respect to the fibre orientation. Thekim-
core-skin structure is a result of the manufacturing process, as a conseqoémdgch fibres at the
boundaries of the specimen become more aligned towards the flow directioogrmparison with

the fibres in the middle of the specimen, which wererid to have a more random distribution.

Fibre orientation can be measured through image process analysis. Image analysis requires that
slices of the specimen are taken transversely tojthaxis and to undergo a polish process. Images

of the slices are then taken. Fibres are projected as ellipses, as shéiguis2.12, for any possile
orientation and as circles for all the fully aligned fibres. The orientation of each fibre can be
characterised in 3D space by two Euler angle® ¢ % . The in plane anglecan be defined as in
Equation2.34.

\\.

Figure2.12 Slice of specimen alol
L axis. Fibres are projected as
ellipses.

— Al OWIH Equation2.34

Where 0@ ¢ @ represet the major and the minor serakis of the elliptical crossections
respectively.lt has been reported byFu, et al., 2009)hat for composites with a high degresf
alignment, calculation of circular projections can introduce an error of 8% for angle. This uncertainty
can be minimized to 0.5% if the cressction is taken at an angleith respect tothe } axis. As in

the case of fibre length, fibre orientation distribution can be defined as shovgiration2.35, in
which—is the in plane orientation.
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¢ Equation2.35

N ¢ Qare shape parameters, which are used to determine the shape of the distribution. The
combination offy ® € @can indicate high alignment to any direction or a random orientation as can
be seen inFigure2.13. The plot indicates that the combination §fid ¢ parameters determines

the degree of fire alignment in the composite.
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Figure2.13 Fibre orientation distribution function for vario
cases of shape functions.

The fbre orientation coefficient factor can be defidaccording to(Fu, 1996jhrough an integration
of Equation2.35 which leads toEquation2.36. A schematic representation tiie equation can be
seen inFigure2.14 where value ofQ p denotes a perfect alignment of fibres towards the first
principal direction, whiléQ  mtdefines the 2D random orientationdribution.
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The mean fibre orientation angle can be calculated as shovgiration2.37. The most probable
angle as defined iEquation2.38 is the result of differentiating"Q— and allawing it to equal to

Zero.
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Figure2.14 Distribution of fibre orientation coefficient

for various combinations of shape functions.
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(Chin, 1988presented a modifiedKacir, 1975yingle parameter exponential function to describe
fibre orientation distribution. According téKacir, 1975probability density function is given as in
Equation2.39.

— Q Equation2.39

where_is a shape parameter, which has a low value for random orientations and a large value for a

major preferential alignment. It has been reported in literature that the distribution function is

suitable for large values Qf8The dnsity distribution functio for various values of is given in
Figure

2.15.

]
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Figure2.15 Orientation distribution for various values pH8
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distribution function,Equation2.40, that for values of— “j ¢,"O— p which indicates that the

possibility of an angle being between “j ¢ isp mLb
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Q— — Equation2.40

2.3.5 Volume fraction

The last parameter under discussion for short fibre composites is the volume fraction. Volume
fraction is defined as the volume of fibres over the total volume of the compdsifeation2.41.

0w — Equation2.41

The volume fraction of a matrix can be defined in the same way as fibre volume fradetjoation
2.42 or it can be expressed as a function of fibre volume fraction. Industrial applications of short
fibre composites usually require a volume fraction of ugto B

@

W o P W Equation2.42

Usually, during the preparation of short fibre composites, weight fraction is meashcgition2.43

expresseghe density of the compositas a function othe density and weight of the constituents.
Subscript™Qindicates fibres while subscrigt indicates matrix.cdo ®& Q indiOF 6 S GKS FA06 N
weight fraction and matrix density respectively.

&)

e Equation2.43
w w

By employing the same approach, the density of the composite can be calculatedEggiaton

2.43. This theoretical calculation of density deviates from experimental measurements for various
reasons. A dominant parameter affecting this deviation s plorosity of the material or the void
content. Furthermore, during the curing of the composite materfdlyes actas a source of
crystallisation for the matrix, and as a result, the density of the matrix changes.

The maximum achievable volume fractiam strongly dependant on the packing arrangement.
Regular packing arrangements as square or hexagonal can be expres&aylidiion2.44 and
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Equation2.45. For those arrangements, volume fraction is a function of fibre ratiaad fibreto
fibre distancey.

@ —_— = ™ Pu Equation2.44

T8O TT X Equation2.45

A random packing arrangement can be approache&twyation2.46 which is a modified version of
the Evans and Gibson model. Maximum achievable volume fraction is a function of fibre diameter
and fibre length.

Equation2.46

For the short filbe composite manufacturing process, volume fraction is also a limitation. It has been
reported that it has a negative contribution on the final fibre length and on the void content. The
effect of volume fraction on the effective elastic properties will fugther analysed through
analytical models.

2.4 Modelling strategies

Througlout the following subchapter, various micromechanical modelling approaches will be
presented. The following modelling methods are used for material properties characterization
through simple uniaxial loading conditions. Micromechanical constitutive equations have a strong
advantage when compared with seminpirical models due to their ability to implement
information from a local phase and also to have a clear physical basis. Lignakzan be defined as

the estimation of the local response, for any phase or constituent, as well as for a known far field
applied load. The modelling approaches throughout the following chapter can be divided into two
groups. The first group regards mets which consider interactions between distinct
reinforcements or different phases, while the second group considers approximations which aim to
thoroughly reflect interactions between micigeometries.

2.4.1 Mean field approach
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Mean field methods use thphaseaverage in order to calculate the microfield response. The phase

average field is expressed in terms of uniform stresses and strains. Information of the
YAONR & iNHzOG dzNBEQa 3IS2YSGNR Aa AYGNRRAzZOSR aayid2 GK
ratio or phase topology. Representative models for the mean field approach are theThluaka

type models, although almost all mean field descriptions in continuous micromechanics are based

on the results of Eshelby. Eshelby offers a theory consideridgscription of the microfield, by
NEflGAy3 adGNBaa FNBS adNrAya G2 FEN FASER b LILI
modified version of the theory, known as the equivalent inclusion method, makes it compatible for
calculating stressd@h a0 NI} Ay FASER AYaARS |y AyK2Y23SySiaideo
Ay GKS ySEG OKILIWGSNY /2yaARSNAYy3I 9aKStoeaQa Y2RSf
O2YLIH GAOGES 2yfte F2NI | RAfdziS YI (NRElI APDVYHRARYS
satisfiedEquation2.47 is described.

wLpmhb Equation2.47

The case of dilute concentrations has the same unique characteristics that do not affect the analysis
or the results. Any expression of the concentration tensor becomes independent of volume fraction.
Distances between inhomogeneity are considered to bdatieely far, due to the dilute
concentration, and as a consequence there is no interaction between them.

The assumption of nemteraction between inhomogeneities is considered to be correfh

respect to the fibre concentration. However, for shortrébcomposites, usually their industrial

application demands higher volume fraction. As reported in the literatfluetuationsof the stress

and strain field due to interaction between inhomogenieties are not calculated by mean field
approaches, whichcad S NB FSNNBR Ay SIN&A O KBSy F¥FIK2RD | 26S¢C
F LILINBF OK OFly ©06S Y2RAFTASR Ay 2NRSNJ (2 oS FofS
background stresses or perturbed stresses, are defined as the stresses acting dmothegeneity

due to the nteraction with neighbouring inhomogeneityntroduction of those stresses in the main

calculation enables the model to count for that interaction. Perturbed stresses can be superimposed

onthe far field stresses through a proper dificationof the average matrix stress.

Mean field theories can be implemented successfully for material characterization. They can be
solved by computer programs using explicit algorithms of linear algebra, once expressions of
9aKlfoeQa  Spifed @l Nbe Sferdmiertiomed JirBitatis and disadvantages of the
approach, mean field schemes are a very useful tool for material characterization of aligned
inhomogeneous composite.

A different mean field approach for estimating the effectileermo-mechanical properties of a
composite material rests on the effective medium theories. According to the effective medium
theory, the inhomogeneity is embedded in an infinite mediwhich has unknown mechanical
properties. The system can provide awtmn for the effective medium using an iterative scheme
approach.
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There are two effective medium approaches which are used dfienclassical setfonsistent
method and the generalised salbnsistent method. Predictions using the classicalamtiisent
scheme show good agreement with lower Has8mtrikman bound for low volume fractipand for

a higher volume fraction results tend to agree with the upper bound of HeShirikman. Even it

is not considered to be the best choice of modellingdomposite materials, CSCS offers acceptable
results and very accurate predictions for functionglhated materials. From a computational point

of view, CSCS is by definition an implicit problem and the computational time and power needed for
a solution @ higherwhencompared with the MorTanaka scheme.

Another mean field approach is the differential scheme. The differential scheme can be described as
a procedurefor adding an infinitesimal concentration of inhomogeneity by repeated ciraled for

every circle to apply a homogenization process. Solutions for theastic properties from
deferential schemes can be obtained through numerical integration executed by standard numerical
algorithms. Due to their mathematical complexity, differential eties experience a ndoroad use

in the field of composite material characterization.

The Hahin-Shtrikman approach is based on a comparison between the inhomogeneous and a
reference homogeneous material. Using the polarization tensor as defirieguation2.48, various

forms of concentration tensors can be defined. Whérecorresponds to the polarization tensor,

0 is the elastic properties of the referend®mogeneous media and represents the elastic

properties of the inhomogeneous material. As reported in literattEguation2.48 WA a I a G NI A
point for derivingmean field concentration tensoi@.Calculation of thermamechanical properties

according to the Hashif KG NR { Yy | LILINRIF OK Ay @2t @S GKS dzasS 27
tensor.

0 Ow O - Equation2.48

In contrast with mean field methods, bounding methods do not have the ability of zooming in the
material and offer a local description. Bounding methods are restricted to homogenization
procedures. Classical bounds methods involve expressions of the minpuotential energy. Some

of the representative models of this approach are: Hill bounds which consist of the Voigt and Reuss
bounds, and the HashiBhtrikman bounds. Both models will be further analysed in the following
chapter. The aforementioned modeljrapproaches belong to the mean field approach. The Mori
Tanakatype estimations, the classical setfnsistent method, the differential scheme method and

the HashirStrikman estimations have been presented, while the basic bounding methods of Hill and
HashinStrikman were discussed. Generally, mean field approaches are usually expressed as phase
concentration tensors which can be calculated with a relatively low computational cost and have
been reported to successfully describe the thermechanical behaour of composite materials.

2.4.2 Periodic micro -field approach
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A different approach from the mean field, which aims to fully describe the interaction between
phases, is the periodic micfiield approach, or unit cell method. A material with periodic geometr
and with the ability for infinite extension is implemented by the method in order to approximate the
micro field of an inhomogeneous materidl. material with periodic geometry is understood as
material with a repeated microstructure throughout the whovolume.Results can be obtained
through numerical analysis. The periodic micro field approaches are considered to be accurate
methods of material characterization for a linear thermlastic response, but they are also used for
the nonlinear range. Atsong advantage of the method is that it can describe highly complex phase
arrangements and also offers a high resolution of the micro field. Due to the high resolution and the
detailed information of the local field, periodic micro field approaches temdébé computationally
demanding.

The embedding approach is a different configuration in which an effective medium surrounds a
composite material consisting of discrete phases. Properties of the surrounding material are not
known in advance and are calcidd through an interactive scheme such as the -selisistent
approach. Far field loads are applied in the surrounding region. Embedded cell approaches are
widely used for material characterization but much like the previous methods, they are
computationaly very expensive.

The last approach from the second group is the windowing approach. According to this method,
randomly chosen squares are selected from a given phase arrangement and subjected to specific
boundary conditions. It has been reported thdirough the method, the apparent macroscopic
properties are defined instead of effective properties. Approaches such as the aforementioned are
appropriate methods for material characterization which are also ableotmt for the interaction

effect. With the exception of the windowing approach, the previous two approaches offer useful
information on the microstructure. Those methods are generally characterized by a high
computational demand.

2.5 Micromechanical models

The micromechanics of materials are coesatl to be the analysis of heterogeneous materials on

the level of the individual constituents. Composite materials exhibit an inherent inhomogeneous
nature. A closer inspectioof any kind of material will indicate that a degree of heterogeneity exists.
The deviation from the homogeneous state exists due to various reasons such as particles, cracks,
voids, regions of different phase or grain boundaries. Within the literature, they are referred to as
defects in a generalized sense.

One of the main aims ahicromechanics is to evaluate the contribution of those defdotshe
macroscopic behaviour of the material and to link mechanical relations on different length scales. As
a consequence of that inhomogeneous natuse, the presentof a far field load onhe boundaries

of the composite material, nceaoniform distribution of stresses developed throughout the
composite media. Evaluation of this distribution, for the aim of material characterization, has always
been a challenge for engineers.
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The microstructue of a short fibre composite material is mainly created during the manufacturing
process. Engineers have a limited abititycontrol the formation of the microstructure during the
manufacturing process, mainly because this geometrical arrangement oretlom@ phase material

is a consequence of a complex interacting micromechanical process which takes place during the
manufactue of the material. The nature and geometrical properties of the microstructure strongly
influence the macroscopic properties ofah fibre composites. This fact resuits some deviation

from the ideal microstructure considered for numerical or analytical models.

By considering a fine length scale, on the micro level, defects on the microstructure can be related to
a material pointon the macro level. In such a way micromechahjfzoblems can be approached
under the framework of continuum mechanics. Micromechanical problems of defect can be
separated in two different approaches regarding the point of interest. The problem can be
formulated in order to approach the behaviour of the defect and characterization of the properties
on that scale, micracale, or the problem can be formulated in order to describe the influence of
multiple defects on a higher scale. In the case of formaitatif microstructure for properties on the

macrod OF £ S GKS YAONRAGNHzOGdZNB Q& oO0SKIF@A2dzNI-Aa G | €

scale. The resulting properties are known as effective material properties.

The following section will focusnotheoretical approximations for the effective mechanical
properties and various analytical approaches will be discussed for macroscopic behaviour
considering the influence of the microstructures. Various researchers proposed solutions for the
micro-field variables. The very early studies of the topic include publications from JC Maxwel (1831
1879), Lord Raleigh (184®19) and A. Einein (18791955). However, those studies were not
under the topic of solid mechanics. Regarding the solid mechanics dally, studies include the
theoretical contribution of Voigt (1850919) and Reuss (194®68), in their study of the elastic
properties of a single crystads well ashe contribution of R. Hill.

In the following paragraph, the emphasis will be on deiinthe mechanical and thermal behaviour

of an inhomogeneous composite material, implementing continuous mechanics approaches.
Regarding continuous mechanics, an essential parameter is the degree of inhomogeneity. The
degree of inhomogeneity can be defined inEquation2.49 and it describes the elastic properties
phase contrast.

O — Equation2.49

O represents the Young modulus of inhomogeneities &d denotes the Young modulus for
the matrix. It has been reported throught the literature by (Thomason, 199@)rough
experimental studies and comparison with analgti models that, the higher the degree of
inhomogeneity is, the higher the deviation from analytical predictions.

As will be discussed in detail throughout the next chapter, a hidden assumption for most
micromechanical models is that length scales forirdtomogeneous material are well separated.
This results in variables introduced into the systesmgable to be divided into two categories.
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i Fast variables are considered to be the contribution to the mi@d which influence the
response of the mateéal on a larger scale, and

1 Slow variables such as gradient of the field, which have no important contribution to the
micro-field because the reflection on the local field is considered to be constant andecan
replaced by a uniform applied field.

As a onsequence, the total field which corresponds to an inhomogeneous material can be defined
as the contribution of fast variables and slow variablEeguation2.50 and Equation2.51 states the
aforementioned sentence. Wher@ (' corresponds to a macroscogiar field strain, slow variable

and - @ corresponds to local fluctuatiorfast variables. Respectivefy Oand, & stand for
macroscopidar fieldstress and stress fluctuatiop w and- @ correspond to local values of stress
and strain respectively.

- 60 - Equation2.50

. @ Q,O ) Equation2.51

The contribution of fast variables can be expressed in the macroscopic behaviour of the material
through their volume averageequation2.52 and Equation2.53 show whatare known as average
strain and average stress theorem

.Q)
o
3o

-0 Equation2.52

LO»
Q\
3|o

., WOm Equation2.53

2.5.1 Strain and stress concentrationt ensors

Direct relation of the microscopic field variable and the macroscopic slow variables can be expressed
through Equation2.54. These equations are generally knoas strain and stress concentration
tensors, first introduced by Hill (1963) as influence tensBrpiation2.54 and Equation2.55 can be
considered to express a localization relation.
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-0 b oweldti- o w6 OQD - o Equation2.54
, 0 "0wg0ei, o ! ®»g O¢d , ¢ Equation2.55
0 -  defines kinematic lineabDirichlet boundary conditions, whilé , & defines uniform

traction-Neumannboundary conditions. A direct interpretation &quation2.54 and Equation2.55
can lead to the conclusion that strain and stress concentration tensors are defined as the ratio
between the local variable over the average value of stress and strain.

As reported by Hillgoncentration tensors depend on the concentrations and phase modulus, while
generally they exhibit a degree of asymmetry. The complete solution of the boundary value problem
can be obtained through the fourtbrder influenceconcentration tensor, by consding
information of the microstructure for the entire volume. In the case of Dirichlet, the boundary
conditions of effective stiffness can be expressed as a function of the concentration tensor, in
symbolic notation, as stated iftquation 2.56, while for Neumannboundary conditions, the
expression can be observedtguation2.57.

0 od O Equation2.56

0 o} (i o Equation2.57

Expression in an explicit representation of the influence tehsor i has always been a crucial
and not trivial problem in the fieldf micromechanicsDue mainly to the random nature of the
microstructure of short fibore composites and because of the high complexity of phase arrangement,
exact explicit expressions cannot gigen for strain or stress concentration tensors or the strain and
stress micrefield.

Due to this reason, approximations of concentration tensors or rield variables can be
approached through various assumptions. Those assumptions must not dikeigatisfaction of

02dzy R NB O2yRAGAZ2Ya |yR Ay Yzaid OrasSa IINB ol

which claims that for sufficiently large argalumes, stochastically selected from a sample under
study, exhibit a statistically equal phaserangement and givearse to the averaged material
properties.

It can be understood fronkquation2.56 and Equation2.57 that calculation of effective stiffness
properties can be seen as a weighted average approach on the microscopic elastic prapestjes

in which the concentration tensor plays a role of weight average fanctHowever, for real
microstructures, the exact expression of microscopic elastic properties is not known and the
corresponding influence tensor is neither known a priori. As a result, proper approximations have to
be madewith respect toinformationabout the microstructure and the concentration tensor.
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Through the following micromechanical models, presentethis chapter, various approachés

the determination of concentration tensors will be discussed. Considering a microstructure with
discrete phaes andexhibiting elastic propertieg.quation2.56 and Equation2.57 may be expressed

as summations shown ikquation2.58 and Equation2.59. Through the following formulation of
effective stiffness, the subscript indicated the boundary conditions apptizdenotes Dirichled
boundary conditions whilé denotes Neumanrboundary condions. "Qrepresents the volume of
phase®Q' andd are constant influence tensors which may be interpreted as the expression of
the dependence of the average stress/strain field on the prescribed macroscopic analogues.

0 Q0 g Equation2.58

0 RO/ o) Equation2.59

The above summation for the case of a two phase material can be expressefcamtion2.60 and
Equation2.61. SubscriptCand 0 indicate properties foinhomogeneity and matrix respectively for
the two distinct phases in the material.

