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Abstract:
The mechanical performance of a Discontinuous Rilmenposite (DFC) material system

called HexM€ is considered in this study. Specifically, thelgaz the study were to 1)
Predict the buckling and failure loads of thre@siaf HexM€ angle beams loaded in
pure bending. 2) Develop a stochastic modeling otkthat captures both the stiffness
variation and membrane bending coupling effectslatdd by HexMC, and 3) Predict
displacements and failure loads of a HexM&ace with complex geometry subjected to
two different loading conditions. The B-range ofplane isotropic elastic properties was
defined during the study. Measured buckling anifailoads of small and large size
angles were subsequently predicted to within 16-22%18-32%, respectively, based on
the B-range in elastic properties. Failure loadsetlium size angles that did not buckle
prior to fracture were predicted to within 2-14%stchastic modeling approach called
the Random Laminate Volume Element (RLVE) method alao developed. The RLVE
approach greatly improved buckling predictionstfa small angles, but had little impact
on predictions for the large angles size. Findhlg, brace was modeled using the B-range
isotropic properties. For the first load case, BraRalysis based on geometrically linear
displacements, predicted failure to within 15%asifdre occurred away from bolted
regions. However when failure occurred near baléggions the complex stress state in
these regions made failure predictions inaccusatege the actual out-of-plane elastic
properties of HexM& were not used during the FEA analyses. For therstlbad case, a
geometrically nonlinear FE analysis predicted dispients well. However, severe stress
concentrations at the failure location renderedgtioss section strength values unusable,
as measured and predicted strain levels far exdabdenominal failure strain suggested

by failure strength and in-plane modulus.






Table of Contents

1. INTRODUCGTION ...t emmmm e e e e e e e e e e e e e eeemmnnn e e e e e ennnnas 1
1.1. Study Objective and TasKS ..........ooiviiiiceceeeeiiiiiie e 3
2. LITERATURE REVIEW.... .t 5
2.1. Analysis Techniques for Discontinuous Fiber COMi@ssi.............cccevvvvveennnnnnnn. 5
2.1.1. MOdUIUS ESHMEALION.......eeiiiiiiiiiriieee s 5
2.1.2.Strength EStIMation ............uuuiiiiiiiiiceeeeeiiiiies e e e e e e e e eennes 6
2.2. Digital Image Correlation ..........cooiiiiiiiiiiiiiiiiae e 7
P N = T T (o I U= Y 7
2.2.2. Application of Speckle Pattern..........coovccceeei e 8
2.2.3.Reduction Of DIC Data ............uuuuruereesmmmmmeireenieeeeeeeeeeeeeeeeeeaaa e 10
2.3. HEXMC® PIOPEIES ..ottt eeeee e et n e 11
3. Isotropic Properties Modeling of Angle BeamsS.....c.....oooiiiiiiiiiiiiiiiiiiiie e, 13
3.1. NOMINAI DIMENSIONS ......eviiiiieiiiiiiieee s mmmmm e e e e e e e e e emnneee s 13
3.2. Measured DIMENSIONS ........ccooiiiiiiiiiteeeaaee e e e e e e e e e e e e e e e e e eeeeaas 14
3.3. TeSt Setup and FIXTUIE ........ouuuuuiiiii ettt e e e e e e e eeeeeeeeeees 16
G 1Y/ [ To L1 [ Vo 18
3.4.1.Isotropic Material Properties ..........ooooiceeeeeeeiviiiiniiiiieee e eeeeeeeeeeeeeeieennd Q2

3.4.2. Measured and Mapped ThiCKNESSES ... eeeeeeeeeeeeiiniiinniinnnnnnn. 21
3.4.3. Transverse Shear Properti€S ......coocuvivieeeeeiiieeeeeeeees e e 23