0 6 wo o g Equation2.60

0 0 w O 6 d Equation2.61

2.5.2 Voigt approximation

The Voigt approximation (1889) is a very basic approximation and in general defines the upper limit
of the reinforcing phenomenon for a given combination of materials. The Voigt model represents a
expression of the minimum potential energy of a uniform strain field. The basic assumption for the
Voigt model is expressed throudhquation2.62 and it states thatboth phases in the media
experience the same strain. AccordingEquation2.62, the uniform strain assumption leads to a

unit concentration tensor,Equation 2.63. Effective stiffness according to the Voigt model is
predicted as shown iEquation2.64.
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-0 060 éEi owE D Equation2.62
! L :
Equation2.63
8 W6 w6 w6 & w6 6 d 08t O Equation264

Predictions of the Voigt model may deviate from experimental results for a short fibre composite,
mainly because of the neaniform strain field developed in the material due to the existence of
inhomogeneity and also from the simplicity of the model whicies not consider short fibres or any
FAONB QA 2NASYGlFdAz2y®

2.5.3 Reuss approximation

Similarly to the Voigt approximation, for the Reuss approximation a uniform stress field is assumed,
Equation2.65.

L0 00 Ghéei owne o Equation2.65

The uniform stress assumption leads to the conclusion that the stress concentration tensor must be
unit, Equation2.66. The Reuss model indicates the lower possible elastic properties between two
constituents. Effective stiffness according to the Reuss model is shdaquation2.67.

: E Equation2.66

w6 o) w 6 6 d Q¢ i O  Equation2.67

As in the previous case of the Voigt model, in reality, for heterogeneous material the stress field is
not uniform and this is the main reason for the underestimated elastic properties of the model. For
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both approximations, the Voigt and Reuss predictions regard homogeneous effective stiffness. For
unidirectional arrangements of shoibng and continuous fibres, the Reuss model can be used to
estimate transverse effective stiffness. In that case, préatist will be closer to reality compared

with the longitudinal estimations due to the fact that the more compliant phase will carry the load. A
schematic representation of the Voigt and Reuss model can be sdégure2.16. As indicated in

the Figure2.16, both models consider a material with two distinct phases and no information about
the microstructure or inhomogeneity apart from the volume fraction.

g(x) = (g} = cons

ol(x) = (o) = const

Figure2.16 Schematic representation of the
Voigt and Reuss models

A combination of both models indicates the broad bounds of a material. As shd#quation2.68,
the Voigt approximation is the upper bound while the Reuss approximation is the lower bound.

wo 0 wo Equation2.68

Even if Voigt and Reubsunds are very simple to use and offer a clear range for design, they have
GKS YFa2N) RAAFROIYGF3IS GKIG GKS& R2yQd AyOf dRS
composite material, excegor the volume content of each phase.

2.5.4 Shear lag model

The Shear lag model was a pioneering approach on micromechanics elasticity developed by Cox in
1951 and released in an artiobm the elasticity and strength of paper and other fibrous materials.

The main assumption of the model is that the normal stréslsl ideveloped in the fibre occurs due

to shear stresses, transferred to fibres through the interphase region from matrix and fibre. A
schematic illustration of the shear lag model can be sedwigare2.17.

£ e N N
L 2R 20K R

Figure2.17 Schematic representation of the She
Lag model. Adapted from D. Hull
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The main assumption of the shear lag model implies that shear stresses at any distentee
matrix must be equato the shear stress at the fibre surface in a distanceand that the shear
stresses at the fibre surfade must be equato the nomal stresses in the fibre. Equality of shear
stresses between the matrix and fibre surface can be expressed thiBgghtion2.69 and Equation
2706 KAt S SljdzZft AGe 0S0isSSy y2N¥If aiNBaasSa Ay
be shown irEquation2.71.

¢ it ¢“it Equation2.69
T l
T_ l_ Equation2.70
Q, ¢t
?(b l— Equation2.71

For any twagivenphases, material shear strain can be expressed as shoiquiation2.72.

[ =

O

t (9]
-y Equation2.72
Ql E

While be rearranging the terms we can concludéequiation2.73. Combining both expressions for
shear stresses and integrating with general limits in the region betwesamd Y Equation2.74, an
expression of the interphase shear stress can be derizgdaton 2.75.

T Ti [94] t1 Qi

"% o7 @it "o

Equation2.73

Equation2.74

iKS
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Equaton 2.75

1<

On the above equatioiY represents the mean distance from centre to centre of fibres and depends
on the fibre€package arrangement. As a concequence, distavican be defined as a function of
volume fraction for a given spatial arrangement in a composite. The combination of equatioss lead
to Equation2.76, from which the ratio between and'Ycan be replacedvith a volume fraction
expression. The value pf @ corresponds to a hexagonal arrangement of fibres.

o
o

C O

’Q ”
Q& Equation2.76

NIo
81_'0

From the above equation, values for the displacem&nto ¢ @ are not known, but expressions of
their derivatives can be defined. The deferential expressiod aof as shown irEquation2.77 , is

equal to the normal strain in the fibre domain, while the differentiatiorbofexpressed irEquation
2.78, defines thear field normal strain.

(0]
_— - Equation2.77
Qw E

F3

—_ - Equation2.78
Qw

With respect to the continuity of displacement atdlinterphase between fibre and matrix, and the
assumption that displacement at the interphase and mean displacement in the fibre are equal, a
differentiation ofEquation2.76 may be expressed as lguation2.79.

o RV ) Equation2.79
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The above equation consists of a second order linear differential equation. Solution of the
differential equation can be obtained by implying the proper boundary conditions. An expression of
the normal and shear stress distribution along the fibre is shawBquation2.80. 6 ¢ Qare
constants which can be evaluated from the boundary conditions.

., 0 0 - 60E+® OAT GHb Equation2.80

Parameter—is a characteristic parameter of the shear lag model and can be defined through
Equation2.81. According to the sation, the distribution of normal stresses in a fibre is equal to
zero at both ends and has a maximatrthe centre of the fibre. The opposite trend is predicted for
the distribution of shear stresses. Shear stresses have maximum values at the end&hyetidile

they are equal to zero for the centre of the fibre. Effective stiffness properties can be described
according to the shear lag model for a unidirectional short fibore composite as a modification of the
Voigt model Equation2.82 shows predictions for the shear lag model.

- e s At Equation2.81

0 Ww wo Equation2.82

Parameter_is the parameter which considers all the necessary information derived from the
aforementioned micromechanical analysis. As observed thr&agfation2.83_is a function of the
parameter —and the fibre length, while according tBquation 2.81, the —parameter includes
information about the microstructure arrangement and elastic properties of the constituents.

OAT-Hg
e

Equation2.83

The Shear lag model is able to give relatively aceuypatdictions for the effective elastic properties

of a heterogeneous media, but further than that, it can be used to evaluate the contribution of fibre
length or spatial arrangement on the elastic properties or strength of composite materials. A further
modification of the shear lag model was developed from Krenchel (1964), by adding an extra factor
inordertoacd2 dzy i F2NJ 6KS FAONBQA 2NASY(GlF A2y ®
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2.5.5 Eshelby inclusion approximation

Sir Douglas Eshelby (191881) was a British engineer with vital work gnublications in the field of
YAONRYSOKI yAOad 9aKStoeQa 62N)] A& Skenlebynih St & d
problems. He published the main core of his work in 1957 on the proceeding of a conference from

the Royal A&ronautical Society underthe generic title: the determination of elastic field of an

ellipsoidal inclusion and related problems. With this publication Sir Eshelby approaches the
transformed inclusion problem, in order to derive a solution for the stress, strain and displacement

fields for the inclusion and the matrix.

hNAIAY | ff&s onhada&Hing i Adiwith dolhpiste n@aterials. It was broadly used for
phasetransformed metal alloys. The problem that Eshelby attempted to solve can be stated as the
calculation of thestress, strain and displacement field of an inclusion with voldmand surface’Y
,embedded in a linear elastic body with volumseand surfac€Y when w undergoes a permanent
deformationFigure2.18.

Eshelby shows in a very elegant manner that this problem can be solved in four discrete virtual
steps, by the superposition principle of linear elasticity and using the Green function. &<bélb
solution is valid for an unbounded domain which contains an inclusion with an elliptical shape. A
description of the virtual four step experiment follows with an explanation on the equilibrium
conditions for each step. Let us assume an inclusion veillmve @ , as shown ifFigure2.18,which

is surrounded by a matrix material.

D
5;

Figure2.18 A single elliptical inclusio
embedded in a matrix domain.

The whole body experiences no far field boundary conditions. The first step of the virtual experiment
implies the removal of the inclusion from the surrounding domain, as showkigare2.19. The
stress and strain field in the inclusion and matrix are stateThinie2-4.



87

(o=

Figure2.19 The first step involves the
removal of the inclusion from the
surrounding domain.

Once the inclusion is not surrounded by the matrix phase, it can expand due to the new degree of
freedom which it experiences. Tisecond step involves the application of a surface traction on the
boundaries of the inclusion with the purpose of forcing the inclusion to return to its original shape as
can be seen ifrigure2.20. The state of stress and strain figfdr the inclusion and the matrix during

the second step is stated throu@rable2-4.

(o=

Figure2.20 The second step involves the applicatior
a surface traction on the boundaries of the inclusit

The third step of the virtual experiment regards the return of the inclusion into its original position
within the matrix as can be seen figure2.21. The nhclusion can fit ito the matrixagainbecause
during the second step the applied traction forces on the inclusion force it to return to its original
shape. The strainnal stress field through the third step can be seenTiable2-4.

v A

Figure2.21 The third step of the virtual
experiment regards the return of the
inclusion into its original position withir

the matrix
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The final step of the process, as showrFigure2.22, involves the removal of the applied traction
and the application of an opposite and equiat force acting on the surface of the inclusion. The
stress and strain fielhs a result of the last step can be seeif able2-4.

Figure2.22 The final step of the process
involves the removal of the applied traction a
the application of an opposite arghjuivalent

force acting on the surface of the inclusion

Table2-4. Stress, strain and displacement figfdr the inclusion and the matrix according to
9aKStoegQa | LIWNRI OKo®

Matrix Inclusion
Step 1
Strain - m -
Stress ” T . T
Displacement 6 m 6 T
Step 2
Strain - Tt - - -
Stress \ m . 6 - 6 -°
Displacement 0 T 60 T
Step 3
Strain - W - - 2w
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Stress » 1 ., 6 - o -°
Displacement 0O T 0 T

Step 4

Strain - - - -

Stress ” ” , , 6 - -
Displacement 0 o 6 0

The aboveTable2-4 properties denoted with the superscripfe denote the constrained field caused
by the presenceof inhomogeneity and properties denoted with the superscridk denote the
elastic strains of the inclusion which should cancel the egjein. The displacement field on the
existence of body forcéOon surface’Y can be expressed througlhe following integralEquation
2.84

O "O DD ofub2 YDz Equation2.84

where O NBLINBaSyia DNBSyQa FdzyOlAizyod . & YIFI{lAy3a dzaS
be expressed as Bquation2.85

0 @ ., & DD chob? "Ybz Equation2.85

The gradient of the displacement field can be expressed as the derivative of the above expression for
displacement, shown iBquation2.86.

Of W , & DDj D2 YDz Equation2.86
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Respectively, expressions for strain and stress are presentéduation2.87 and Equation2.88 and
state:

P , & D70y ahibz "Of ¢liDQ "Dz  Equation2.87

» W 0 - W Equation2.88

Equation2.89

Constrained strain within the inclusion can be expressed as a function of-tigéms through a
fourth order tensor as stated ikEquation2.89. This fourth order tensor is known as the Eshelby
tensor, Equation2.89. The Eshelby tensor exhibitdhat is known as minor symmetry which can be
expressed as shown Bguation2.90, but no major symmetryAn explicit expression of the Eshelby
tensor is not achievable for all the cases of inclusions or inhomogeneity. Only for the case of
Aa2GNRBLIAO YI (i Soithasfaxlosd torihIdp@sedaiion ars ytan be expressed as a
function of elliptic integrals.

A A A Equation2.90
A A Equation2.91

¢tKS O2yOfdzarzy 2F 9aKStoeQa ¢2N] Aa OGKFG F2N Iy
08 |y AYTFAYAGS K2 Y 2tehSoyHaLcdnstanydleindnds, aga cOndekjudriced of thed

stress and strain field within the inclusion domain, considered as being uniform or constant. This is
0KS Y2ald OFtdz2ofS NBadzZ i FNRY 9aKStoeQa Y2RSt o

An ellipsoidal domain is defined as the domain veheli i satisfyEquation2.92.

® o g .
— T_ r— P Equation2.92

where, | i i are the three axes of the ellipses. For an isotropic medium closed analytical form of
9aKSftoeQa GSyaz2N) F2NJ Iy StfALGAOL AyOfdzairzy Ol



91

general case of spherical inclusion (1 [0 9 a4 KSf 0 & Qihe folSwing NEqiation S
2.93

1 9 — 9 19 Equation2.93

where] is Kronecker delta which obeys the behaviour state&duation2.94. * represents the
Poisson ratio of the matrix.

nQ Q _
9 0 Q 0 Equation2.94

DSYSNIt SELINBaaizya 2F 94KStodQa Appéhgi@imNineT 2 NJ St

general case of elliptical inclusions where 1 [ 9a4KSfoeéQa G(Syaz2N) GF1Sa
Equation2.95. Solution for theQelliptical integrals can be found Appendix .

A\ LI O L"O Equation2.95
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The previous calculation regards the situation of an inclusion embedded in an infinite matrix.
Inclusion is defined as a domain in the matrix with the same elastic properties as the matrix. In the
case of inhomogeneity the elastic propertiese different from the matrix. Effective elastic
properties for inhomogeneity can be approached through a technique called the Equivalent
Inclusion Method. EIM implies that the inhomogeneity which has different elastic properties from
the matrix and no genstrains will be replaced by a homogeneous inclusion which carries the
appropriate equivalent eigenstrains in order to represent the inhomogeneity. The value of the
equivalent eigenstrain must ensure that both inhomogeneous inclusion and the equivalent
homogeneous inclusion experience the same stress field and constrained strain. As stated by

G
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Eshelby (1957), the stress disturbance in an applied stress due to the presence of an inhomogeneity
can be simulated by an eigenstress caused by an inclusion wWkegidenstrain is chosen properly.
Figure2.23 shows a schematic representation of the equivalent inclusion method.

Figure2.23 A schematic representation of the EIM

The stress field in the inhomogeneous inclusion can be expressedtgaation2.96

y o - - Equation2.96

while the total amount of strain fields inside the inhomogeneity can be expressédjaation2.97:

- - - Equation2.97

The analogous stress field and total strain for the equivalent inclusion can be expredsgaasion
2.98 and Equation2.99:

\ o - - Equation2.98

- - - Equation2.99

As mentioned, the stress field in both cases inside the inclusion must be the same. This can be
expressed througlEquation2.100in which the stress field is presented through stiffness and strain
fields.. @ A Y LI SY Sy Ay Equatiang $fEquatinn?. 100 tsk¢gsiie fllowing form.

., o \- - 6 4 E- Equation2.100

Under an applied fafield strain-  strain in the inhomogeneity can be expressed ag&quation
2.101

R - - E 4 o6 0 - Equation2.101
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From the previous expression it can be observed that the strain concentration tensor for the dilute
OorasS Fa Fdzy Ol A2y 27F 9 aKGkatDE20G Sinfayya BeNdtredd y 6 S
concentration tensor for the dilute case is defined aEguation2.103.

: OV 6 0 Equation2.102

i o6 OV o6 6 Equation2.103

Effective stiffness for the dilute concentration tensor can be calculated accordibguation2.104

6 6 oo 6 d Equation2.104

2.5.7 Self-consistent scheme

The seklconsistent method was developed by Hill (1965) and implies the concept of an
inhomogeneity embedded in the effective medium. The problem can be summarised as the
calculation of effective properties considering a single inhomogeneity embedded unkzunded
domain. The sel€onsistent model is an implicit problem which needs an iterative numerical
procedure in order to be solved. Schematic representation of the model can be sEguie2.24.

£0: T

Figure2.24 Schematic representatic
of the SCS
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Effective property predictions of the seltonsistent method are basedn Equation2.105 with a
modificationof the strain concentration tensor. According to the dilute model, strain concentration
tensor can be expressed asknuation2.105.

: oNY 6 0 Equation2.105

z(

O VY & o) Q0O Equation2.106

The modification for the selfonsistent method regards all the parameters in the strain
concentration tensor which represent the matrix. For the ®elfisistent scheme, those parameters
represent he effective medium and are unknowrsquation2.106 shows the maodification of the
strain concentration tensor for the sedbnsistent approach. A flow chart of therative procedure
needed to derive the effective material properties can be sedfigure2.25.

Implement the left
and right part of the
5C equation

k4

Assign a random
value to the left side

Check for
equality

End

Figure2.25 Flow chart of the SC
solver

2.5.8 Mori Tanaka scheme

Regarding the aforementioned models the assumption of a dilute model was used. The
approximation of the dilute model implies that in the close vicinity of elatlomogeneity, the far

field stresses or strains are dominant. As reported in the chapter for modelling strategies, the Mori
Tanaka scheme consists of an effective field approximation. The major contribution of the Mori
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Tanaka scheme is the ability of theodel to account for interaction between inhomogeneities by
superimposing an appropriate average matrix stress on the far field stress. Calculation of the
average matrix stress is based on stresses acting on an inhomogeneity developed due to the
presence fother inhomogeneities.

According to the MI' model, each inhomogeneity faces a loading condition which depends on the
existence of other inhomogeneitigatroduced into the calculations via the average matrix stress.
Calculations of the effective propées of a single inhomogeneity embedded in an infinite matrix,
according to the MTI' model, coincide with predictions from the dilute model. The strain
concentration tensor for the M scheme is presented Eguation2.107 and effective properties can

be calculated witiEquation2.108.

: O wVYo o Equation2.107

0 6 oo 6 d Equation2.108

2.5.9 Halpin -Tsai model

The HalpiATsai model consists of a seampirical approach derived from a reduced Hermans
solution. The HT model is widely used mainly due to its simple algebraic calculations and the ability
to provide reliable predictions. HT equations in their original form hdkie ability to predict
effective properties of a unidirectional short fibre composite. Originally, the foundation of the model
began from Herman and Hill based on a generaliseecsel$istent modelEquation2.109shows the

basic form of the Halpiisai model.

0 p -
O Equation2.109
0 )
where—A & | OKIF NI OGSNRAGAO Y2 R Sk Megreeldt idhbméGiedyNihds K A OK

the shape of the reinforcing agent. Parameteis defined inEquation2.110 while —is a parameter
which considers the shapadficiency of the second phase and has a different value depending on the
effective property undeconsideration.
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- Equation2.110

Whered & B represent properties for the fibres and the matrix respectively as presented in
Table2-5.

Table2-5. Parameters of the Halpifisai model.

P 0 0 — Property
O (0] O ¢ fIAN Longitudinal modulus
0O 0O O 2 Transverse modulus
@] O O 1 Longitudinal shear modulus

Halpin and Kardor provided an-depth analysi®f HT equations, indicating that for extreme values
of the — parameter, the HT model asymptotically approaches the taigiReuss models depending
on if the value of-is very high or extremely lovEquation2.111 and Equation2.112 show the HT
model for the case ot © Hband for the casef—© 1t

0 .= U P P p ® p @
-0 mh ; , —t ¥ o —= .
0 p w ~ W p O v U V] Equation2.111
V] ->— ——
v v
. L0 - -0 P W
. u U - =0 pw b Io B -
=0 Bh ; H- " - Equation
V] U ) pw H i E?U - V] p w 2112
o Q-
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2.5.10 Analytical models comparison -Elastic properties

All the micromechanical models presented are able to predict effective mechanical properties and
are often used for material characterisation. The accuracy of each model is strongly dependant on
the initialassumption of each model. Semmpirical models such as the Haldisai equations seem

to be widely used in literature due ttheir simplicity and the clear physical meaning they exhibit.
Mean field approaches such as the Eshdlaged model, are considetd¢o be models able to reflect

the presenceof inhomogeneity in the media through average quantities. The followiggre2.26

shows a comparison of redictions of longitudinal and transverse stiffness for aligned fibre
orientation, while Figure2.27 shows the prediction of effective stiffness inetttase of randomly
oriented fibres.
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Figure2.26 A comparison of predictions of longitudinal and transverse stiffness
aligned fibres orientation.
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Figure2.27 Prediction of effective
stiffness in the case of randomly
oriented fibres.



98

2.6 Thermal Conductivity

In an analogous approaghe mechanical properties calculation of thermal conductivity can be
achieved through analytical micromechanical modelling. Thermal conductivity is a bulk property of a
material analogous to elastic properties. It is one of the very weak properties of prdyand this is

the main reason why polymers are widely used as thermal insulators. For that reason in the majority
of polymer applications a reinforcing agent is used in order to increase or further decrease the
thermal conductivity of the polymer.

As in the case of mechanical properties, thermal properties are also affected by various
micromechanical parameters of a composite structure as fibre orientation distribution or fibre
length distribution. In order to evaluate the contribution of each one of thpsrameters in the
thermal macroscopic response of a short fibre composite, first the simpler case of aligned fibres
must be study.

26,1 (AT PET 6O -1 AAI

A widely used model fahe prediction of longitudinal and transverse effective thermal conductivity

istKS | FfLAYQa Y2RSt o ¢KS YoRcR&Qlktinghtde eftdti® Rtiffdess. |

Equation2.113 and Equation2.114 show the two main equationfor calculating longitudinal and

OGNl YaOSNBES OGKSNXIf O2yRdzOOUAQGAGE GAGK | fLAYQA
p ¢ UfQ" w ,

— v Equation2.113
p w

P ¢ w. Equation2.114
—,U
p ' w

Micromechanical parametersuch as the length and diameter of fibres or the degree of
inhomogeneity are introduced into the main equations by parameterand‘ . Solutiors for *
and‘ can be achieved througBquation2.115and Equation2.116.

0 jou P Equation2.115
0 jo cOFQ

anr’

Y 2
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‘ v jo p Equation2.116
0O jo C
262 #ET UBO 11 AAI
(Choy, 1992)dz4 S& NB&adz Ga FNBY | FfLAYyQa SldzGAz2yas

conductivity in order to calculate the thermal conductivity of a composite material in a given angle.
Equation2.117 and Equation2.118 shows the calculation of effective thermal conductivity for a
given orientation.

. o~ 2 2 oA Equation2.117
02 0 AT-6 0 O

. RPN e 2 Equation2.118
0° 0 OB+ U AT-O

Considering all the possible orientation angles in a composite the final thermal conductivity can be
defined through

Equation2.119and Equation2.120.

o o Poo o Equation2.119

N IO

Equation2.120

el el
e

where wis the parameter which includes information about the orientation distribution and is given
through Equation2.121

p Q j Equation2.121

T
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263 . EAI OAT 60 11 AAI

bAStaSyQa Y2 R@dachtod I f LIAK YA hdvildziNielS § 9a Y2 RSd Ay Of c
parameter which accounts for the packing arrangement through the maximum axhivadsieivable

volume fraction. Longitudinal and transverse thermal conductivity of aligned composite can be
preRAOGSR | 002 NRA Y3 (i Equbtiand I22a8dEQuation?. 22Br&spectitefy NP dz3 K

p ¢ OfQ, w Equation2.122
—0U
p ] |— w
p T, W, Equation2.123
—0
p ] |— w

For the above equations parameters; and[ take values resultingrom Equation 2.124,
Equation2.125and Equation2.126.

0 jo p Equation2.124
' 0 jou cOFQ
O jo p Equation2.125
' 0 jo ®
P W
[ p o w

Equation2.126

The value of the parameter is stronglydependanton the maximum achievable volume fraction

which is strongly affected by the dispersion state and the shapbeoF A f f SNBA® bASt aSyQa
I Ff LAY Qa Sldz2 GA2ya 3IASBS @hS diBongaudinalittietmilicoNdbictivig G a 2y
and a small difference on the transverse thermal conductivity.
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Figure 2.28 shows a comparisorof the predictions of longitudinal and transverse thermal
conductivity for aligned fibres ana prediction on thermal conductivity for randomly oriented and
misaligned fibes of the aforementioned analytical models.
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Figure2.28 Comparison of analytical models predictions for
Thermal conductivity

2.7 Linear Coefficient of Thermal Expansion

The oefficient of thermal expansion is defined as the linear change in the dimensions of the body
per unit of temperature. This changd the original dimension of the body is a result of temperature

change in the body. Throught the following section varioutheoretical models for CTE predictions
will be discussed.

271 3AEADAOUGO 11 AAI

A model of calculating longitudinal and transverse CTE is Sclapevgel. Schapery basekis
approachon an isestrain behaviour of fibres and matriEquation2.127 and Equation2.128 show
GKS OlFtOdzA A2y 2F t2y3IAGdzRRAYIE yR GNIyadSNaS

/
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Equation2.127
O w O]

Ow 0O

Equation2.128

where in the above equation’ & 'Q represents the Poisson ratio for fibres and mwat
respectively, while stands for the longitudinal CTE for the composite u&iggation2.127.

2.7.2 Shear Lag model

The second model for predictions of coefficient of thermal expansion has also a mechanics of
materials approach and usdle efficiency coefficient as the shear Lag model in order to evaluate
the effect of short fibre composites. According to @uxcalcuation of efficiency factorgs based on
Equation2.81 and Equation2.83, while the longitudinal coefficient of thermal expansion can be
calculated througteEquation2.129.

O & O]
Qb O

Equation2.129

273 (Al PET AT A OACATT180 11AAI

For the case of randomly oriented short fibre composite, Halpin and Pangano propose a model to
calculate the overall coefficient of thermal expansion by considering#heulations of longitudinal

FYR GNI}yagdSNBES G(KSNXYIf SELIyaAzy FTNRY { OKI LISNEQ
I'F€ LAY | yR t | StheyfonOshowlieEguatibn2.13p. 1 S

G ¢O p ¢ ©O Equation2.130
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where’ O and O representsthe elastic modulus of the composite predicted for aligned fibres
Figure2.29 shows a comparisowf the predictions of longitudinal and transverse coefficient of
thermal expansion for aligned fibres aadgrediction ¢ CTE for randomly oriented and misaligned
fibres of the aforementioned analytical models.
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Figure2.29 Comparison of analytical predictions for the Coefficient o
Thermal Expansion.

2.8 Conclusions

Througlout chapter 2, various aspectsf the field of linear continum solid mechanics were
presented with emphasis on the microeteanical analytical modelling artde major parameters
affecting the performance of SFRThe concept of inclusioand inhomogeneity was presented and

the major differences were pointed out, while definitions for homogeneous and inhomogeneous
media were given with the assumption that follows each definition. The symmetry of materials was
discussed and various degressanisotropy were presented. The effect of material symmetry on the
fourth order stiffness tensor was shown and the necessary independent elastic constant for each
degree of anisotropywas reported. The concept of a high performance short fibre composite
material was discussed through the analysis of the major factors affecting the mechanical behaviour
of SFRCEmphasis was giveto the role of the physical properties of the constituents, the
characteristics of the new system of materials, the contributbd®OD, FLD and volume fraction and
the characteristics of the interface between fibre and matiikose parameters were presented in
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detail, and various theoretical approaches for calculating their influence on the overall effective
properties through pdormance factorswere shown. A general report of various modelling
strategies folloved by pointing out the differences between different modelling approagteasl
reporting their advantages and disadvantagéle presented approaches consist of the meiefdf
approach and the periodic miciiteld approach.The chapter concludes with a study various
micromechanical models for mechanical, thermal and themmachanicaproperty characterisation.

The chapter considers the very generic bounds of Voigt andRRevhich are used asgeneric

3dzA RS GKS &aKSIFNJ fF3 | LILNREAY!I (corsigtént sehankeSthed & Q &
Mori-Tanaka scheme and the Halgisai equationsEach micromechanical model consists of a
different approximationof the effective material properties. Assumption and calculation aspects
were further discussed. Finally a comparison between the predictions of each model is presented.
Analytical micromechanical models offer a direct answer to crucial initial design questions and
material behaviour. Limitation of the analytical approach lies in the assumptions of each model.
Whether thisis expressed as limitations on the reinforced shapes, or loading transfer assumptions
between matrix and fibre, or limitations in the volume ftiao or the degree of inhomogeneity,
there is a gap between the behaviour of the microstructure under various loading conditiottse
mathematical model describing this condition. Numerical modelling aims to fill this gap and describe
the behaviour of he microstructure under various loading conditions by its ability to locally simulate
the microstructure of the material and consider any mechanism of loading transfer between matrix
and fibres.This study aims to contribute to the field of material chaesisation through numerical

study by providing solutiono 1 KS Y IF GSNAIf Q4 LIKeaAOFf LINBPBLISNIASaA

and compare them with analytical predictions.
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3 Numerical modelling

Compared with the previously reported analytical micromechanical models, numerical models use a

more direct approach regarding the calculation of effective material properties. General numerical
approaches for material characterisation have been reportedChapter 2 under the title of

modelling strategies. This specific modelling approach requires high computational performance and

GKS AYLX SYSyGlraAaz2y 2F | ydzYSNAOIf YSGK2R Ay 2NRS

The most commonly used and continyalieveloped numerical method for characterisation of
materials properties is the finite element analysis (FEA). The method was developed in 1960 and
since then, it has followed the exponential growth of computational performance. Nowadays the
method is comrmercially coded and offered to users through various FEA packages. Engineering
characterisation through numerical modelling can be obtained once the representative structure of
the material is created and subjected to loading or boundary conditions. Eechaterial
properties can be obtained through a homogenisation process on the resultant stress and strain
fields after the numerical analysis.

The strong advantage offered by the numerical approach is that numerical modelling accounts for
the contribuion of each inhomogeneity on the macroscopic behaviour of the media, and
calculations are based on a more realistic assumption regarding the microstructure. Furthermore,
micromechanical parameters such as fibre length and fibre orientation are assumeda@art of

the microstructure and the interactiobetween those parameters is reflected in the calculated
effective properties. One of the most crucial problemsimulating the behaviour of a short fibre
composite is the actual representation of the amistructure of the composite. For periodic
structures like unidirectional continued fibre composites, representation of the microstructure is a
more trivial problem due to the periodicity of the microstructure. For random short fibre
composites, the struare does not follow any periodic arrangement. In contrast, the arrangement of
the microstructure has a random nature mainly due to the manufacturing processes. In that case,
representation of the microstructure becomes more challenging and the actual dfizéhe
representative structure is one of the major parameters within the numerical investigation.

3.1 Packing problem

The problem that arises can be simply addressed as an arrangement of specific shdpensiris

in a bigger domaktontainer. The problem is known as the packing problem and it is a mathematical
optimisation problem of packing objects in a container. Plaeking problem can be found in our
daily lives especially within the merchant sector where everything needs to be packeal ¢ctosed
volume. The question of an optimum packing arrangement or the maximum number of objects able
to fill a closed volume igsually a part of each similar study.

The packing problem is directly related to the problem of short fibre composite modelling because
fibres have to be packed in an optimum way on a volume elepwherwise it will be very difficult
to reach the des&d volume fraction. In order to overcome this problem engineers and
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programmers developed algorithms to obtain an optimum solution for the packing problem of
placing a second phase material in a matrix domain. The framework under which a solution can be
obtained will be discussed in the next sabction while the challenges of a packing algorithm and

the main assumptions will be presented in the next paragraphs.

Packing algorithms for short fibre composites were developed by various researchers. Approaches
can be categorised as two dimensional and three dimensional representations. In general, three
dimensional representations are more computationally expensive, how#wey represent the
microstructure more accurately. For short fibore composites, fibresrapresented as cylinders or
ellipses for 3D and 2D respectively. The packing problem of SFRC is defined through placing cylinders
or ellipses in a cubic or square domain by satisfying various criteria. Those criteria or restrictions
ensure a closer repeentation of the macrostructure to the real structure of the material.

A basic criterion is the neimtersection between fibresin addition to an optimum distance
between fibres. In order to satisfy this criterion, the packing algorithm needs to caicthat
distance between existing fibres and each new added fibre, and to reject fibres that do not satisfy
the criterion. Each packing algorithm can be modified in order to fulfil the requirements of the
developer. Various restrictions can be applied to teoinfibres orientation or fibre length or fibre
behaviour in the bounds of the container. As a consequence, the more constrained parameters are
introduced into the system, the highehe computational cost of the solution; however, this
problem can be ouweome by using high performance computers, or by implementing the
appropriate assumptions in order to simplify the problem. Three dimensional ellipses and two
dimensional elliptical shape representing fibres can be seétigure3.1.

Figure3.1 Three dimensional ellipses and two
dimensional elliptical shape representing fibre:

Developed packing algorithms for short fibre composites include parameters which are seeded from
random generators. Such parameters can be the space position for the centre of a fibre of the in
plane orientation and the length of each fibre. Parameters liistance between fibres can be
restricted but they still have a random nature because they are strongly dependant on the space
coordinate distribution. Efficiency of the packing algorithm is affected by various factors. The most
dominant is the actual siicture of the algorithm provided by the designer, however in any case
parameters like fibre content and fibre length strongly influence the efficiency of the packing
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algorithm and denote limitations. The very basic structure of a packing algorithm caeedoein
Figure3.2.

Set constant parameters
Set current value for the
random parametars

W

Try to place an
ellipse at a random
pasition.

Check for
intersection

Figure3.2 Avery basic structure «
a packing algorithm

As observed in the basic flow chartkifure3.2, a packing algorithm needs to be seeded with some
constant parameters and some random parameters. ¢bmbination of those parameters reflects

the actual position of the inclusion, which then passes through an intersection criterion. Accepted
data will be stored while datavhich is not accepteavill be rejected. The microstructure of a short
fibre compodie in reality has a random nature due to the manufacturing processes. This can be seen
in Figure3.3, showing an SEM picture of short fibre composix&ibiting the random nature of fibre
orientation for short fibre composite.

Figure3.3 SEM picture of short fibre composi
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Fibre length is reduced through the manufacturing process and éibemtation (inplane and out of
plane) deviates from the flow direction due to the shear stresses developed in the material during
the manufacturing process. For an accurate representation those characteristics of the
microstructure must be introduced iatthe calculations through the packing arrangement obtained
by the packing algorithm. This will slightly modify the flow charFigure3.2 by addinga few
branches to cover fibre length control, fibre orientation control and more random parameters. This
will also increase the computational cost for obtaining a solution.

In the case of a 2D representation of the microstructure, the effect of fibrgtleigan be fully
covered, while with regards to the fibre orientation, the out of plane orientation of fibres is not
covered. As a consequence, effective properties seem to be slightly overestimated for the two
dimensional representation. Taking into cafesiation that measurements of the out of plane angle

for short fibre composites show small deviationp 8 from the flow direction, the assumption of a

2D plane stress or plane strain situation can be accepted as a less computationally expensive
approach wth accurate results.

One of the major challenges of building a representative structure for SFRC through a packing
algorithm is the ability to obtain this microstructure, in a reasonable time for high volume fraction
samples. Various solutions have beerogosed in the literature to overcome this problem. A
method to overcome the problem of high volume fractions is to place fibres into the square in a
hierarchical manner. Fibres with high AR or higher length tharaverage value are always placed

in the containerfirst. It will be more difficult if we try to place them in the remaining space once
short fibres have already been placedand the desirable volume fraction will probably not be
achieved. A different approach is to obtain a solution without modifying the placing manner,
however once a solution is achieved for volume fraction less than the desired, a further shrinkage of
the cantainer domain is possible and has as a result the increase of the volume fraction due to the
decrease of the denominator as volume fraction is define&duation2.41. In the case of three
dimensional simulations, the maximum achievable volume fraction is less compared to the two
dimensional simulations. The maximum achievable volume fraction for three dimensional
simulations can go up to 35% by making use of theeflbocal bending technique in order to take
advantage of the intersected fibres and increase the volume fraction. Again, it must be mentioned
that from the numerical point of viewthe maximum achievable volume fraction is not an absolute
number becausét is strongly dependant on parameters such as fibre length, fibre orientatiah
whetherit is in a 2D or 3D representation.

3.2 Representative Volume Element (RVE)

Computational micromechanics for material characterisation can be implemented under the
framework of Representative Volume Element (RVE). An RVE is a way of corordmithging meso

to macro scale. RVE is considered to be an element volume that is representative of the whole
material structure. RVE can be seen as a small virtual specargmeénough to be representative of

the macroscopic structure. The existence of RVE for the elastic response of various materials has
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been proofed for various cases, however for cases of brittle or duéde material, the existence of
RVE for the elagt, hardening or softening region of composite material is the field of current
research.

3.2.1 Definition

Definitions of RVE vary depending on the approaching perspective of the author, however most of
the definitions converge in a common base which stateg RVE must be large enough to contain
the necessary information of the microstructure and muadso have the smallest possible size.
According taHill, 1963)n RVE can be defined if it satisfied two criteria. First, it must be structurally
entirely typcal of the whole mixture on average and second, a sufficient number of inclusions are
necessary in order to ensure independency of the effective properties with the surface values of
traction and displacementVith respect tothe (Drugan, 19964efinition, an RVE is considered as
valid if it is chosen to be sufficiently large in comparison with the microstructural size. According to
(Hashin, 1983)RVE can be representative if it is chosen to beelangough in order to include
sufficient information about the microstructure; however it must be much smaller than the
macroscopic body. Concluding the definition approaches for an RVE, the differences of an RVE with a
unit cell (UC) must be addressed. 8 i3 defined as a realisation of the microstructure of a material.

It may not be a representative of the material structure however it needs to include the information
on the micrastructure of the material. On the other hand RVE is always a UC (in the #@t is a
mimic of the micrestructure of the material) however an RVE is always a representative part of the
material. The UC approach is more common for composite structures with periodic arrangements of
fibres.

3.2.2 Length scales

In the present studyve consider the lowest length scale to be the misoale, while the larger scale
isconsideredamacida Ol £ S FTyR | faz2 O02vYyvY2yfteé NBfFGISR (G2 Wodz
micro and macro scales, the mescale can be defined. For the RVE deéini{OstojaStarzewski,
1998)pointed out that statistical homogeneity and ergodicity of the material are necessary in order

to determine an RVE aralso that some scale of the material domainsufficiently large in relation

to the microscaleQin order to ensure the independence of boundary conditiofigure3.4 is a

schematic representan of the aforementioned.

Most micromechanical models are based on the assumption that length scales are well defined and
separated. This can be understood as the contribution of the nstmacture which is reflected in

the macrescale through volumeweerages. More specificallfOstojaStarzewski, 1998)eported

that an RVE is clearly defined as a unit cell in a periodic microstructure, or in the case of random
arrangements, as a volume with statistical homogeneity argbdic properties which contains a

very large number of inclusions.

The ergodic hypothesis implies that the heterogeneous material is assumed to be statistically
homogeneous. Statistical homogeneity is the property of the material which ensures that results
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have to be independent of the point of observation on the mastale.Figure3.4 shows three
different lengths involved in a mulicale approach. represents the length on the structure scale
while Qrepresents the dimension of the defects alhdepresents the characteristic length scale of
the micro-structure. The meaning stated in the Ost&tarzewski definition can be partially
expressed thragh Equation 3.1 that is also a condition that needs to be satisfied from the
characteristic length scale in order for the material to be suitable for homogenisation.