3.5. Experimental and Modeling ReSUILS........... o eeeeeeiiiiiiiiiiiii e 24




3.5.1. TeStNG RESUILS .....uiiiieiieieeiieeeeeeeeeee e 24

3.5.2.MOdeliNg RESUILS ......uuiiiiiie e e 29
3.6, DISCUSSION.......eiiiiiieeiiiite et mmeem ettt e e e e e e ssmnne e e e 39
3.6.1. Variation Sensitivity Parameters ...........ccccceeiiiiinnneeeeeeeeeeeeeeeeeeiiiiieanns 39
3.6.2. Buckling and Failure PrediCtions ...........ccceeeeuuiuiiiiiiiiiiee e eeeeeeeeeeeieiannns 40
3.6.3. Improvement of PrediCtions ............ouuviiieeeeieeiiceeeeeeeees e 42
4. Stochastic Random Layup ANAIYSIS..........ueeeeeeerruiiiiiiaiieeeeeeeeeeeesereeeeseesnnnnnnnnrennne 43
o I =3 1] o PSPPSR 43
2 Y/ o T =1 1o T SRR 45
4.2 1. MEENOM ... e e e 45
A4.2.2. CONVEIGEINCE ....uniiiiiiiiie e e eeeeti e emstmms 122 et ettt e e e e e e e st e e e e e eennnnaaean 46
4.2.3.SeNSIIVILY STUAY .....coiiiiiiiiieie e 47
4.3. Results and RLVE SIZING ....cccvviiiiiiiiiiiceee et a e e e e e e e e e eeeaeeeens 51
4.3.1. Experimental RESUIS .........uuuuiiiiii e 51
4.3.2.M0odeling PrediClioNS..........oooiiiiiiiiies ettt e e e e e e e e e e eeeeeeseennnnees 62
4.3.3. RLVE SIZING..uttiiiiiiiiiiiiiiee e eeeee ettt 66
4.4. Stochastic Angle MOAEIING ......oooviiiiiiiiimmmmmn e 68
4.4 1. MEENOM ... 69
4.4.2.Displacement and Buckling Load PredictionS. ccceeeevvvvevevvvviiviiiiiieeeen. 70
4.4, 3. DISCUSSION ....uuttiiiiiteiitieeeet e e e e e e e e e s mmmmmm b e ettt e e e e e e e e e e e e e e e e s mnnnne s 74
5. HEXMC® Brace MOGEING ........voveeeeeeeeeeeeeeeee oo en e e e eee e ee e en e reeeeee e 76




5.1. Guided Clip Test Setup
5.2. Guided Clip Modeling
5.3. Guided Clip Experimental and Modeling Results
5.3.1. Testing Results
5.3.2. Modeling Results
5.4. Guided Clip Discussion
5.5. Free Clip Test Setup
5.6. Free Clip Modeling
5.7. Free Clip Experimental and Modeling Results
5.7.1. Testing Results
5.7.2.Modeling Results

5.8. Free Clip Discussion

6. Summary and Conclusions

6.1. Principal Results of the Study

6.2. Future Needs




Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10

Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:

Figure 20:

List of Figures

Spray Painted Speckle Pattern.........cc...vuuuiiiiiiiiiee e 8
Air Brushed Speckle Pattern.......coccceeeeii e 9
Printed Speckle Pattern...........oooo e 9
Angle Beams as Received [11]....cccceeeiiiiiiiiiiiiiiiiiiiien e e e eeeeeee e 13
ANgle CroSs SECHON [11]...iiiiieiieiiieiiiiiiiiiee e e e e e e e s 14
Medium Beam SECHONS.........uiit e 15
ANQGIE TESE FIXTUI ...vvviiii e s e s e e e e e e e e e e e e e e eeeaee e e e s 17
T o 1Y T | = 17
Fixture COMPLIANCE ......cooiiiiiie et e e 18
: Medium Angle and Frame ..........coeeeeeeeeiii e eeeeeeeeeeiveeeeeeeeens 19

Small Angle Thickness Contours (MM) .. ..vveeeiiiniiieee e 22
Medium Angle Thickness Contours (MM)........cooviiiiiiiiiiiiiiinnneeeeeeeeee 22
Large Angle Thickness Contours (IMM)..........coovvieiiiiiiiiiiiiiinneee e 23
Small Angle Load Displacement CUIVES.............cuvuieiieiiieeeeeeeeeeeeieennes 24
SPEC S Pre-Failure ... 25
Medium Angle Load Displacement CUIVES............coovvvviviiiiiiniiiiinnneennn 25
SPEC M3 Pre-FailUre ........... .o eeeeeeeiiiiiiiisese s e e e eeeeeeseeeeesveeeeneesssnnnnnes 26
Large Angle Load Displacement CUIVES.............covvuviiviiiiiiiiiieeeeeeeeeeenn 26
Small Angle ENd ROTAtION .........oieiiiiiiiiiiiiiiiiice e 27