Equation3.1

Figure3.4 Three different lengths involved in a mudicale
approach. Adapted from Dietmar Gross

3.2.3 On the existence of RVE

By definition, once the RVE is validated for a specific combination of materials, this implies that the
appropriate size of the volume can be found and that volume is able to represent a whole structure
made out of the same material. Typical values for #iee of RVE vary depending on the elastic
properties of the constituentsf the fibre content and on the aspect ratio of the reinforcing agent.
Representative size of thdeveloped UCwvill be further discussed in the chapt&2.1 In the
literature, various attempts were made in order to define an optimum size of the RVE. According to
(Lemaitre, 1999,)for three dimensional RVE, sizaish be roughly 0.1mm for metallic structures,
around 1mm for polymers, 10mm for wood and 100mm for concrete. Considering the Lemaitre
proposition it is clear that as long as more anisotropic materials are considered, the volume element
needs higher sizes order to be considered representative.

A different approach was proposed fro(iwan Mier, 2003) For concrete material they suggested
that RVE size must be 3 to 5 or 7 to 8 times larger than the largest inclusion size.d@methieand,
(Bazant, 2000proposed a normalised equation for calculating the optimum size. They propose
Equation3.2 to represent the sie of the RVE.
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Equation3.2

where¢ represents the number of spatial dimension, whilepresents the characteristic length of
the material which is defined as 2370 times the maximum inclusion size. It is a common method to
connect the length of the inclusion with the total size of the RVE.

The length of inclusions is a characteristaesdf the micromechanical scale that can be connected

with the characteristic size of the larger scale. However, as reported at the beginning of the
paragraph, RVE size is not only dependant on the characteristic length of the microstructure, but
also on he volume fraction and on the degree of inhomogeneity. A more accurate predftiRE

size must include information about those parameters. A different apprdachletermining the
existence of RVE is based on the numerical and statistical analysis of the resulting data. This process
requires creating multiple realisations of the microstructure, at least five (this number igrstidr

active researc)) and to subjecthem to far field loading conditions while recording the effective
properties from the reaction of the loaded volume.

The next step involves the calculation of mean values and variance of the calculated effective
property for the developed realisation¥he last step in defining the appropriate RVE size requires
setting a desired precision for the estimation of effective properties. That precision will work as a
criterion for choosing the appropriate size tfe RVE. Scatter from the average value of five
samples under investigation is a measurement of the representativeness of the volume element.
Further details for the criterion will be given in the next section. Apart from the combination of
numerical and statistical analysis, in order to determihe existence and the size of RVE, an
analytical approach can be also used.

The analytical approach implies the solution of an explicit -logal constitutive equation.
Calculations include the average strain figitlich varies with theposition Theanswer to the
appropriate RVE size comes from the wiéemgth that has to be chosen in a way that the Hoaoal
term of the constitutive equation produces nareglected corrections. It has to be mentioned that
apart from numerical and analytical approactieghe validation and size determination of RVE, an
experimental approach was also developed in order to answerthsing questionsExperimental
approaches for validation and size determinatiocassideredto be out of the scope of the current
thesist YR 62y Qd 08 FdNIKSNI RAA0OdzEaSRO

3.3 Modelling SFRC

As reported, in order to numerically simulate a short fibre composite, an accurate representation of

the microstructure must be created. Also, in a way, the RVE must ensure the continuity of the
material ard the continuity of local fluctuations, or in other words, ensure that the same response

of the RVE can be found in any place of the material. This continuity condition is satisfied through

GKS 3IS2YSGNRAOIE LISNA2RAOAUGEBRRIA WIS Mwa oda SK S # SRS
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volume element is experiencing no wall effect. The wall effect is said to be the inability of inclusions
to penetrate the boards of the square. A simple way of explaining the term geometric periodicity will
be the abiliy of each inclusion once it egithe unit cell border to reappear on exactlyhe opposite

side. Realisations with geometric periodicity and realisations experiencing the wall effect can be
seen inFigure3.5.
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Figure3.5 Unit cells structures of randomly distributed circule
inclusions. The left unit cell has a defined wall effect while the
cellon the right contains periodic boundaries.

Geometric periodicity ensures that repetition of the same volume element in both directions will
cause a continued structure which consists of the same volume element. Creation of the
microstructure canbe obtained through a solution of the packing problem. For this purpose, a
packing algorithm was developed in order to create two dimensional arrangements for ellipsoidal
objects packed in a square domain experiencing geometric periodicity.

3.3.1 Implemente d Algorithm

The first approach to develapg the packing algorithm was based on the simple idea presented in
Figure3.6 through the flow chart.
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Set constant parameters
Set current value for the
random parameters

L.

Try to place an
ellipse at a random
position.

YES

Check for
intersection
Check V¢

Figure3.6 Simple
structure of a packing
algorithm.

The first developed algorithm for the purpose of this study was able to place circular objects on a
square by controlling the distance from centre to centre. As observedigare 3.6, every new
circular inclusion which entered the square was checked with all the existing inclusions in the square
for intersection. The check was donéth respect tothe centre to centre distance. As kigure3.7,
distance calculation was simplified as the application of Pythagpéa G KS2 NBY 06Si6SSy

Figure3.7 Calculation of distance between
inclusions was based on centre to centre distar
calculation.

Longitudinal and transverse distances between two points were calculated and the hypotenuse was
used as a distance criteriolThe flow chart of the specific algorithm can be seerfigure 3.8.

¢
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Geometric periodicity was applied not to every circular inclusion in the sqbarteonly to those
inclusions exiting the boundaries of the contaisguare.

Parameters S48 up
=l

Erase current
coordinates

Create random
coordinates

wifyli)

Apply periadicity
of geometry
¥
Plot l« -
| L | Update VF 5
End

Figure3.8 Flow chart of the initial algorithm ab
to produce a microstructure that consists ol
circular inclusions.

This requires an extra control loop in order to manipulate only inclusions at the walls of the square.
The algorithm was used only as an initial starting point and has the major disadvantage of only being
efficient for circular inclusions, or for inclus® with very low aspect rati@ 'Y ¢. Another
disadvantage of the algorithm is that it can reach high volume fractions only for circular inclusions,
derived mainly from thertteria used for intersection.

It was shown that fibre simulation required an algorithm able to create and control the position of
higher aspect ratio inclusions in a more efficient way. Further study on the packing problem led to
the second developed algorithm for the microstructurestiort fibre composite material. The flow
chart of the second developed algorithm can be seefigure3.9.
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Figure3.9 Flow chart of the algorithm used to develop various ca
of SFRC microstructure.

The main differences between the latter and the former algorithm are the intersection criteria, the
ability to solve problems with much higher AR, the different approach on the geometric periodicity
and an extension loop for improving the potential for higher volume fractions. Also, the ability to
create three different orientation cases (aligned, misaligned anwoenly oriented fibres The
perimeter of eachellipsisis now approached by a polygon. The accuracy and the resolution of the
polygon (number oferticeswhich comprisethe polygon) is a choice of the user. Higher resolution
polygons lead to a more geonneally accurate perimeter andmore realistic representation, but at

the same time, the matrix which stores points of the perimeter becomes enormous as long as the
user considers higher resolution polygons. In the case of the first algorithm, accuiratye o
geometrical perimeter was approached by separating the angles to small intervals beatweeh.

The resolution of the polygon alsdfectedthe accuracy of the intersection criterion and the time
needed for the algorithm to respond. In general thenmher of verticesfor a polygon was adjusted
depending on the AR, where in most of the cases the resolution was get&o

The intersection criterion is no longer related to the centre of the inclusion, and it points at the
perimeter of the inclusion. Rots are compared using the equation of an ellipsis as it can be seen in
Equation 3.3, and the intersection between fibres can be defined. Wh&ewxepresents the
difference forthe wcoordinate between points on the perimeter of two ellipses. Simil@rhglefines

the difference for y coordinates on the perimeter between two ellips@ésQ@epresents the
minimum fibre distance controlled by thegorithm user.

Qo Qw Equation3.3
|— T_ P a "QQ
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As a consequence, ellipses with high aspect ratio have a larger perimeterrandhasurface so a
higher polygon resolutiois needed for that cas If a highepolygon resolutioris not provided for a

high AR microstructure, this may disturb the accuracy of the intersection criterion because it is
based on the points of the perimeter. Another difference regarding the second algorithm in
comparisonwith the first one, is the different way of implementing geometrical periodidiigure
3.10shows how the second algorithm implements the conceedmetrical periodicity.

o ,]lo 4o

- > <>
o ,lo Jo

Figure3.10 Implementation of geometrica
periodicity.

The global coordinate system is placed on the left bottom edge of the square in the middle, square
number 5. For every inclusion placed in the central square, eight inclusions were created
immediately and occupied the analogous position on the eight sgusierounding the central one.

In this way, it was ensured that every inclusion exiting the bounds of the square will appear on the
opposite side, satisfyinig this way the condition of geometrical periodicity. Square number five will
be used as the peritic structure and the remaining eight squares will not participate any further in
the analysis.

The additional section of the algorithm uses a bisection method in order to gather mores fibre
towards the centre and to increase the achievable volume fractibhe bisection method was
developed as a rodfinding method that repeatedly bisects an interval and selects a subinterval in
which a root must lie. The bisection method is consideastieing simple and robust bisa slow
method for rootfinding. Herethe bisection method is implemented in order to optimise the
maximum achievable volume fraction by rearranging the position of an accepted fibre towards the
centre in order to make sure that space is used in the most efficient way.

A disadvantage of theecond algorithmwhen compared with the first one is that the first one is
able to control the total number of iterations by a volume fraction criterion. The algorithm keeps
repeating its loops while the volume fraction is less than the desired one. Thadealgorithm does

not use the volume fraction to define the iteration number of loops, but instead, a direct number of
iterations is used as an input from the user. This impiieslation between the AR, the volume
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fraction and the number of iteratiagin order to adjust those control parameters before running the
algorithm to get the desired microstructure.

Studies comparing analyses of periodic microstructures in comparison withperodic
microstructures show good agreement on tensile tests butrgd deviation regarding shear tests. It

was reported that norperiodic structures require higher sizes of RVE in order to predict accurate
results. The concept of representative size is always strongly affected by the degree of accuracy that
is needed. Aditionally, there have been reports of the demafat high accuracy on noeperiodic
arrangements leadintp extremely large RVE sizes.

3.3.2 Inclusion shape

Even if the appropriate projection of a three dimensional cylinder in two dimensions is a rectangle,

the use of elliptical shape inclusions was preferred instead. The choice of elliptical domain ensures

the minimisation of stress concentration points at the edge of the rectangle. The elliptical shape
ensures a smooth slope from the middle of the ellipsesh® edge, which confirms that no stress
O2yOSYyUuNY GA2Y GAff 200dzNJ Ay GKS FTAONBAQ LISNRYSH
hand, the sudden change of the geometry in a rectangle will cause serious problems for the UC to

fulfil the ergodichypothesis. The aspect ratio of a fibre is defined as the ratio between the length of

the fibre over the diameter. In the case of elliptical shape inclusions the diameter is not constant and

an average diameter or the maximum diameter may be used for ARlaabns.Figure3.11 shows

the definition of aspect ratio for elliptical inclusions.

Id

L

r o

Figure3.11 Aspect Ratio is defined as the ratio betwee
FAONBQa fSy3aidikK 2@SN

Through literatureit was observed that other variations of shapes are used in order to simulate
cylindrical fibres in two dimensions. Regarding the very early simulations of microstructures
rectangles were used. Implementation of rectangles in order to mimic 2D projectioylin@irgcal
fibres introduces problems into the simulation as stress singularities. A solution for the stress
singularities was proposed through the shape spherecylinders. Spherecylinder consistsof a
rectangular body with two seniircles at the edges

.

Figure3.12 Spherecylinder
shape for 2D simulation of
cylindrical fibres
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3.3.3 In plane orientation distribution

The first step of the developed algorithm is the step which involves the declaraticonstant

parameters and random variables. Throoghthis study, three random variables were considered.

The first random variable is the coordinate of the centre of the ellipses. The second random variable

is the fibre orientation and the third is the filength or aspect ratio. For all the models presented

in this study, inclusions have random coordinates and the case of unidirectional fibres was first
AYLE SYSY(iSRd ¢KS aSO2yR NI yR2Y -gEnd\dkidntatiorrhréeY LI SY S
different variations of angle distribution will be presented through this study: unidirectional
composite, randomly oriented composite ands-oriented composite.

For randomly oriented compositeté inplane angle was able to take values in the closed interval
betweentt “ 1 OB F YR RSTAYSR o6& | dzyAT2NYXY RA&GNAOdziA 2
the interval includes its endpoints valudsigure3.13 shows the implane angle distribution for a

randomly oriented composite.

Orientation distribution

Frequency
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Figure3.13 Orientation distribution for irplane randomly
oriented fibres.

It was observed that fibre orientation strongly influences the maximum achievable volume fraction
and also the time that the algorithm needs in order to respond. Random values were seeded from a
random number generator provided from Matlab by the command® & ®hich creates uniformly
distributed pseudorandom numbers on the open interval between p. The sequence of numbers
produced by the aforementioned command is determined by the internal state of the uniform
pseudorandom number generator thanderlies the rand command.
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In the case of misriented fibres, the same command was used but restrictions on the angles were
applied. In the plane angle for migiented fibres it was restricted to take values on the close
interval ofm & X 4§ & Byimplementing this concept, the random nature of theplane angle

was kept and simulation of m@riented microstructure was enabled.-ptane angle distribution for
mis-oriented fibres can be seen KFigure3.14.

Orientation distribution
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angle distribution—increment of 5(deg)

Figure3.14 Distribution of fibres orientation for misaligne
fibres.

3.3.4 Fibre length distribution

The third and last rar@im variable is the fibre AR or fibre length. The variable was seeded from the
same pseudorandom generator however restrictions were applied because fibre length could not be
larger than the UC size. In order to overcome this difficulty, a function wagnnepited to modify
results from the pseudorandom generator. The function considered the size of UC and the random
parameter and can be expressed throuBhuation3.4, where ¢ ¢ @denote the closed interval
under investigation.

) _ ) ) Equation3.4
I 0 W Wzl we Q
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Distribution of fibre length can be seen kigure3.15. The combination of random 4plane angle

and random aspect ratio has a drastic influence on the achievable volume fraction and response
time of the algorithm, hence in numerical simulatiomisshort fibore composite, the random nature

of fibres length must be considered.

Aspect Ratio distribution
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Figure3.15 Distribution of fibre lengthAR

Through the response of the aforementioned cases,limiations and difficulties of the algorithm

were raised. One of the major disadvantages is the response time in the case of high AR, or random
in-plane orientation, or any combination of those two parametetis topic will be further
discussed in the ext section. Also, the algorithm was not able to control the sequence of fibre
length in a hierarchical way. Optimum solutions for the packing problem are an open research field
which engineers and programmers are currently studying.

3.3.5 Algorithm time res ponse

One of the main criteria for the efficiency of an algorithm is the time it needs to solve the problem.
In the specific case of a packing probljezmen for a given algorithirthere is no single answer
because the response time depends on various pesters. The main parameters affecting the
response time of the developed algorithm are:
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9 Aspect Ratio. The bigger the aspect ratio, the more difficutt for the algorithm to place
fillers in the container without any intersection. This mainly occursabse the higher the
AR, the higher the possibility of intersection points, and the higher the possibility of
rejectionof a candidate fibre.

1 Volume Fraction. Clearly there is a limitation on the maximum achievable volume fraction,
which strongly depends otine fibre orientation and AR. However in general the higiher
demand ofw from the user, the more timéhe algorithm needs to solve the problem.

9 Orientation. Orientation of fibres is also a parameter that strongly influences the time
response of thalgorithm. In general random orientations tend to need more time in order
to be solved mainly because the algorithm denotes numerous intersections and meject
numerous candidate fillers.

1 UC size. As long as the size of a candidate RVE increases, thémsreeed to be included
in the UC in order to reach the desiralle As long as the number of fibres incregsene
possibility of intersection between a new fibre and the existing fibres also increases. As a
consequence the algorithm rejects highemmber of fibres and needs more time to solve
the problem for a desirable.

In order to evaluate the efficiency of the developed algorithm, a #uifunction was used at the
beginning and at the end of the algorithm in order to count the time of oese. In order to
measure the actual time of results only, the time of creating the model of the microstructure was
excluded from the measuremengigure 3.16 shows the time response in minutes for cases of
different orientation different aspect ratio and different size. Bars are separated according to aspect
ratio and orientation while each colour represermtdifferent UC size.
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Figure3.16 Time response of the developed algorithm for vari
values of AR and orientation.
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3.4 Numerical models formation

The packing algorithm was developedamMatlab programming environment and the deve&xp
microstructure was transferred to Abaqus FE commercial code through python scripting. Fibres were
created through a process of patrtitioning a continuous media. The generated microstructure in
Matlab was recoded by python scripting language and introddcas a sketch which partitioned a

two dimensional domaktontainer in order to create a two phase composite UC. Abaqus kernel can
read-understand python scripts and turn them into geometrical configurations. A script is a text file
containing scripting irerface commands which can be interpreted diredilythe kernel. Scripting in
Abaqus has some major advantages. For example, by scripting, the whole process can be generated
automatically, or a relatively minor change in the model can be done by chaagsmnmand

instead of rebuilding the whole model.

Through the aforementioned advantages, a parametric study is also easier to execute. A
characteristic python script of the microstructure is reported Appendix ‘OQ'O’he partitioning
process separates aain domaininto various subdomains in respecf the loaded part. By
implementing the participation approach the discontinuity was introduced into the material as
elliptical subdomains with different elastic and thermal properties. By partitioning theo t
dimensional domain, the interface between fibres and matrix is assumed to be perfect. For the
purposes of the current study, only linear properties will be investigated and further modelling of
the interface is outside the scope of this study. Thetlasd thermal properties of glass fibres and
polypropylene can be seen Trable3-1.

Table3-1. Elastic and thermal properties of glass fibres and polypropylene.

Property Glass fibres Polypropylene
. 2dzy3Qa az2Rd 73 1.2
Thermal Conductivityw 7 0 0.05 0.15
Coefficient of Thermal &2p M y@zpm
Expansiona & 0

Models were meshed by using the environment of Abaqus 6.10 with two dimensional plane stress
triangular elements. Those elements can be found in &Keaqus element library under the
name6 0 SYFigure3.17 shows a typical example afCPS3 element.
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Figure3.17 Plane
stress element CPS

6 0 6¥are plane stress first order, linear triangular elements with three nodes and three faces. Each
node has two kinematic degrees of freedom and a degree of rotation. Some characterigtics®yf

are theirless thanexcellent convergence rate, their requirement of fine mesh to produce accurate
results and a volumetric locking behaviour for incompressible materials.

It is known through finite element theory thauadrilateralelements produce more accurate results
compared with triangular elements. In the specific study, the use of triangular elements was
preferred due to the nature of the microstructure. The partitioning process of ellipticatisatains

of the two dimensional continued media, produces small areashvare extremely difficult to mesh

with quadratic elements. The attempt to implement a quadratic element failed and an accurate
meshing result was produced by only using triangular eleménissYoffer a good meshing quality

in a reasonable time and low computational cost. Theow computational cost is a result of the
linear behaviour of the element and because it contains the minimum number of possible nodes.
This was the main reason to develop a very fine mesh so that more accurate results cdaibedob

In most cases for the developed models, the matrix domain was the one with areas that were very
difficult to mesh. For this reason, and also to capture the developed stresses in the elliptical sub
domains, fibres and matrix were meshed with a difg size. Element size for the fibres was chosen
to be smaller compared with the element size of the matrix. A typical exam@enaished volume
element can be seen figure3.18.
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Figure3.18 Typical mesh sampli
of randomly oriented UC.
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Due to the difficulty of meshing the microstructure, in some cases high aspect ratio triangular

elements were used to cover very demanding areas. For triangular finite elements, aspect ratio has
the meaning of equal distance on the edge of the elemgith respect toa point on the centre of

the element. This characteristic of the geometry of the elements can produce distorted elements

during the analysis which shows locally stiffer behaviour due to this distortion. For every developed
model, the actual nuiber and the percentage of distorted elementss always calculated at the

end of the analysis and models with distorted elements up to a certain limit were rejected for a lack

of statistical homogeneity or for the local dominant behavidum dYias antegration point placed

in the middle of the triangle and standard linear shape functions are used to interpolate the edge

displacement. Interpolation takes place according to the folloviiggation3.5 and Equation3.6 for

ece and eue directions

) ! ) Equation3.5
(0] U W U W U W

\ - v . Equation3.6
V) UV W VL W L W

3.4.1 Boundary conditions

A key parameter of the effective properties derived from a msdthile approachsuch as the
representative volume element framework, is the applied boundary conditions. Considering that the
effective properties are calculated based on the developed stress and strain field in the RVE, which is
a result of the applied boundary conditis, it can be understood that the selection of the
appropriate boundary condition is a crucial step for numerical homogenisation methods.

There are mainly four different approaches on the concept of boundary conditions regarding
AAYdzZ I GAy 3 oosk Dirichlet bauadanNddrditidns, dMeann boundary conditions, the
mixed boundary conditions and the periodic boundary conditions. Dirichled boundary conditions are
named after German mathematician Johann Peter Gustav Lejeune Dirichlet and are uniform
kinematic boundary conditionsalso known as the first type boundary conditions or the essential
boundary conditions. As observedhigure3.19, uniform displacement is applied at the boundaries

of a surfaces .

Uj = &

u:-=l}

Figure3.19 Dirichlet boundary condition



125

The second most commonly usdabundary condition is the Neumann boundary condition.
Neumannboundary conditions were named after Germarathematician Carl Gottfried Newann

and are prescribed as uniform traction boundary conditions applied at the sudaceas can be
seen inFigure3.20. As reported by Hill, an RVE is considered to be well defined if results from those
two different boundary conditions coincide.

Ti- = E!fﬂ'j

Tf=ﬁ

Figure3.20 Neumann boundary conditior

In the case of mixed boundary conditions, both cases of uniform displacement field and uniform
traction field are applied simultaneously on a boundary surfaceFor mixed boundary conditions,

on a part of the boudary, uniform displacement is applied, while on a different part uniform
traction boundary conditions are applied.

Periodic boundary conditions are widely used for msdtale approaches. They are usually used in
order to describe the conditions on the boundary of a small part located far away from the edge of a
large system, which is the concept applied for repreaéiwé volume simulations. Periodic boundary
conditions are understood as the conditions which ensure compatibility by restricting nodes on the
boundaries which are opposite each other to identically repeat their position before and after the
deformation. Deformed bodies after implying periodic boundary conditions can be seé&igure

321

Figure3.21 Periodic boundary condition:
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According to the periodicity assumption, the deformation of every boundary pair is equal and
opposite in sign. For the thermal testing, boundary conditions were applied as temperature
differenceon the bounds of RVE. This temperature difference was able to create a heat flux field in
the material which was then measured and values for the effective thermal conductivity were
calculated.Figure3.22 shows a typical example of RVE thermal loading for calculating longitudinal
and transverse thermal conductivity.

Figure3.22 Boundary conditions for
calculating longitudinal thermal
conductivity.

For calculating the Linear Coefficient of Thermal Expansion (LCTE) the applied boundary conditions
can be seen ifrigure3.23. As can be seeim Figure3.23 the kinematic degrees of freedom on the
surfaceboards of the UC were fully constrained and a temperature difference was applied between
left and right sides for longitudinal CTE and top and bottom for transverse CTE. As a result of the
temperature diffeence thermal stresses were developed in the material while the macroscopic
strains were equal to zero due to the kinematic constrsiat the surface of the UC.
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Figure3.23 Boundary conditions for calating
Coefficient of Thermal Expansion.
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Every developed RVE was examined for a mechanical, thermal and theeof@nical response in a
concept of parametric study in which various parameters were changing for each cdstailad
report on the paramatic study will take place ichapter 5. In order to derive the mechanical
effective properties of a two phase short fibre composite, three mechanical virtual tests were
performed for longitudinal tension, transverse tension and pure shear. Loading conditions for the
cases of calculating the roleanical properties can be seenHigure3.24. Symbolic representation of

the results from the applied loading conditions as seeRigure3.24, can be seen ifigure3.25 for
mechanical respase and irFigure3.26 for thermal response.
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Figure3.24 Loading conditions for effective longitudinal, transvestiéfness
and effective shear stiffness.

Figure3.25 Symbolic representation of the developed stress field
longitudinal stiffness on the left and transverse stiffness on the ri

Figure3.26 Figure3.27 Symbolic representation of the developed stress field 1
longitudinal thermal conductivity on the left and transverse thermal conditgt
on the right.
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An output file from Abaqus was obtained after each analysis, which includes local fals&ess,
strain and volume of each element. Those files were then introduced into Matlab in which a
developed script was able to furthanalyse data in order to obtain the average effective properties.
A typical script for average effective properties can be seen in App&@i@xO

3.5 Conclusions

In Chapter 3, various issueslating to the numerical modelling of short fibre composites were
presented. The very basic problem of packing was first addressed and the major difficuitiesd

in findinga solution were presented, followed by further analysishe proposed solutiorto the
packing problem, through a developed packing algorithm. The main difficulties duheg
development of the algorithm were reportedollowed by the limitations and the efficiency of the
algorithm. The time response of the programme was discussed and theenoé of various
parameters on the time response of the algorithm were evaluated. The main assumptions of the
modelling approach were presented and a discussion on the influence of those assumptions took
place. Representation of fibres as elliptical domsaiwas further discussed considering the
advantages and disadvantages of this simplification. The concept of periodic arpernodic
microstructures was discussed and the way of implementing this periodicity was presented in detail.
Definitions of the reresentative volume element were given and the common points on the
different approaches from different researchers were reported. The differebhetseenan RVEnd

a UC were also noted. The existence of RVE as a function of size was discussed and the
implementation of length scales on the RVE concept was presented. A specific appryadeh
assumptions of modelling short fibre reinforced composite took place by analysing the simplification
of the modelling microstructure with the properties of a realcnoistructure. The development of

the packing algorithm using the Matlab programming package and the way of transferring the
microstructure into the commercial FE software Abaqus through python scripting were presented.
Finally, the various cases of boungaconditions used for RVE of microstructural units were
addressed and advantages and disadvantages for each case were discussed.
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4 Homogenisation approach

Homogenisation methods are widely used for material characterisation. The process of
homogenisation involves the bridging of length scales. The purpose of the homogenisation methods
is to obtain overall effective properties considering the response ofntiwro-structure. In a very
general description, homogenisation can be seen as the characterisation of a material at lower scale
where inhomogeneity exists, and its upscale to a fictitious energetically equivalent material. The
concept of relating the micsiructure with the overall composite response through
homogenisation process is taken into account by a representative volume element.

The opposite process of homogenisation is known as localisation process and is used for the local
response of thematd A I f & ¢ KS f20FfAal A2y LINROSaa Aygd2f @S:
material. Localisation methods are gendyaiore demandingthan homogenisation due to the
dependency of the local field with the miecgeometry of the constituents. For bothbases,
homogenisation and localisation, the main base of calculations is the geometry of the
microstructure.

In the early years of development of homogenisation methods no computational power was
available and as a result, various analytical homogepisapproaches have been developed. A few

of those analytical homogenisation approaches were presented in chaterAnalytical
homogenisation apprazhes can be described in two steps. The first step involves approximations of
a local problem for a single inclusion embedded in an infinite matrix, and the second step consists of
averaging the response of the local field. Under these considerationgpasted by (Klusemann,
2010)a homogenisation process requires

a) A simple structure which can be solved explicitly, such that a physical interpretation for the
behaviour of all the components involved is possible.

b) A valid struture for multiphase composites with various inclusion geometries, isotropy and
anisotropies.

c) An accurate model for the influence of various inclusion distributions and interactions
between inclusions and their immediate surrounding matrix.

Even if the afiementioned analytical homogenisation approaches are widely used, none of them is
accuratelyable to fulfil the previous requirements. The main drawback of the analytical processes

liesini KS | aadzyLJiAzy 27F GKS AyOf dza aigl dpertied ai theNA 6 dzii A :
surrounding matrix. Homogenisation methods allow the calculation of effective material properties

if the microstructure topology of the composite is known. The concept of homogenisation can be

seen inFigure4.1.
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Figured.1 An illustration of the concept of
homogenisation and length scales.

The homogenisation method aims to define an equivalent homogeneous media, able to replace the
composite mediawith a homogeneous one in order to solve the problem of material
characterisatiorusinga global approach. The strong advantagéthe methodare that it needs only

the information of the microstructure and that any kind of microstructure can be implemented.
Apart from material characterisation of elastic properties, homogenisation methods can be
accurately used for different fields, such as flow porous media, heat transfer problems,
viscoelastic related problems or coupling fields problemshas piezoelectric material analysis.

Througlout the following chapter, the topic of computational homogenisation will be discussed and
the implemented hmogenisation approach for this study will be further analysed. Through the
secondsult SOl A2y > | AffQa O2yRAGAZ2Y F2NJ Sljdza @1 £ Sy i
the computational homogenisation approach the concept of representative volume aelewi# be
analysed and also the statistical analysis on RVE results will be explained. The fourth chapter
concludes witha discussion on the properties under investigation and how those properties are
affecting the accuracy of the RVE. A further discussiakes place about the effect of
micromechanical parameters (aspect ratio, orientation and fibre length) on the results of the
statistical analysis and also the size dependency of the RVE will be discussed.

4.1 Computational homogenisation

Computational horogenisation methods are implemented and treated in a similar teagnalytical
homogenisation methods. The aim of the process is to derive homogeneous properties of a material
exhibiting a heterogeneous structure on a smaller scale. The main advantagaeohumerical
approachascompared with the analytical one is the ability of numerical homogenisation methods to
account for multiple heterogeneities in the materjaihile the majority of analytical models are
built- in with the basic assumption of analygia heterogeneity embedded in an infinite matrix. This
advantage provides the ability for the development of a more complex sgteam field in the
representative volume due to the interaction between heterogeneities.

A multiscale approach from theomputational point of view can be divided in three steps:

9 during the first step the material is considered a larger scale (mactevel),
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1 a further zooming in into the material is considered during the second, stdyere
information of the micro or meslevels are derived.

1 The third and final step involves the process of transferring informdtiom the smaller
scale to the macrascale where the effective properties are calculated.

The aforementioned steps can be summarised as the process durie wiaicrelevel strains

are introduced as boundary conditions into the lower scalewhich scale the material is
considered as heterogeneous. A homogenisation process then takes place and effective
properties can be calculated. The process of a rsaHe approach can be seeim the
schematic irFigure4.2.

Macro Meso Micro

Figure4.2 Schematic representation of the mu
scale approach. Adapted from Helmut J. Bof

The multiscale approach from a macro scale to a smaller scale can be seen as that the macro
strains are translated through boundary conditions into the displacerfield on a lower scale.
Equation4.1 shows a typical form of periodic boundary conditions where matrains and

local displacement are connected.

Equation4.1

On the other hand, connection of a mesomicro scale to a larger scale implies that information of
the smaller scale must be used in order to upscale effective material properties. This process is
called homogenisation and will be further analyseéd the following chapter. The main
computatiocnal homogenisation approaches that will be presented in this chapter are the Asymptotic
Homogenisation Method, the Volume Average Homogenisation and the Reaction Force Approach.
All of the aforementioned methods have been used widely in literature.
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4.1.1 Asymptotic homogenisation approach.

A general definition of the asymptotic homogenisation approach is that of a method used to solve
partial differential equations. The asymptotic homogenisation approach is a very good method for
modelling physical procedus®n a periodic structure taking place in a heterogeneous material. The
physical procedure can be heat transfer, electric conductivity or mechanical loading. The main
advantages of the AHMre the fact that it allows a significant reduction the degrees ofreedom
involved in the problem and that it has the capability of calculating stress and straig dielthe
micro-structure associated with the given maestiuctural field. However, the method AHM has a
restrictionin that it can onlybe used with pendic arrangements.

The concept behind the asymptotic homogenisation scheme is that on a material veluase
defined inFigure4.3, consist of a hetergeneous microstructure define in a region which exhibits
geometrical periodicityOn the periodic representation of the microstructure, a coefficienf can

be defined as the connection between miernd macro scale®r can be seen as the connamnt

between the characteristic dimension between the two length scales.

Composite components Microstructure Unit Cell

Figure4.3 Asymptotic Homogenisation approach. Adapted from Helmut J. B

Once such a periodic structure is exposed to traction or kinematic boundary conditions, a periodic
oscillation on the resulting stress and strain field will occur. The aforementioned oscillations are
results of the periodicity of the microstructuind can be expressed as a function of the dimension
coefficientr ® ! YRSNJ KS LINS@A2dza O2yaARSNI GAZ2yas
clearly define the two different scales asassociated to the macrscale ande associated to the
microscale. As a result, it appears that variables associated to the referred fields depend om both
and « systems througlEquation 4.2.
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W [T Equation 4.2

Functionr exhibits a periodic behaviour in which is usually called-periodicity. As a consequence

of the periodicity of function in domain_, the elasticity tensor in domain appears to exhibit the
same periodicity. Therefore, material elastic properties are dependant on the response of the
microstructure or of the domain . The last sentence can be expressed throbghation4.3.

0 o Equation4.3

In the macrescale system where the dimension parameter is involved, heterogeneities of the
microstrucure appear in a periodic way of inversely proportionality of the paranfetefhis can be
expressed througliquation4.4.

Equation 4.4

With the assumption of infinitesimigi small strains, the equilibrium condition on linear elasticity
the definition of stains and the constitutive equation for a linear elastic response can be seen
through Equation4.5, Equatiord.6 and Equatior4.7.

Ty . Equation4.5
— Q7
Tw
P Equation4.6
- = 06y 64
q
” 6 - Equation4.7

In the previous equations, @& Q represent Cachy tensors for stresses and strains, the
superscript stands for the h periodicity of the given variable on the maecoordinate system.
Through the previous considerations the problem then can be summarised as the solution of the
displacement field on theariationproblem expressed througBquatior4.8.
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1616,
ToTw

Equation4.8

Considering the existence of two well separated scalbgch connect material properties of the
micro-scale domaif and the macrescale domairx , the displacement field can be asymptotically
approached as iEquatior4.9.

6 o O e [ 0 e [ 0 eln E Equation4.9

In the previous equation the ternts  efx are called correctors of ordéyor _ -periodic functions
of the displacement field. Considerikgjuation4.6 and the chain rule of function differentiation, the
strain field can be asymptotically approxted as inEquation4.10.

Equation4.10

Wherein the previous equation is defined as ifcquation4.11.

Equation4.11

prTo ro te 10
¢ Ta T To T

Combining the previous equation witbquation2.1 and making use dEquation4.3, the stress field
may be expressed in an asymptotic approach as can be ségjuationd.12.

- r - o [ - [ - E Equation4.12

By implementing=quation4.5 and considering the previous equation, a set of deferential equations
can be defined as a function of the parameteB The solution of the set of deferential equations,
can be calculated recursivelyith respect to5 A NA OK f S ma®rD dounddry conSititms. Each
time a variable of]) p order is obtained, the calculation of the variablerjrorder is enabled. The
method is widely used in the literature by numerous researchers for the purpose of material
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characterisation. Despite the compiional cost, the method has been reported as accurate enough
for material characterisation.

4.1.2 Volume average method

A very direct way of obtaining the overall homogenised properties of a heterogeneous matbyial is
calculating the volume average properties of the media. This can be implemented through the
average stress and average strain theorems. The method is used on the resultant stress and strain
field, on the representative volume. Local properties of the titusnts and the geometric shape of

the inclusions are strongly influence the developed microscopic stress and strain field. A volume
average can be performed on the developed mist@ss and micretrain field.

Through this process information of theckd response of the structure are introduced into the
calculations by the volume averag@/ith respect tohomogeneousstress boundary conditions
(Neunann boundary conditions), traction is given as Hguation4.13 and is supposed to be
prescribed on the boundaries.

t t+3 Equation4.13

here "Ydenotes the surface traction whilé denotes the known maaosscopic stress tensor and

¢ denotes the unit vector outward normal at the boundary. From the previous equation it can be
proventhat t+ is equal to the volume average stresses in the RVE. It can be shown that for every
equilibrated stress field that obeyhe scales separation assumption expressed throkghation

3.1, the macroscopic volume average stresses can be calculated through the average stress theorem.
Equationd.14 shows the process of calculating volumegage stress.

; . QW Equation4.14

In a similar way, homogeneous strain boundary conditions (Dirichlet boundary conditions) are
expressed through prescribed displacement at the boundaryhefRVE which can be expressed
through Equation4.15

(@}

(8 %} Equation4.15



136

Wherein the previous equation expresses displacement on the boundaries of RMEpresents

the macroscopic strain tensor. The aforementioned approximation is valid as Idbguasion3.1 is
satisfied. Equality of the macroscopic applied strain with the average strain in the RVE can be
satisfied from every compatible strain field obeyiBguation4.15. The average strain can be
expressed througlquaion 4.16.

-T - 0w Equdion 4.16

For the implementation of the average stress and average strain theorems, in order to calculate the
volume average stress and the volume average strain, integrals were approached as sumnsations a
expressed ifEquatiord.17 and Equation4.18.

. ) Equation4.17

- - W Equation4.18

where the superscripfQrefers to the’Q element and, @®¢ Q are local quantities of stress and
strain respectively measured from the integration point of every eleméigure 4.4 shows a
triangulard 0 &¥lement and the position of the integration point.

Figure4.4 Plane stress triangul:
element with a single integratio
point

Where, and-[ represent the volume average quantities of stresses and strains respectively, while
., and- represents the micrestress and micratrain field respectivelyprepresents the volume
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of the RVE. The homogenisation process through volume averagetitigs is a process which
needs information from the micrgcale. This information can be measured through the finite
element analysis. Implementation of boundary conditions leads to a rsitess and micratrain
field on the RVE. For every elementgdb quantities of stresses and strains are measured. Micro
stresses and micrstrains are then implemented int&kquation4.17 and Equation4.18 and the
volume average quantities are calculated. Further implementatiorEgfiation2.1 leads to the
homogenised stiffness tensoh detailed discussion will take place in chapgté

4.1.3 Reaction forc e homogenisation approach

A simpler and computationally less expensagproachwhen compared with the previous two
homogenisation approaches is the reaction force homogenisation approach. The principal concept
of the reaction force homogenisation appida comes from the classical definition of mechanical
stress which is the division of the applied force with the cross section area as expressed through
Equation4.19.

” "00 Equation4.19

where for the above equation'O represents the reaction force on th&irection for the’Qoading

case on the boundary face of the arga As reported from(Pan, 2008)even if the reaction force
method is a very simple approach of calculating homogeneous stresses, comparing the time of
response, the computational effort and the simplicity of use, results from the method show a
comparable accuracy with the previous two homogenisation methods. For some cases of
computational homogenisation, time response and computational cost are dominant parameters.
For those cases the reaction force homogenisation approach is the ideal case.