Medium Angle End ROtatioN........ccccceiiiiiieeeeeeeeer e ee e 27




Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:

Figure 42:

Large Angle ENd ROTAtION ........cceeeeiiiieee e 28
Small Angle Predicted ROtAtION ...cooeeeeveviiiiiicieie e 29
Medium Angle Predicted ROtAtION ..ccceeeeeeeeeeiieiieeeecee e 30
Large Angle Predicted ROAION ..o eeeeeeeeiiiiiieiiiiiiiiiceer e 30
Predicted Small Angle Failure Stresst@an(kPa) ..............cccceevvvvvvvnnnnnne 1.3
Predicted Medium Angle Failure ContdRd).............cevvvviiiiiieeeeeeennnnnn. 31
Predicted Large Angle Failure CONtO)(......ooeveeeerrrreeeeiiiiiiiiiiineeeeeenn 32
Small Angle Thickness Variation..............coouuvviiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 35
Medium Angle Thickness Variation ....ccc...cccooevieeeieeiiiiiciceeeiae 35
Large Angle Thickness Variation.............cccovieeiireeeiiiiiiieeeeiiiiiiees 36
Small Angle Prediction COMPAriSON e ccevvevvriuiiiiiaaneeeeeeeeeeeeeeeeeieeeens 37
Medium Angle Prediction CoOmMPariSON aae.....cccovvvveviiiiiiiiiiieeeee e e eeeeeen 38
Large Angle Prediction COMPAIiSON.cuumn . voeeeeeeiiiieieiiiiiiiiiian e eneens 38
Speckled SPECIMENS ... oottt r e 44
RLVE Model CONVEIGENCE .........ccceeeeeeeiiiiiiie e e e e e e e e e eeeeeeeeeevaeeaesennnnannees a7
Local Strain Variation ...........ccccceiiioiiiiiieeee e 49
6.35 mMm (0.25INCh) EIEMENLS ......cciiiiiiiiiiiiiiiciee e 50
3.18 mm (0.125 inch) EIEMENtS .....cccceeieiiiiiiiieiiiccieee e eeeeeeeeee 50
1.59 mm (0.0625 inch) EIEMENLS .......euvvveiiiiiiiieeee e 50
Modulus Variation - THICK .........cccciiiiiiiiii e 51
Modulus Variation - Thin .........cciii e 52
GaAUGE REGIONS....ciiiiiiiiiie et e e aa e e e e e e e e e e e eees 53




Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:

Figure 64:

S C B e e e ettt e e e e e et e e e eera e aaaees 57
SPBC 4 e 58
SPBC L3 oo ——————— et r et e aee 59
SPEC L4 oo et e et e n e e e nar e 60
Spec 14 Coupling FaCLOr .........eeeeeeeeiiiiiiiiiise e s e e e e e e e e e e e eeeeeeeseennneeeennnes 61
Coupling Factor Scatter (MmM/GPa) ......cccccceeiiiieieieeieeeeeeeee s 62
AXIAl STrAIN CONTOUIS .......uueee ettt e e e e e e e e e e e s mnnnne e e e eeens 63
Predicted Coupling (10X)....cciii e e e e e e 65
Modulus Variation - ThiCK .........ccoeiiiiii e 67
Modulus Variation - TN ... 67
Medium ANgIe RLVE ... 69
Small RLVE COMPAriSON .......ccccieiiieeiiiiieee e ee e 70
Medium RLVE COMPAIISON.........uteaeeeiiiiiiiiiiiiaaaaa e e e e e eeeeeeeeeeeesessnennnnees 71
Large RLVE COMPAIiSON........coiiiiiiieiiieiieeeeeeeiiiiis e neee e 71
Small Buckling Loads COMPAriSON . evvvevereriiiiiiinaaeeeeeeeeeeeesreeeeeenens 72
Large Buckling LoadS COMPANSON . ccauuam i iieeeeeeiiieiiieiiiiiiiee e 73
Medium Buckling Loads COmMPariSON cooe....coovvviiiiiiiiiiiiiieeee e 74
BraCe ....ooeiiiiiii e 76
Guided Clip Test Setup [23]....coeeeereiiiiiieiiiiiiiiiireee e eeeeeeeeeees 77
Brace MOGEI ......oooiiiiieie e 78
Brace Load - Displacement Profiles [23]......ccccccceeeiiiiiiiieeeiiiee 79
Failure Locations [23] ....vvie i e e 80




Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:
Figure 76:
Figure 77:
Figure 78:
Figure 79:
Figure 80:
Figure 81:
Figure 82:
Figure 83:

Figure 84:

Brace Displacement COMPATISON ... eeeeeeeeeeeeemuiirniiniaaaaaaeeeaaaanaaaess 81

Brace Stress CONtOUN ...........cceeemmmiiiiiiiccc e 82
Normalized High StreSS ReQIONS......uueeiviiiiiiiiiie e 83
Brace Test Frame SchematiC ..o 86
Brace Test Frame ... 87
Meshed and Loaded BracCe ........cccceecuviiiiiieiniiiiiieee e 88
DIC Strain Measurements Pre/Post Failure..............ccoooiiiiiiiiiiiiieen. 90

DIC to Strain Gauge COMPAriSON..........uuuuuriuiiiiieeeeeeeeeeerreeeererernnnnnnnnes 91
Maximum Axial Strain 0N FACE ......cccceiiiiiiieiiiii e 91
Minimum AXxial Strain 0N FACE ... eeeiiiiiiiieieiee e 92
Minimum Shear Strain 0N FaCe .........evivviiiiiiiiiiiiii e 92
SPEC 2 SUIM FAIUIE .....veeii s st ee ettt erer e e e e e e e e eaaes 93
Specimen 4 Strain at Failure..........ooouuuiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeieeees 94
Spec 5 Strain at Failure....... oo 95
Specimen 6 Strain at Failure.............uuuviiiiiiiiie e 95
Highest Observed Strain ... 96
Clip ENA ROTALION ..ottt 97
Clip End Total DiSplacement ...........ueiiiiiiieieeeeeeieeeeeeeci e 98
MaX PriNCIPIE SIrESSES.....uuuuiceeeeeeiiiiiiiee e 99
Strain near Failure RegION ......ccuueeeuiiiiiiie e 100

Vi



List of Tables

Table 1: Nominal HEXME EIaStic PrOPErtieS ........coveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeen e 11
Table 2: Nominal HEXME StrENGENS ..........oveeeeeeeeeee oot 11
Table 3: Nominal Angle Cross Sectional Properties.............uuuuvuvviiiiiinnieeeeeeeeeeeenn, 14
Table 4: Thickness Measurement SUMMAIY ........ccccceeieirrieeeeeeeeeeeeeeeeeneennnnnnnn——.. 15
Table 5: Angle Beam Measured ThiCKNESSES ...uueeeeriiiiiiiiiieeeeeeeeeeeeeei s 16
Table 6: EIaStiC PrOPErties .........uuuuuii e ee e e e e e eeeeaaneees 21
Table 7: Failure StrengtiS .......coooo oo et e e e e e e e e e e e ee e e e eeeeeeaaannes 21
Table 8: Angle Buckling and Failure MOMEeNtS...........ccveiiiiiieeeeeiiieeeeeeeiii s 28
Table 9: Buckling and Failure Prediction COmMpariSOn............ccoovvvveeeevivvevnnnnnnnnnnns 33
Table 10: Effect of ThiCKNESS Variation ... ..eeeeeeeeiieiiieiiiiiiiiciiieeeeee e 34
Table 11: Chip PropertieS in TENSION .......cummmmmeeiieeeeeeeeeeeeeieeeeeiierinin s sesseesaee e as 46
Table 12: Global Strain Variation ...........ce..eeeeiiiiieiieeeeeeee e snnnne e 48
Table 13: Measured Modulus - ThICK ... 54
Table 14: Measured Modulus (MSi) = ThiN.....cceeeeuriiiiiiiie s 55
Table 15: Thick Spec Modulus PrediCtioNn ... 64
Table 16: Thin Spec Modulus PrediCtion ... ... 64
Table 17: CoupliNg FaCIOIS .......uuuuiiii i e e 66
Table 18: Suggested RLVE SIZES ........ooiiiceemmmme e 68
Table 1: Guided Brace Failure Loads by Location ... . .ocveeeeeeiinieien......80
Table 20: Failure Load COMPANISON .........ocommmmmeetiiaieee et s 83