4.2 Macro-homogeneity condition

Scale transition processes such as the homogenisation or localisation processes must satisfy the
macrohomogeneity condition also known as the #ilandel condition. Through the macro
homogeneity condition, the equivalence of the stranergy between the heterogeneous material

and the equivalent homogeneous one is ensured. TheMditidel condition can be expressed
through Equation4.20.

p ) p Equation4.20
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ForEquatiord.20the consequence of the macttomogeneity condition is that the fluctuation fields
on the boundary of the RVE can be replaced by a homogeneous field.

4.3 Effective properties under investigation

For the purposes of this research, mechanical, thermal and themachanical properties were
investigated. The appropriate boundary conditions were applied in order to cause the response of
the effective stiffness in the longitudinal and transverse dicet as well as the response of the
effective shear modulus. For the thermal properties, thermal conductivity of various cases of
orientation for a two phase composite was cditad regardingthe longitudinal and transverse
directions. The thermamechanical property under investigation is the linear coefficient of thermal
expansion. A solution for the linear coefficient of thermal expansion implies the application of
thermal and kinematic boundary conditions, and from a numerical pafinview, a coupling thermo
mechanical problem must be solvebable4-1 shows all the properties under investigation.

All the aforementioned propeies were investigateavith respect tofibre orientation, fibre aspect
ratio, fibre length distribution and RVE size. Those were the main parameters of the study for the
mechanical, thermal and thermmechanical behaviour of short fibre composite. For evaage of
loading conditions, the appropriate micguantity was measured on the integration point of every
element. For the case of mechanical effective properties, longitudinal and transverse effective
stiffness were calculated once measuremehmmicro-stressesmicro-strains and volume took place
from every integration point in an element.

For calculating the longitudinal effective stiffness, stressand strain-  must be measured for
every element with the value of the volume of the element. Bue case of transverse effective
stiffness, the analogoustress,, and strain- must be measured along with the volume of the
corresponding element. Stress and strain quantities represent the reaction of the heterogeneous
material and are used throlgthe average stress and average strain theoresssthey were
presented in the previous section.

Table4-1 Properties under investigation

Symbol | Property Orientation Aspect Ratio RVE size Fibre length
distribution

(0] Longitudinal
Stiffness

(0] Transverse
Stiffness
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O Shear
modulus
0 Longitudinal I.  Aligned . AR=1 . RVE I.  Constant
thermal fibres Il.  AR=5 size=2.5 fibre
conductivity . Mis- .  AR=10 II. RVE length
aligned size=3.75| Il. Random
fibres .  RVE fibre
lll.  Rando size=5.0 length
mly
oriente
d fibres
0 Transverse
thermal
conductivity
@ Longitudinal
coefficient of
thermal
expansion
() Transverse
coefficient of
thermal
expansion

4.3.1 Elastic properties

The effective mechanical properties are calculated as elements of the effective stiffness tensor for

the case of two dimensionalanestress conditions. Boundary conditions were applied in such a way

as for every virtual eperimentloading condition samples wereloaded macroscopically towards a

single direction. As a consequence for every loading condition, just a single element of the strain
tensor is active while all the remaining elements are z&tus can be seen faquation4.21 which

shows the generaliskexpression fothe oneRA YSY aA 2y 21 RAy3 O2yRAGAZY
two dimensional plane stress condition for calculating the lardjital stiffness.
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. 6 o0 o0 -
” 0 0 0 Tt Equation4.21
” 6 o0 O T

Expansion of the previous system of equations leads to a single equation with a single unknown as
can be observed iBquation4.22, which has a triail solution.

” 0 - Om 6 m Equation4.22

For the case of calculating the transverse effective stiffness, the applied boundary conditions must
ensure what is stated ifcquation4.23. For transverse effective stiffness the only element of
macroscopic strain which is not zero must be the one which refers to the transer RANB OG A 2y
strains.

” 0 0 0] - Equation4.23

Expansion of the previous system of equations as in the case of longitudinal stiffness leads to the
expression irEquation4.24 with a single unknownslong as the remaining elements of the strain
tensor are zero.

” O m O - 0 m Equation4.24

In the case of effective shear modulus, only the last element of the strain tensor is active bs ca
seen inEquation4.25

» 6 o6 O i
" 0 0 0 m Equation4.25
” 6 6 6 =

As a consequence, the system of equations is reduced, as in the previous two cases, to a single
equation with a single unknown as statedsquation4.26.

O0m 6 m o6 - Equation4.26
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4.3.2 Thermal properties

For calculating the thermal effective properties, a similar procedure took place, with the main
difference being the actual loading conditions applied on the bounds of RVE. In order to calculate

the effective thermal conductivity, first the overall heatnfl of the RVE must be calculated and
NEadz Ga Ydzald o6S I LI ASR 2y C2 dzNA &&pedentférrn of T2 NJ
C2dzZNA SNDa f [Equatomyg7. 6S aSSy Ay

. LT
noony "0 — Equation4.27

Where in the above equatioh represents density of the material white represents the specific
heat. For the purpose of this researcthermal conductivity will be investigated for the steashate
condition. The steadgtate condition describes the response of the material in terms of thermal
conductivity, once every dynamic phenomenon that takes place through the heat transfer pimcess
constant and does not cause any tirdependentchanges on the spatial distribution of thermal
conductivity.

A material, after a specific amount of time known as equilibration fimé# reach a point in which
there will be no time dependency. As a sequenceof Equation4.276 C 2 dzNA S N &f hefitdzf € @S|
transfer) all the partial derivatives of temperatureith respect totime variables willvanish. The
steadya G S GOSNEAZ2Y 2F C2dzNASNNA HosasonMes. f 02y RdzOU A DA

Equation4.28

.Y
n UT"Q

Effective homogenised thermal conductivity is calculated through a similar process, as described for
effective mechanical properties. First, it must be noted that for thermal properties the UC was
meshed with differentelement type. Elements with a code nan@ & Oowere used.O & Oo
elementis a diffusive $ode linear heat transfer trianglandit hasthree integration points. Values

for local heat flux were measured from every integration point of every elemérstiyFan average
guantity between the three integration points was considered and the total heat flux was calculated
through a summation expressedlguation4.29.

0 no Equation4.29
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where for the above equatiom) represents the local heat flux measured from tif2 element,
while 0 represents the area of th€ element. The heat flux of every element was measured as the
arithmetic average between the three integration points. In order to calculate the total average heat
flux on the UC, the total area must be first calculated. The total area of the RVE istedltulaugh

the summation expressed HEquationd.30.

0 0 Equation4.30

In the above equatiord represents the area of théQ element. Once the total heat flux is
calculated and the total area is known, the average heat flux of the RVE can be calculated through
Equationd.31.

n L T0 Equation4.31

wherefor the above equatiom represents the average heat flux on ti direction. The system of
equationswhich needs to be solved in order to calculate the average heat flux can be seen in
Equationd.32.

. S A

n 0 v v v !T ,
n v 0 v T TY(.d Equation4.32

n L 0 U -"T 'Y :u

T o

Again as in the mechanical boundary conditions for each loading conditoty one of the
temperatures gradients is not zerthe rest of themhaveno valuelln this way the calculation of a
single element of the effective thermal conductivity matrix wasssiblefor every single loading
condition.

4.3.3 Thermo -mechanical propertie s

For the case of thermnechanical loading conditions, in order to calculate the effective linear
coefficient of thermal expansion, a combination of kinematic and thermal boundary conditions must
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be applied on the borders of RMEgure4.5 shows the applied boundary conditions for calculating
the effective linear coefficient of thermal expansion.

As can be seen iRigure4.5, the RVE is kinematically restricted all around the boundaries and a
temperature difference is applied between the left and the right sifi®slongitudinal thermal
expansion androm bottom to the top for transverse thermal expansion.

YAV A AN A

oy y

/777 77777

Figured.5 Applied boundary conditions for calculation
the CTE

The thermal difference on the bounds of the UC will cause a heat flux through the media and strains
due to theRA FF SNB y (i thengl &xpansiodzSfyhé Eastituents will be developed. At the
same time, the kinematic restrictions on the boundariefs tbe UCin combination with the
developedstrainswill cause the rise of thermal stressés.order to simulate this procesé, 0 ©Y
elements from Abaqus library were usedl.0 @Yis a couples displacemetgmperature linear
triangularelement.

Both developed stresses and strains in the UC are measured and the volume average quantities are
calculated through the average stress and average strain theorems as they were presented in
Equation4.14 and Equdion 4.16. Calculation of the effective linear coefficient of thermal expansion
can be compled once the system of equations provided bbguation4.33is solved.

" 6 6 o6 - ®» Y'Y
" 0 0 0 - WYY Equation4.33
” o] 0 0 r ® Y'Y

From the above equations the maestrains denoted as- h @£ Q are equal to zero as a
consequence of the overall kinematic restrictions on the boundaries of the RVE. Stresses are
calculated throgh the average stress theorem. Thigeetive stiffness tensor is evaluated from the
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pure mechanical homogenisation procemsd the same values were used for solving the thermo
mechanical problem.

4.4 RVE approach

All the aforementioned calculations were executed under the framework of a representative volume
element. The real question that we are going to examimé¢his sectim is what is considered as
representative and what process must take place in order to justify the representativeness of the
unit cell. Alspthe influence of various micromechanical parameters on the representativeness of
the UC will be under discussiohihe answer to this question comes from further statistical analysis
of the results of the homogenisation process. For that purpose five realisations were developed for
every combination possible.

In the following subksection the concept of statistical alyais of the response of the composite
material will be presented. A further explanation on the statistical test which was used will take
place. An investigation of the influence of different parameters on the results of the statistical
analysis wilbe caried out That means that if we consider

1 three different cases of orientation,

G§KNBS RATFSNByilG OlFasSa 2F wx9Qa aAil sS:
three different cases of aspect ratio and also

investigation of seven different mechanical, thermal and themmechanical properties
forFA®S RSQOSt2LISR aal YLX Sa¢

=A =4 =4 =4

the number ofdifferently solvedmnodelsrises to morehan 945.

4.4.1 Chi-square test

Having results for the five different realisations from every possible combination of the parameters
under investigation, the next step is to moalise all the resultsvith respect tothe higher value of

the five realisations. The normalisation process takes place in order to restrict all the values or
different properties between the open interval af p. As a consequence all the properties and
investigation will have values on the same order of magnitude and a direct comparison can take
place.

The statistical test which was used is the-sfpuare test. The cliquare test properties were
investigated by a British mathematician named Keehrson at the beginning of the 2@entury.
The Chiquare test can be seen lguation4.34.

() —_— Equation4.34
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where for the above equationd represents the observed value for th® realisation, while

O represents the expected value. The test actually calculates the deviation of the observed
frequency with the expected frequency for a set of values and in combination with the statistical
degrees of freedom of the problem, the test provides @bklues from which a decision about
accepting or rejecting the results can be madghe test also providea comparison between the
observed values of a set which has properties ofscfuiare distributionand the expectedvalue of

the set. Table value®i the chisquare test, for any degree of freedom and any level of accuracy
can be found irAppendix’'Owmplementation of theEquation4.34 and canparison of the equation
results with the table values for a specific degrees of freedom and specific accuracy, will be the
process by which weill examinewhetherthe volume element is representative or not.

Througlout this study we observed thahe results of the chsquare test are influenced by all the
parameters that are introduced into the system as modifications of the microstructure. The main
parameter that dramatically changdabe results of the chsquare test is the UC size. This was
expectal from the beginning because as has been reported in literature the larger the size of UC, the
more information it includes about the micstructure, and as a consequence, the more
representativeit is. On the contrary a very large UC ia computationaly expensive problem to
solve.

The real question about sizes turnedouti 2 0SS ¢2 KAOK A& (GKS avylrffSad
also what parameters antb what degree they influence the representativeness of a UC. The
smallest size is needed in orderdgave computational time and power. It was also observed tinat

results of the chi square test were also influenced from the property under investigation, the
orientation of the inclusions, the aspect ratio and also the distribution of the fibre length.
Throughout the following section, the influence of all the aforementioned parameters will be
discussed and results from the chi square test will be provided.

442 Chi-ONODAOA OAOO AT A ET Al OOET 160 1 OEAT OAGET 1

It has been reported in the literature that periodicrangements of micratructure needa smaller

RVE size in order to be representative and this is due to the repeated periodiestriecture of the
material. As a consequence, every parameter that enters the system and has a stochastic nature will
influence the size of RYRoweverit is under investigation if that influence is positive (leato a
smaller UC size) or negative (l@agito a larger UC size). The first case under investigation is fibre
spatial arrangements. The stochastic parameteriis tase is the random position of the fibres. As
observed inFigure4.6, all the inclusions have the same aspect ratio, same orientation distribution
and uniform length but they differ regarding the actual position of each inclusion in space, or the
orientation of each individual inclusion. By examining the difference in the response of those five
realisations, one will be in a position to understafcdmy movement of the inclusion in any other
position in space will influence the effective properties of the UC. For representative sizes, the RVE is
considered to be large enough so that derived effective properties are not influenced by the
different fio NB Q&  LJang atlied pArgmetri@hce the five realisations seenRigure4.6 have

results that deviate from each other, that is a clear intaa that the size of the UC is not big
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enough to include all the necessary information for the response of the material and because each
sampleresponddifferently, underthe same loading conditions, depending t&microstructure.

\ N\ \ = 3 . y/ /-. 1 _ﬂ r/ \|
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Figure4.6 Five realisations of a UC consisting of the sq.ﬁthe same AR, the same orientation
distribution and the same UC size.

Through the following paragraphs, the influence of inclusion orientatiorthenvalue of the Chi
square test will be examineérigure4.7 shows the distribution of Cliquares valueswvith respect to
the UC size for the thredfterent cases of orientation distribution.
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Figure4.7 Chisquare values for longitudinal stiffness for realisat
with AR=10 and three cases of orientations.

For the above figure, values tife chisquare test for the longitudinal effective stiffness withY

p mare presented As can be observed Kkigure4.7, the chisquare test does ndibllow any linear

pattern with respect tod KS Ay Of dzaA2y Qa 2NASYy Gl A2y d ¢KSNBE Aa
of stochastic parameters entering the system and the actual value of th&qgclaire test. This can be

observed because aligned fibres baa higher chgquare value than randomly oriented fibres and

the lowest chisquare value is fomis-aligned fibres, while for a linear relation one must expect the

series to be aligned fibresjis-aligned fibres and then randomly oriented fibres. Thia ©dear sign

that the effective propertyand as a consequence the tuare valugare affected by multiple
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parameters simultaneously and that the final result is a combination of those parameters and is
dictated by the most dominant of those parameters.

In terms of stochastic parameters in the system, the case of randomly oriented fibres is the one with
the most random parameters (position and orientation) that change for the five realisations.
However, it seems that the number of stochastic parameiarshe system is not the dominant
variable that controls the ckiquare behaviour of the material. A different trend can be seen in the
case of the transverse effective stiffness for the same realisations. Chi square distribution for
transverse stiffnesssaa function of fibre orientation can be observedrigure4.8. As was expected,

the case of randomly oriented fibres shows the higher chi squarevahis was expected once the
random orientation reinforced the transverse direction due to the percentage of fibres oriented
towards that direction and also from the fact that random realisations have more stochastic
parameters when compared with aligndithres andmis-aligned fibresand as a consequence the
number of fibres reinforcing towards the transverse direction varies and this is reflectee chi
square value.
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Figure4.8 Chisquare values for transverse stiffness for
realisations with AR=10 and three cases of orientation:

4.4.3 Chisquare and aspect ratio

The second parameter under investigation for the values of the chi square test is the aspect ratio of
the inclusionsFor the purposes of this research, three different aspect ratio cases were examined in
the case of uniform distribution length composite. Values of thesduiare will be compared for

0 'Y phofp m Results of the cliquare test for the same orientatioand the same property but
different aspect ratio can be seenkigure4.9.
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Figured.9 Chisquare value for longitudinal effective stiffness
aligned fibres as a function of AR.

For the above plot, the horizontal axis shows the three different UC sizes while the vertical axis
shows the chiquare valueFigure4.9 shows the influence of aspect ratio on @uare values for

the longitudinal effective stiffness of aligned fibres composite. As can be observed, the aspect ratio
has stongly influenced the ckéquare value. Again, as in the previous case, the trend is not clear as
aspect ratio is not the only parameter that influences the-spiare value. However, it is clear for
longitudinal stiffness that the larger the aspect ragpthe higher the ckéquare value will be. This is
relatedto the fact that by increasing the AR for aligned fibtlsg, property which isnostaffectedis

the longitudinal stiffness. In addition, aspect ratio is a parameter that is indirectly refatine size

of RVEwhich isthe mainreasonwhy the chisquare values of the same aspect ratio decrease as the
size of the RVE becomes larger.

The exactopposite trend on chsquare distribution was observed for the transverse effective
stiffness of the sameealisations a@ the previous caserigure4.10 shows chisquare values for the
transverse effective stiffness of aligned fibres composite.
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Figure4.10 Chisquare value for transverse effective stiffnes
aligned fibres as a function of AR.

As can be observed iRigure 4.10, for the case of the transverse effective stiffness, circular
inclusions exhibit the highest deviation from the arithmetic average value. This is rédettesl most
reinforced parameter but is a topic which Wile discussed in the next paragraph because the
phenomenon becomes clearer once the comparison ofsgniare value is basl on the effective
properties.

4.4.4 Chisquare and effective properties

In the following paragraph the influence of the &guare test valuewith respect to effective
properties will be examined. As shown in the previous-sedtion, the same realisations show
totally different trends for longitudinal effective stiffness and foransverse effective stiffness. This
can be observed clearly Figure4.11 where the distribution of chéquare was plottedvith respect
to the UC ize for three different effective mechanical properties.
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Figure4.11 Chi square values for different mechanice
properties for aligned fibres with AR=10.

Figure4.11 shows the distribution of cksquare values for aligned fibres orientation with AR=10. As
observed, the higher ctiquare value belongs tihe longitudinal effective stiffness. Up to this point,

in order to appropriately interpret this behaviour one has to consider that fibres are oriented
towards the longitudinal direction which is a parameter enhancing the longitudinal stiffness, and
alsothat fibres have large aspect ratio (AR=10) which is also a second parameter enhancing the
effective longitudinal stiffness. It then becomes clear that the parameter of the most reinforced
property is a dominant parameter on the edguare test. It was gemally observed through the chi
square tests that if the orientation of fibres or the aspect radjgecificallyreinforces any of the
effective mechanical properties, then this property becomes the dominant parameter for the chi
square distribution. For th specific case shown frigure4.11, of the effective properties under
investigation, longitudinal stiffness is the one which is more reinforcedtdube fibre orientation

and the fibre aspect ratio.

45 Conclusions

Througtout the previous chapter, the concept of computational homogenisation was discussed. The
definition ofthe homogenisation process was given and #ignificanceof the method on matrial
characterisation was addressed. Various computational homogenisation approaches were presented
and a discussionf the accuracy and the difficulty of implementation of each approach took place.
The major homogenisation approachethe asymptotic homogenisation methpdhe volume
average and the reaction force methqdgere further analysed. The mactmmogeneity condition
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was presented and the concept of equivalent homogeneous media was discussed. A report on the
effective propertes under investigation follows. Longitudinal effective stiffness, transverse effective
stiffness and effective shear modulus for the mechanical properties, while for the thermal properties
the effective thermal conductivity was the property under invediiga and for the therme
mechanical simulations the effective linear coefficient of thermal expansion was the property under
investigation. A detailed discussion on the implementation of boundary conditions and calculation of
effective properties was preséed. Finally, the chapter ends with a report on the statistical test. The
guestion of the representative size has been answered through a statistical test. The chapter does
not provide results from the ckiquare test but a quality discussion on the importe of the test

and the major factors affecting the test. Further investigation for the influence of various
parameters on the chéquare value took place and the influence of the fibre orientation, aspect
ratio, effective property and RVE size were disaal.
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5 Results and discussion

Through the following chapter results from the developed numerical models are presented. The
chapter is separated in two sectiarSectiorb.1refer to monadispersed and sectioB.2 for the non
mono-dispersed fibre lengthFa both sections results are presented as a function of the parameters
under investigation. Results from the etuare test are presented first in order to clarify the
representative sizesf a sample under consideratipand as a consequence tlaecurateresults.

The chapter concludes with a direct comparison of the representative results with various
theoretical models as a function of the aspect ratio.

5.1 Mono-dispersed fibre length

As was discussed in chapterfibre length is a parameter of the matetienainly affected by the
manufacturing process Viscosities of the matrix polymer, volume fracti@nd complexity of the
mould area few parameters of the manufacturing processhich affect fibre length. Short fibre
composite with monedispersed fibredngth is not a common case. In the majority of short fibre
composite products fibre length follasa distribution. The following analysis of the medispersed
fibre length aims to study the ideal case of fibre length for comparison with the more reahstc
of fibre length distribution.

5.1.1 Chi-square results

The following plots show the chkijuare distribution of the samples under investigation. The chi
square \alue was calculated ahownin Equation4.34, by considering the five different realisat®n

of each case. The five different realisations consist of the same fibre orientation, same UC size, same
fibre aspect ratio and same volume ftmn. The difference between them relies on the actual
positionof inclusions.Realisations represent a square region of the material taken in a random
position. Any differences between the five realisasare a direct indication of nowniformity in

the response of the same materjadr that the material is observed in a very local scale in which
singularities are dominating the response of the materfh. example of five realisations can be
seen inFigure5.1.
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Figure5.1 From every case of parameter combination, five realisations were developed in order to statis
study theresults.

As has been reported in chapter 4the Chisquare test cantest the hypothesis ofthe
NELINBaSyillliArdSySaa 27F | ofthé effectivéipkopedydunderfinvestigadion2 6 & S NI
exhibit a major fluctuation with the expected value of the fiealisations,it means that the size
under study will show aelatively high chisquare value. As is been reportethi-square test is a
hypothesis €st so the chsquare valugesultingfrom a specific size analysis must be compared with

a table value from the ckéquare distribution. Combining the statistical degrees of freedom of the
problem and the desired degree of accuracy, one is able to réaghathesis test value from the chi
square distribution table AppendixOfand compare it with the resultant ceguare value. Any
resultant chisquare value below the table distribution value can be consides positively passing

the hypothesis, anyalue above the ckéquare table value is consiagtto fail the hypothesis test.
Following the results of the hypothesis test results about the representativeness of the size can be
made.

5.1.1.1 Chi-square Results-Mechanical properties
The first family of plotshown in
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Figureb5.2 show the chisquare distribution regarding the mechanical properties of uniform length
aligned short fibre cmposite for the cases of aspect ratio 1, 5 and 10. The horizontal axis of the
plots shows thenormalisedUC size while the vertical axis indicates the resultansqgbiare value for

each size. Cldquare plots are categorizenith respect to theorientation aspect ratio and property
under investigation. By categorizing the plots in such a way gives the ability to investigate the
contribution of each parameter on the chi square value.

Chi square plots for aniform length distributionwith respect tomechancal properties under
investigation for perfectly orientedligned fibres, misaligned fibres and randomly oriented fibres are
presented. The following
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Figure5.2 shows the chisquare value for mechardtproperties of aligned fibresith respect tothe
Y2 NX I f A &S Ron the Rffisidgdnd azShe right side shows a picture of the realisation
indicating the aspect ratio and the orientation.

5.1.1.1.1 Align fibres
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Figure5.2 Chisquare results for uniform length aligned fibres.
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Figureb.2 the chisquare value of aligned fibres is shown. It can be observed that

1.

for each individual plot the value of ebfjuare is decreasing as long as the UC size increases.
This is a generalend which will be observed in all cases of-sdniare test. This resslt
from the fact that larger UC sizes include more fibres and as a consequence more
information about the microstructure. This is something beneficial for the average
properties of theUC. Larger UC sgdead to fewer singularities due to the specific structure

of each realisation. It must be emphasighat chisquare test is a criterion comparing the
observed value of each realisation with the expected value calculated from theiffieedt
realisations.

Generallyas will be showin this chapterthe AR in combination with fibre orientatigmare
parameters affecting the effective properties. In the specific case of aligned fires
increase of AR leado higher longitudinal effetive stiffness. Thisan be seety increasing

the AR the chisquare value of longitudinal stiffness increases and thislse® why
longitudinal stiffness has the highest «guare value. This behaviour is not only refleated

the general trend of chéguare results but alsm the actual values of the clsiquare test.
Effective transverse stiffness and effective shear stiffness have lowesgohre values
compaed with longitudinal stiffness. This is also a phenomenon which can be explyned
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the fact that transverse stiffness and shear stiffness do not experience strong enhancement
from the increase of AR in the casefolly orientedaligned fibres

5.1.1.1.2 Misaligned fibres
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Figure5.3 Chisquare results for uniform length misaligned fibres.

Figure 5.3 shows results of cksquare test for mechanical properties of misaligned fibfes

0'Y vwe 'Y p min the case of misaligned fibres an extra stochastic parameter is introduced
into the system. However the stochastic behaviour of this parameter (fibre orientation) was
restricted in order to get the misaligned orientation. The casedod¥ p was omitted for all
orientation cases except fully aligned fibres.

1. The first point under discugm is that the general trend of decrease of the-square value
while AR increases is also observed for misaligned fibres.

2. For the case ob 'Y v it can be observed that cisiquare values for effective longitudinal
stiffness and effective shear stiffreare close to each other while the effective transverse
stiffness has lower value. This is a behaviour resulting from the contribution of orientation.
As can be seemisaligned fibre UCs will exhibit lower longitudinal stiffnesmpaed with
aligned fbres and also higher effective transverse stiffness and effective shear stiffness. This
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is the main reason why the absolute value of the guare test is lower for longitudinal
effective stiffness.

3. For the case ob 'Y p tthe absolute value of the clsiquare test is highecompaed with
the case of6 'Y uhand this is again an indication of the contribution of AR in the case of
the same orientation. The increase of AR seems to cause a deviation between the five values
mainlyrelating tolongitudinal effetive stiffness.

Foro 'Y p mand for the cases of longitudinal and transverse stiffness it can be seen throgigte

5.3 that as the UC increases in some casks chisquare value increases. This behaviatses

from the fact thata combination of stochastic parametein the system in some cases casse
deviation between the observed and the expected value. Howethés can be acceptable only far

few cases (not as a regular trend) and the way to overcome this barrier is to increase the number of
realisations under study.

5.1.1.1.3 Randomlyoriented fibres
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Figure5.4 Chisquare results for uniform length randomly oriented fibres.

Chi Square Value

Figureb5.4 shows the chiquare test results for randomly oriented fibres. Again the case &f p

has no meaning with random orientation. In the case of randomly oriented fibres the number of
stochasic parameters in the system is the same as in the case of misaligned bhbtan this case
there is no restriction on the potential angle of each fibre. Fibre aaxde take value on the clode

interval betweentt
The following observation can Imeade:

1. The first comment about ckiquare results of randomly oriented realisations is that the
general trend of decrease of ebfjuare as UC size increases is also obsémibd case.

2. The second comment regasdhe actual values of the test. Almost all effective properties
have increaseé chisquare value and this isainly causel by the stochastic parameters
introduced into the system
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It can be also observed that efguare value for the effective transverse stiffness is the most
dominant value of the cksquare test. This is mainly caused by the orientation and also by
the AR Analysigfirst the case of orientation, the case of randiynoriented fibres increase

the actual number of fibres oriented towards the transverse direction. This caase
reinforcement of the effective transverse stiffness atthe same timedepending on the
number of fibres oriented towards transverse dinect, different realisatios have different
effective transverse stiffness. Thi®ints to a deviation of the observed valueand as a
consequence a higher ehguare value.

It isalso clear from the plots ifigure5.4 that an increasein the AR increases the value of
chirsquare for all properties. This is something which was expected due to the reinforcing
effect of randomly oriented fibres. In thease of randomly oriented fibres, the composite is
enhancedn both directions and the effective shear stiffness is reinforced. As a consequence

higher chisquare values were expected.

The followingTable5-1 includes all the results of the previous figures in a more integrated way. The
table shows all the ckiquare values for the mechanical properties of the samples under
investigation. Resultsf the chisquare test regarding the table are categorizeith respect tothe

orientation, the UC size and the aspect ratio.

Table5-1 Chisquare results for mechanical properties.

Orientation Normalised Property Chisquare value
UCsize under
investigation AR=1 AR=5 AR=10
Aligned 2.5 0 0.0426 0.0397 0.1415
3.75 o) 0.0054 0.0142 0.0117
5.0 0 0.0011 0.0130 0.0123
2.5 0 0.0169 0.0044 0.0052
3.75 0 0.0034 0.0003 0.0014
5.0 0 0.0020 0.0008 0.0013
2.5 O 0.0057 0.0061 0.0050
3.75 O 0.0008 0.0005 0.0019
5.0 O 0.0016 0.0013 0.0017
Mis-aligned 2.5 o) 0.0426 0.0114 0.0353
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3.75 0 0.0054 0.0061 0.0026
5.0 0 0.0011 0.0031 0.0148
25 0 0.0169 0.0039 0.0007
3.75 0 0.0034 0.0006 0.012
5.0 0 0.0020 0.0004 0.0002
25 O 0.0057 0.0093 0.0064
3.75 O 0.0008 0.0054 0.0032
5.0 O 0.0016 0.0015 0.0031
Randomly 2.5 0 0.0426 0.0306 0.0878
oriented
3.75 0 0.0054 0.0157 0.0441
5.0 0 0.0011 0.0072 0.0164
25 0 0.0169 0.0593 0.15
3.75 0 0.0034 0.0228 0.0308
5.0 0 0.0020 0.0109 0.009
25 O 0.0057 0.0038 0.025
3.75 O 0.0008 00116 0.011
5.0 O 0.0016 0.0006 0.0013

5.1.1.2 Chi-square Results-Thermal properties -Thermal Conductivity

The following family of plotselates tothe chisquare results for thermal properties and more
specificallyto the longitudinal effective thermal conductivity and the transverse effective thermal
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conductivity regarding althe cases of orientation and AR under investigation. The plots are
separated for different aspect ratios.

5.1.1.2.1 Aligned fibres
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Figureb.5 Chisquare results regarding the thermal conductivity for aligned uni
length fibres

Figure5.5 shows the longitudinal and trawverse effective thermal conductivity for aligned fibres of
0Y vwe 'Y p Tt can be observed that

1. Comparinghe chisquare value of thermal properties with efguare vale of mechanical
properties, thermal properties seemto experience much lessleviation between the
observed and the expected value. It must be emphakit®at expected and observed
values entering the cksquare test are normalised and as a consequence for all the
properties under investigatigrall the values entering the test lie between the open interval
of Tt p. This enables a direct comparison between the-sthiare behaviour of each
property.

2. For the case of aligned fibres as shownFigure5.5, AR does not seem to affect the
deviationbetweenexpected and observed value. Glguare results are close to each other
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inthecased 'Y v®é @'Y p mand also values lay close to each otfmrthe longitudinal
effective conductivity and for the transverse effective conductivity.

3. The general trend of decrease of the -ehjuare value as the UC size increas@s also
observed for the longitudinal and transverse effective thermal conductbfigligned fibres.

5.1.1.2.2 Misaligned fibres
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Figureb.6 Chisquare results regarding the thermal conductivity fesaligned
uniform length fibres

Figure5.6 shows results for the ckiquare test for longitudinal and transverse effective thermal
conductivity of misaligned fibres realisatiohs.a @mparison of misaligned orientationith aligned
fibres onFigureb.5, it seems that

1. He ntroductionof a new random parameter (fibre orientation) did not affect the-shuare
value drastically. The general trend of -skjuare value decreaseith respect toUC size
decrease is also observed.
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2. In the case of0 'Y v longitudinal effective thermalconductivity seems to have an
increasa value of chisquare testwhen compaedwith 6'Y v®é @'Y p ToOf aligned
fibres.

3. On the contrarythe case o0 'Y p t8eems to have expected and observed valwhich
are closer to each other. In the case of aligned fibresd 'Y p m™seems to exhibit more
uniform chisquare results. This is something which was observed for mechanical properties
as well.

5.1.1.2.3 Randomly oriented fibres
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Figureb.7 Chisquare results regarding the thermal conductivity fandomly
oriented, uniform length fibres

Chi Square Value

Figure5.7 shows the chisquare results of longitudinal and transverse effective thermal conductivity
for randomly oriented fibre realisations.

1. As in every case under investigation the general behavidwdecrease of the cliquare
value was also observedthis case.

Comparing chsquare result$n Figure5.5, Figureb.6 andFigureb.7 it can be seen that
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2. in the case of randomly oriented fibreSigure5.7) the chisquare values are gjiner for both
sets of parameters. Higher valgavere obtainedas orientation changsfrom aligned to
misaligned and randomly orientelut also as the aspect ratio increase

3. It must be noted that the case of randomly oriented fibres was the only wa®ee the cht
square value of effective transverse thermal conductiiritreased

The followingTable5-2 includes all the information shown in the previous plod$ating tothe chi
square distributionwith respect tothe RVE size for the effective thermal conductiviboth
longitudinal and trasverse. Results for the ebjuare distribution are showwith respect tothe
sample sizgthe orientation of fibresthe effective property and the aspect ratio.

Table5-2 Chisquare results for thermal pperties.

Orientation Normalised Parameters Chisquare values
UC size under
investigation AR=1 AR=5 AR=10
Aligned 2.5 0 0.002 0.0013 0.0015
3.75 0 0.0004 0.0001 0.0005
5.0 0 0.0001 0.0003 0.0004
2.5 0 0.0021 0.0024 0.0038
3.75 0 0.0003 0.0001 0.0010
5.0 0 0.0001 0.0007 0.0006
Mis-aligned 2.5 0 0.0092 0.00007
3.75 0 0.0002 0.000031
5.0 0 0.0001 0.000035
2.5 0 0.000244 0.000677
3.75 0 0.0001781 0.000035
5.0 0 0.0000917 0.0001186
Randomly 2.5 0 0.0042 0.0053
oriented
3.75 0 0.0026 0.0013
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5.0 0 0.0005 0.0004
2.5 0 0.0016 0.002

3.75 0 0.0007 0.0021
5.0 0 0.0005 0.0008

5.1.1.3 Chi-square Results-Thermal properties -Coefficient of Thermal Expansion

The followingfamily of plots show the ckiquare distribution for the linear coefficient of thermal
expansion, for aligned fibres, misaligned fibres and randomly oriented fibres for all the cases of
orientation under investigationand also for three different UC sizeand for longitudinal and
transverse coefficient of thenal expansion.

5.1.1.3.1 Aligned fibres
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Figureb.8 Chisquare results rgarding the coefficient of thermal expansitor
uniformly oriented-aligned fibres.

Figure5.8 shows the results of the clsquare teson the effective longitudinal and transverse linear
coefficient of thermal expansion for aligned fibres. As can be observed
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1. The general trend othisquare value reductiowith respectto UC size increase also take
place for CTE.

2. Regarding the increase of aspect ratio and the influence it has on effective longitudinal and
transverse thermal conductivity, it can be seen that éofY p values of thechisquare
tests are almost the samewhile as long as the AR increases the difference between
longitudinal and transverse Ciri€Ereases

3. It canalsobe observed that as long as the AR increases the actual value of thquare
test decrea®s In that case it can be said that the increase of AR has the opposite results
comparing with chsquare results for mechanical and thermal properties.

5.1.1.3.2 Misaligned fibres
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Figureb.9 Chisquare results regarding tremefficient of thermal expansion for
misaligned fibres.

Figureb.9 shows the results of the clsiquare testffor the effective longitudinal and transverse linear
coefficient of thermal expansion for misaligned fibres. As can be observed

1. The generatrend of chisquare value reductiowith respectto! / Q& &A1 S Ay ONBI &5
place for CTE.
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2. A direct comparison with aligned fibr@sFigure5.8 is that chisquare results for misaligned
fibres are closer to each othahan for longitudinal and transverse effective CTE. This
behaviourarisesfrom the different orientation.

3. It can be seen that effective transverse CTE has elevatestjohre valus comparingvhen
comparedwith aligned fibres. This can be obseniadhe effective properties as well.

4. AR seems to have a direct influence on thesthiare value. Misaligned fibres with'Y p T
have generally higher ciguare valuesvhen comparedwith 6 'Y p mThisindicates that
there is a strong influence on the CTE from AR which saasgeviation between the
expected and the observed values.

5.1.1.3.3 Randomly oriented fibres
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Figureb.10 Chisquare results regarding the coefficienttbérmal expansion for
randomly orientedfibres.
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Figure5.10 shows results of the cldquare for longitudinal and transverse coefficient of thermal
expansion of randomly oriented fibre realisations.

1. Asinall the previous casesas long as the UC size increases thesghare value decreases.
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2. In the case of randomly oriented fibres, chi square values are higher compamipgred
with misaligned and aligned fibres. This is an indication thataccuracy of the results is
strongly dependant on sizewhenthe property under investigation is CTE.

3. The influence of AR is also clear througigure5.4. Results from the observed arite
expected valus seem to deviate more as the AR increases. Aghis phenomenon is
connectedto the reinforcement of the property under investigatiavith respectto the AR
and the orientation howeverthis is something which will be discussed in ddtathe next
section.

The followingTable5-3 includes all the information shown in the previous plots about thescuiare
distribution with respect to the UC size for the longitudinal and transverse effective coefficient of
thermal expansion. Results for the uare distribution are showwith respectto the sample size

the orientation of fibresthe effective property and the aspect ratio.

Table5-3 Chisquare results for thermonechanical properties.

Orientation RVE size Chisquare AR=1 AR=5 AR=10
Aligned 2.5 0 "YO 0.2315 0.0535 0.0521
3.75 0 "YO 0.0759 0.0297 0.0297
5.0 0 "YO 0.0347 0.0043 0.0078
25 0 "YO 0.2129 0.0067 0.0262
3.75 0 "YO 0.0842 0.001 0.0048
5.0 0 "YO 0.0348 0.0031 0.0037
Mis-aligned 2.5 0 "YO 0.0355 0.1012
3.75 0 "YO 0.0168 0.0335
5.0 0 "YO 0.0119 0.02
2.5 0 "YO 0.0172 0.062
3.75 0 "YO 0.0048 0.059
5.0 0 "YO 0.0076 0.0415
Randomly 2.5 0 "YO 0.0668 0.109
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oriented
3.75 0 "YO 0.04 0.0683
5.0 0 "YO 0.0131 0.0117
25 0 "YO 0.119 0.1833
3.75 0 "YO 0.1 0.0461
5.0 0 "YO 0.0212 0.0215

5.1.2 Effective properties results

Effective mechanical, thermal and thermaechanical properties were studiedith respectto
various micromechanical parameters. The parametengch variedthroughout this study were fibre
aspect ratio, fibre orientdon distribution, UC size and fibre length distribution. Aspect ratio was
found to be a dominant parametdn the response of a short fibre composit fact which is also
supported by theoreticahnalytical modés suchas the shear lag model or Halpisai equations.
Orientation was the second mostfluential parameter on the effective properties of the short fibre
composite. The influence of the UC size can be clearly seen through thquane resultsand it
seems that higher UC sizes exhibit a mooavergat behaviourcomparedwith smaler UC sizes.
The final parameter to be analysed is the fibre length distribution, which shows that if the
appropriate condition between maximum fibre length and UC size is not satisfied, it can be a source
of inaccuacy for the model.