viii



Table 21: ROt ENA Falure LOAAS ... e

Table 22: Brace Failure Loads







1. INTRODUCTION

Composite materials are growing ever more popiillaey are currently seeing increased
use in the automotive, energy, and aerospace se&pecifically, within the aerospace
sector composites have seen increased use, deed@kof their beneficial properties.
Probably the most influential of these is theira@fie properties. Properties such as
specific strength and specific modulus allow maotufiees to make lighter stronger parts,
making airplanes more efficient than ever. The mestnt milestone for composites in
the aerospace industry is the first commerciahfligf the Boeing 787 Dreamliner. The
787’s primary structures are over 50% by weight posites [1]. By volume the fraction
is obviously much higher than that. This use of posites in addition to other factors
help the 787 to be the most efficient plane irtigss, using 20% less fuel than any other

plane of its size [2].

The primary types of composites used in the aemespalustry are continuous fiber
laminates. These laminates have many attributesrthke them ideal for most
applications. For example, the anisotropy of tltkvildual lamina allow for directional
properties of a laminate to be tailored to spe@fplications. They also have a few
drawbacks. For example, the individual layers,exhplies, must be laid in specific
orientations in most applications, much of the tioyehand. This assembly of layers is
costly. Additionally, producing complex curves dandifficult because the initially flat
plies often have poor drapability (special wea\ess exhibit superior drapbabilities and
are often used in these cases). As another examptd,materials used in the aerospace

industry require curing in heated and pressurizezhs called autoclaves. These




autoclaves are expensive to operate, have long tiyees, and have relatively small
volumes, making mass production of parts slow arstly. In cases where the strength
and stiffness requirements of a part are not ésalithe cost of continuous fiber

composites may not be justifiable.

A class of composites that may be suitable forghater cases is Short Fiber
Composites (SFCs). The most common forms of SFE€8alk Molding Compound
(BMC) and Sheet Molding Compound (SMC). These tglhycconsist of short glass
fibers, less than 2.5 cm for BMC and between 2db&ab cm for SMC. The fibers
reinforce a matrix, typically a thermoplastic resiime reinforcement improves stiffness
and strength greatly over unreinforced resin. Ramtsbe produced by compression or
injection molding with these compounds, resultingirelatively fast manufacturing
process at low cost [3]. In addition to these maotufring advantages, SFCs also exhibit
relatively isotropic material properties, which dambeneficial in many situations. These
materials have been commercially available for mgears. Work by Halpin and Pagano
[4, 5] in the late 1960’s showed that the elagtaperties of SFCs could be reasonably
well-predicted. Historically however, SFCs have beén used in applications where
strength and stiffness are of critical importandsat is, in the aerospace industry SFCs

have been not been used in primary load-bearingtsties.

More recently, a new class of high performancegegrbased SFCs have been
developed with substantially-improved in-planefséks and strength compared to older
systems. These new materials will be called Disnaous Fiber Composites (DFCs) in

this report, to distinguish them from the older S$yStems.




DFCs consist of chips of carbon fiber pre-preg canly oriented in mats. There are a
few commercial examples of these materials, onehi¢h is HexMC€ which is produced
by Hexcel. Parts made using DFCs are typically pced using relatively low-cost and
rapid compression molding processes. Aside frome#fs® of manufacturing, these DFCs
have several qualities that make them excellencesdor some applications. They have
been shown to exhibit modulus nearly as high agtfugvalent quasi-isotropic layup
based on continuous fibers [6], and they exhibaedient notch insensitivity [7]. Because
of these superior properties DFCs have been usleddabearing structures in modern
aircraft. For example, the window frames in the iBge&Z87 are produced from HexMC
[8]. While these materials are now being used & lbearing applications, their use has
been thus far limited by the lack of establishedlysis methods. The random nature of
the chip orientation in DFCs makes predictionsiclift, resulting in an expensive and
tedious design process involving more testing tharecessary for more traditional
laminates. The benefits gained by manufacturing,ea® reduced by the intensive
design process. Additionally, the marginal benefftshoosing a DFC for a specific
application are reduced, if the part ends up owaged, using more material, and
weighing more than necessary. With the improvernéanalysis methods, DFCs could

find their way into more and more applications.
1.1. Study Objective and Tasks

The objective of this study was to establish beattices for modeling parts produced
using a model DFC, namely HexMCThe intent was to build on earlier work in thisa

[6,7,9,10, 11, 12, 13]. Previous effortsdnéocused on coupon level modulus and
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strength and geometrically linear, elastic testihglexMC® angle beams. In contrast,
this work focused on specimens with more complenggries subjected to loads high
enough to cause nonlinear buckling/crippling caondi. The three main specific tasks

were:

Task 1 Predict the buckling and failure loads of thrzes of HexM€ angle beams

loaded in pure bending.