5.1.2.1 Effective mechanical properties

The following family of plots show the distribution of the mechanical thermal and thermo
mechanical effective propertiasith respectto UC size as a function of fibre orientatiaith respect
to AR.Eachplot refers toa different UC size.
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Figureb.11 Effectivemechanicaproperties results for uniform length fibres. Results a
presentedwith respectto AR for all the cases of orientation undevestigation.

Figure5.11 shows the response of @ On the left side dfigure5.1 are results for the effective
longitudinal stiffness and on the right side results for the effective transverse stiffness. Every row
refersto a different UC size. The vertical axis on the plefersto the effective property under
investigation while the horizontal axis refers the value of aspect ratio.
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As can be seen

1. AR is avery crucial parameter for reinforcement. ysialg the left part ofFigureb.1, refers
to effective longitudinal stiffness, as was expectéar aligned fibres UC seems to
experience the most the reinforcement due to the increaiséR. Misaligned fibres follow
with less reinforced propertywhile the leastreinforced case of orientation, from the AR
are the randomly oriented realisations. The explanation for this behaviour is the
combination of increas AR with orientation. For aligned fibres it was expected that
increasein AR will lead to a direct increagethe longitudinal stiffness. On the contrary for
misaligned fibres and randomly oriented fibres, the percentage of fibres oriented towards
the longitudinal direction is not enough to increase the longitudinal stiffreashe same
rate as aligned fibres.

2. In the case of transverse effective stiffnegktted on the right side of thd=igure5.11, the
opposite trend can be observed. Higher transversedtiffe stiffness was observed for the
case of randomly oriented fibres, while misaligned fibres exhibit lower effective transverse
stiffness and finally aligned fibres shows thasteffective transverse stiffness.

3. Itis also interesting to report the bekiour of the effective transverse stiffness for each
case of orientationwith respectto AR. Randomly oriented UCs increase the effective
transverse stiffness almost lineanlyith respectto AR increaseThis is not the case for
aligned and misaligned @mmtation. Aligned and misaligned realisations seems to be almost
unaffected by the changes in AR. This mainly happens due to the lack of reinforcement on
the specific direction of loading. As a result matrix is the main constituentcduaiesthe
load. This phenomenon can be predicted with analytical models.
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Figure5.12 Effectiveshearproperties results
for uniform length fibres. Results are
presentedwith respectto AR for all the case
of orientation under investigation.

176



177

Figure5.12 show results for the effective shear stiffness. Each plot sefiera different UC size.
Results follow the same trend as the effective transverse stiffness but in the tabear stiffness
this isa consequence®f the orientation.

1. The orientation with the higher effective shear stiffness is the random orientafibis is
due to the fact that randomly oriented fibres resist the shear deformation in a more efficient

way compased with aligned and misaligrd orientation.

2. Misaligned fibres seem to experience less shear stiffaeagpaed with randomly oriented
fibres, but higher stiffnes€ompaed with aligned fibres.

3. AR seems to have a strong effect on the random orientation, sligithgasngthe effective
shear stiffness for misaligned fibres and almost a negative contribution for aligned fibres.

The followingTable5-4 includes all the information shown in the previous plots about the effective
mechanical properties under investigatianth respectto the AR ér the three cases of orientation

and the three cases of UC size. Results for the effective mechanical properties are presented in the

following tablewith respect tothe sample sizethe orientation of fibresthe effective property and
the aspect ratio.

Table5-4 Results for mechanical effective properties.

Orientation Normalised Property Effective property results
UC size under
investigation AR=1 AR=5 AR=10
Aligned 2.5 0 2.1597 4.8793 6.5723
3.75 0 2.2163 4.5404 6.0217
5.0 0 2.3518 4.2229 5.6344
2.5 0 2.0943 2.0284 1.9849
3.75 0 2.2045 1.9939 1.9849
5.0 0 2.3408 1.9369 1.9897
2.5 0 0.6721 0.7169 0.6799
3.75 O 0.7071 0.7057 0.6784
5.0 O 0.7668 0.6802 0.6751
Mis-aligned 2.5 o 2.1597 3.3310 5.1845
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3.75 0 2.2163 3.4584 5.1309
5.0 0 2.3518 3.3387 4.7780
2.5 0 2.0943 2.1436 2.0799
3.75 0 2.2045 2.0479 2.1628
5.0 0 2.3408 2.0845 2.0568
25 O 0.6721 0.7935 0.8292
3.75 O 0.7071 0.7676 0.8325
5.0 O 0.7668 0.7953 0.8478
Randomly 2.5 0 2.1597 2.6342 2.9177
oriented
3.75 0 2.2163 2.6343 3.1292
5.0 0 2.3518 2.5745 3.1904
25 0 2.0943 2.7805 3.4560
3.75 0 2.2045 2.7939 3.1832
5.0 0 2.3408 2.6738 3.0561
25 O 0.6721 0.8536 0.9925
3.75 O 0.7071 0.8697 0.9857
5.0 O 0.7668 0.8585 1.0263

5.1.2.2 Effective thermo-mechanical properties

Through the following paragraphs the effective properties of longitudinal and transverse thermal
conductivity will be presenteavith respect tovarious parametersuchas orientation, aspect ratio
and UC sizeln the second part of the subhapter the thermemechanical effective results are
presented agaimvith respect tovarious parametersuchas orientation, aspect ratio and UC size.



5.1.2.2.1 Effective thermal conductivity
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Figureb.13 Effectivethermal conductivityresults for uniform length fibres. Results are presented
with respectto AR for all the cases of orientation under investigation.
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Figure 5.13 shows results for the effective thermal conductivity. Plots on the left side refer to
longitudinal effective thermal conductivity while the plots on the right sidd-igiure5.13 refer to
the effective transverse thermal conductivity. Each row refers to a different UC size.

Analysing firdy the results on the left side ofrigure 5.13, longitudinal effective thermal
conductivity,it must be noticed thabrientation is affecting the effective property.

1. Aligned fibres seem to be more conductimben compaed with misaligned and randomly
oriented. Thelowest value of longitudinal thermal conductivity is the case of randomly
oriented fibres.

2. AR seemmto makea small contributiorto the property under inestigation and only wheit
is combired with the appropriate orientation. For exampl#he same increase in the AR has
a significant effecon randomly oriented fibres and almost no effeat aligned fibres.

3. In the case of transverse effective thermal dontivity, the exact opposite trend can be
observed for both parameters (orientation and AR).

4. On the contraryto longitudinal effective stiffness, randomly oriented fibres seems to be
more thermally conductive for the transverse direction, misalignedeibless conductive
and the orientation with the lowst transverse conductivity is the aligned fibres.

5. Regarding the AR, transverse effective thermal conductivity resredinost unaffected for
the randomly oriented fibres as long as the AR increaskse misaligned and aligned fibres
seems to slightly decrease as the AR increases.

The followingTable 5-5 includes all the information shown in the preuis plotsregardingthe
effective thermal properties under investigationith respectto the AR for the three cases of
orientation and the three cases of UC size. Results for the effective thermal conductivity for the
longitudinal and transverse direction are presented in the following talille respectto the sample

size the orientation offibres, the effective property and the aspect ratio.

Table5-5 Results for effective thermal properties.

Orientation Normalised Property Effective property results
UC size under
investigation AR=1 AR=5 AR=10
Aligned 2.5 0 0.1168 0.1163 0.1180
3.75 0 0.1136 0.1173 0.1181
5.0 0 0.1097 0.1191 0.1176
2.5 0 0.1160 0.0966 0.0970
3.75 0 0.1136 0.0977 0.0964
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5.0 0.1096 0.0999 0.0969
Mis-aligned 2.5 0.1168 0.1124 0.1159
3.75 0.1136 0.1161 0.1169
5.0 0.1097 0.1152 0.1163
25 0.1160 0.1032 0.0995
3.75 0.1136 0.1022 0.0993
5.0 0.1096 0.1026 0.0999
Randomly 25 0.1168 0.0956 0.1053
oriented
3.75 0.1136 0.1066 0.1076
5.0 0.1097 0.1074 0.1077
25 0.1160 0.0971 0.1090
3.75 0.1136 0.1085 0.1071
5.0 0.1096 0.1086 0.1065
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Figure5.14 shows the effective longitudinal and transverse coefficient of thermal expansion. The left
side ofFigureb.14 refersto effective CTE for the longitudinal direction while the right sid€igbire
5.14refers to the effective CTE for the transverse direction.

As can be observed

1. The longitudinal effective CTE randomly oriented fibres seems to laakigher CTE in
comparison with misaligned fibres and randomly oriented fibres.

2. AR s also contributgin a negative watp longitudinal effective CTE. As can be observed, as
the AR increases the effective longitudinal CTE decreases.

3. The opposite trend can be notiddor the effective transverse CTE withe exceptionof
randomly oriented fibres. Firlst, in terms of orientatim for effective transverse CTdigned
fibres seems to have the higher CWhile misaligned fibres have lower CTE and randomly
oriented fibres have théowestCTE.

4. Regarding the AR, CTE for realisations with aligned and misafignesl seems to increase
as the AR increases (the opposite behavioampaed with longitudinal CTE) bum the case
of randomly oriented realisationsCTE decreases as was observed for the longitudinal
effective CTE.

The followingTable5-6 includes all the information shown in the previous plots about the effective
thermo-mechanical properties under investigatianith respectto the AR for the three cases of
orientation and thethree cases of UC size. Results for the effective coefficient of thermal expansion
for the longitudinal and transverse direction are presented in the following tafile respect tothe
sample sizethe orientation of fibresthe effective property and th aspect ratio.

Table5-6 Results for thermemechanical effective properties.

Orientation RVE size Property AR=1 AR=5 AR=10

Aligned 2.5 0 "YO 0.6035 p 1 0.213G p 1 0.0774p 1
3.75 0 "YO 05173 p m 0.231kp 1 0.085% p 1
5.0 8 "YO 0488Zpm |0247Zp T |0.0953 p Tt
2.5 0 "YO 05713 pm |0.6733pmm |0.6500 p 1
3.75 0 "YO 0504Gpm |06733pm |0.70Gp T
5.0 6 "YO 05028 p Tt |0.7064p 1t | 0.7500 p Tt

Mis-aligned 2.5 0 "YO 06033 pmm |03156p 1M |0.2063p T
3.75 8 "YO 05173 pm |0291%pm |0.2913p T
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5.0 “YO 04887Zpm |0324kpm |0.2166p T
2.5 0 "YO 05713 pm |0.6106p m |0.6518 p T
3.75 0 "YO 0.504G p 1 0.6488 p 1t 0.648% p 1
5.0 0 "YO 05028 pm |0617Zpm |0.71168p T
Randomly 2.5 YO 0.6033 p 1 0.429G p 1t 0.4348 p 1t
oriented
3.75 YO 05173 p 1 0.556Zp 1 0.3998 p 1
5.0 YO 0.488%p 1 0.464% p T 0.3824p 1
25 6 "YO 05713 pm |0428epm |03533pm
3.75 0 "YO 05043 p m |0.385&pm |0.376Zp T
5.0 0 "YO 05028 pm |0.438%Fpm |0.398Gp

5.2 Non mono-dispersed fibre length

Through the following subhapter chisquare results and effective properties results are presented
for the elastic and the thermelastic responseof the material. The following paragraphs refer to
the case of noruniform fibre length. Fothe particular caséeing studied fibre length distribution
was seeded by a pseudorandom number generator as was pexgéamthapte2.3.3

5.2.1 Chi-square results

The following family of plots regards the chi square distribution and the effective mechanical,
thermal and thermemechanical properties of realisations consisting of a randomly seeded fibre
length. The distribution of fibre length can be characterisediiform. Figure5.15 shows the chi
square distribution for mechanical properties for alignedsaligned and randomly oriented fibres.
The lorizontalaxis indicates the size of the UC while the vertical axis defines tisgjghre value of
each property. Each ploefersto a different orientation. Chi square results for thermal properties
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follow and the last chi square plots show the distribution o€ ttest for thermemechanical
properties.

5.2.1.1 Mechanical properties
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Figureb.15 Chisquare results regarding the mechanical properties for non mc
disperse fibre length distribution, for three cases of orientation.
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As can be seen frigure5.15the general trend of the chi square values is to decreaddC size
increase. It can alsdoe observed that

1.

Chi square values are highir total compaed with the chisquare values of mechanical
properties of uniform fibres length realisations. This was expected since a new stochastic
parameter has entered the system. As a consequ@fdacreasing the uncertainty in the
system, the deviation between the pacted and the observed value$the five
realisation§¥esponsewill increase.

As was observed for the mechanical properties of uniform length composite, for aligned
fibres the property with the higher chéquare value, so thgreatestfluctuationin results is

in the effective longitudinal stiffness. As was explairtbds is due to the reinforcing
contribution of oriented fibres. The main difference in that case is thatength of fibres is

a random parameter for each realisation. As a resh# response of the material for five
different realisations consisting of the sameand orientation varies depending on the
stochastic fibre length. UC sizes that havesthiare valusbelow the red discontinuous

line on the plots do not experience adgpendencyof their response with the stochastic
fibre length.

Comparing the chiquare values of the same mechanical property for a different case of
orientation, it can be observed that randomly oriented fibre composite has the higher value
for longitudinal, transverse stiffness an also for the effective shear stiffness. In the case of
misaligned fibres results seems to hdessdeviation. This is reflected frothe low high
square valuesn the mechanical properties.

Howevercompaked with aligned fibres, transverse stiffness and shear stiffness have higher
chisquare values.

Finally for aligned fibres a large deviation was observed only for the case of longitudinal
stiffness.

The followingTable5-7 includes all the information shown in the previous plagardingthe results

of the chisquare test for the effective mechanical properties under investigatiith respect tothe
three cags of orientation and the two cases of UC size. Results for tkeqgohre test for the
longitudinal and transverse effective stiffness and for the effective shear stiffness are presented in
the followingTable5-7 with respect tothe sample size and the orientation of fibres.



Table5-7 Chisquare results for mechanicatoperties of RLD.

Orientation UCsize Property Chisquare
under value
investigation
Aligned 25 0 Not-
investigated
3.75 0 0.9182
5.0 0 0.0941
2.5 0 Not-
investigated
3.75 0 0.0057
5.0 0 0.0005
25 O Not-
investigated
3.75 O 0.0078
5.0 O 0.0004
Mis-aligned 25 0 Not-
investigated
3.75 0 0.2480
5.0 0 0.23
25 0 Not-
investigated
3.75 0 0.0011
5.0 0 0.0017
2.5 O Not-
investigated
3.75 O 0.0122
5.0 O 0.0113
Randomly 2.5 o) Not-
oriented investigated
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3.75 0 1.3356

5.0 0 0.0085

2.5 0 Not-
investigated

3.75 0 1.262

5.0 0 0.1505

2.5 O Not-
investigated

3.75 O 0.0136

5.0 O 0.0221

5.2.1.2 Thermal properties

The following family of plots regards the juare results for thermal properties and more
specifically for the longitudinal effective thermal conductivity and the transverse effective thermal
conductivity regarding all the cases of orientation and nanmdisperse fibre length. The plots are
separatedwith respect tothe fibre<orientation. The vertical axisdicatesthe chisquare value of
each property while the horizontal axigdicatesthe UC size.
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Figureb.16 Chisquare results regarding titeermal conductivityfor non mone
disperse fibre length distribution, for three cases of orientation.
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As it can be seen iRigure5.16 chisquare test results for the effective thermal conductiiigve a
very low value. A smilar trend was observed for uniform fibre length. Resudtir the effective

thermal conductivity seem to have velijftle deviation between the five realisations. It also seems
not to be affected by the orientation. Only in the case of randomly oriented fibres a small inémease
the chisquare value was obserd@gbut this wasstill well below the criterion table value.

The following Table5-8 includes all the information shown in the previous plots abitwat results of
the chisquare test for the effective thermal properties under investigatiath respect tothe three
cases of orientation and the two cases of UC size. Results for tsgudnie test for the longitudinal
and transverse effective thermabnductivity are presented in the following tableith respect to

the sample size and the orientation of fibres.



Table5-8 Chisquare results for thermal properties of RLD.

Orientation Normalised Property Chisquare
UCsize under value
investigation
Aligned 2.5 0 ™ @@ T
3.75 0 TP TR TT
2.5 0 T TP TT
3.75 0 T T TEQ TT
Mis-aligned 2.5 0 ™ ULFEPT
3.75 0 L WTZp T
2.5 0 ™™ Y@ T
3.75 0 e ¥p Tt
Randomly 2.5 0 0.0034
oriented
3.75 0 0.0003
2.5 0 0.0063
3.75 0 0.0003

5.2.1.3 Coefficient of thermal expansion
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The following family of plots shows the eguare distribution for the linear coefficient of thermal
expansion, for nofuniform length, aligned fibres, misaligned fibres and randomly oriented fibres for
all the cases of orientation under investigation and for two different UC sizes and for longitudinal
and transverse coefficient of thermal expansion.
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Figureb.17 Chisquare results regarding tteefficient of thermal expansidior non
mono-disperse fibre length distribution, for three cases of orientation.

As can be seeim Figureb.17 chisquare values for the effective CTE for longitudinal and transverse
direction are reducedas UC size increase This trend was observedince the beginning of
presentingthe chi:square test and is also a general indication that the approach of a representative
structure is pointingn the correct direction.

As can be observed the etguare value differs depending on the property and ba orientation.

As a general note it must be underlined that the first size under investigation is not representative in
almost any case of random AR realisations. In some cases even the daiggest size is not
representative and larger UC realisaticenr® needed. The higher clsiquare value for longitudinal
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CTE was in the case of aligned fibras was expected. For randomly oriented fibres both
longitudinal and transverse CTE show very similasghare valus, which means similar deviation
between the observed and the expected value. This trend was observeadmiost all casesof
randomly oriented fibres and is a result of the isotropic response of randomly oriented short fibre
composites. The case of misaligned fibres shows smaller valtlg-sduare testcomparedwith the

other two cases of orientation but the highest value the secondarger UC size.

The followingTable5-9 includes althe information shown in the previous plots about the-skjuare
distribution with respect tothe UC size for the longitudinal and transverse effective coefficient of
thermal expansion. Results for the eguare distribution are showwith respect tothe UC sizethe
orientation offibresandthe effective property.

Table5-9 Chisquare results for thermemechanical properties of RLD.

Orientation Normalised Property Random AR
UC size under
investigation Chisquare
value

Aligned 2.5 0 "YO 2.3212

3.75 0 "YO 0.034

2.5 0 "YO 0.6548

3.75 0 "YO 0.0111
Mis-aligned 25 0 "YO 0.4111

3.75 0 "YO 0.184

25 0 "YO 0.0053

3.75 0 "YO 0.0016
Randomly 2.5 0 "YO 0.3867
oriented

3.75 0 "YO 0.0177

2.5 0 "YO 0.353

3.75 0 "YO 0.0637
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5.2.2 Effective mechanical properties

The following plots are referring to effective properties. The first plegfer to mechanical
properties then thermal properties and thermechanical properties. Figures are separated
according to fibre orientation.

As in the case of uniform fibre length, effective mechanical, thermal and thensxhanical
properties were studiedvith respect tovarious micomechanical parameters. The parameters that
vary through the following results are fibre orientation distribution, UC size and fibre length
distribution.

The following family of plots show the distribution of the mechanical thermal and thermo
mechanicakffective propertieswith respect toUC size as a function of fibre orientatisith respect
to UC sizeEachplot refers toadifferent fibre orientation.
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5.2.2.1 Effective stiffness properties

Figureb.18 Mechanical effective properties for non moilisperse fibre length fo
the three cases of orientation.































