Task 2 Develop a stochastic modeling method that capthoth the stiffness variation

and membrane bending coupling effects exhibitetieyMC®.

Task 3 Predict displacements and failure loads of a HEXNMrace with complex

geometry subjected to two different loading coraadhs.




2. LITERATURE REVIEW

2.1. Analysis Techniques for Discontinuous Fiber

Composites

2.1.1. Modulus Estimation

There has been much work done to predict the behatiSFCs. Halpin did early work
predicting the modulus of SFCs [4] and Halpin aaddho developed a laminate analogy
for predicting the elastic properties of SFCs i889which serves as the basis for the
stochastic method that will be presented in Sectifs]. Their work established methods
of approximating SFCs as symmetric laminates witlume fractions and stacking
sequences chosen such that they match the volacteofr of fibers in various directions
in the SFC. However, their work was based on tiaail SFCs involving short

individual fibers. In contrast, for the DFC matédansidered in this study (HexM{
fibers within a chip are aligned locally, even tgbwchip orientations are randomly.
Using a method termed the Stochastic Laminate Ayya{BLA), Feraboli et al.
developed a Monte Carlo simulation to predict ttieat of randomly oriented chips of
fibers, as opposed to the randomly oriented indi@idibers studied by Halpin and
Pagano [9, 13]. Their approach stochastically assighip fractions to Random
Representative Volume Elements (RRVES). When the fchctions accumulated to the
proper volume of the RRVE, a symmetric stackingusege was specified that matched
the fraction of fibers in each of a few distindidr orientations allowed. Then classical

lamination theory was used to calculate the effeatiastic properties xEE,, andvyy [9].
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While this approach was successful in predictirggrttodulus variation measured on the
surface of DFC coupon specimens, the method waslexessful in predicting the
behavior of more complex structures such as HeXMi@yle beams. It is suspected that
the discrepancies in these latter cases may hawered because symmetric stacking
sequences were assumed. This assumption is ratakad study. That is, the Monte
Carlo approach initiated by Feraboli et al is eghin the present study to allow for

non-symmetric stacking sequences. .

Since DFC composite structures are usually produsedy compression molding, chips
may become aligned due to flow, which would invalelthe transversely-isotropic
nature of DFCs. Flow has been shown to have a kffget on material properties when
flow is too great. In extreme cases the modulusshasvn by Shifman to vary by as
much as 300%, where flow was exceptionally high].[Because of the extreme
variation in modulus possible, the conclusion drdyrsShifman was that part molds
should be designed to eliminate or reduce high flegions and as such regions with
high matrix flow are not a focus of this study. f&an was also able to show that for
parts where flow is limited, the elastic behavibHexMC® angle beams subject to pure
bending could be reasonably well-predicted usingutioneasured during uniaxial

coupon tension tests [11].

2.1.2. Strength Estimation

Feraboli et al. used the SLA to predict failureHsixMC®, but found that strength was

under predicted [13]. This was at least partly ttuhe dependency on mesh size




exhibited by the RRVE modeling method, but may &lsgelated to local stress

concentrations exhibited by HexMC

2.2. Digital Image Correlation

Digital Image Correlation (DIC) is an optical tedpure for measuring displacements,
shape or motion on the surface of a test specifenrface of a specimen is covered
with a non-repetitive, random, and isotropic spegdttern. During the test, the speckled
surface of the specimen is photographed by one@@cameras on some time interval. If
one camera is used, only in plane displacementbeaneasured, if two cameras are

used, fully three dimensional displacements ofsilmace being observed can measured.

2.2.1. Basic Theory

DIC is conceptually very simple. The camera or caseapture images of the surface
throughout a test. During post processing, thenso# compares every image taken to
the declared reference image. The software compiegar points on the surface have
moved for each image. Once every point has beekedan a specific image, then
displacement fields in the two-dimensional plangpedicular to the camera are known.
If two cameras are used, displacements in threemsional space are known. Once the
displacement field(s) is known, strains are caleddy taking the derivative of
displacements. Regardless of whether one or tweswere used, only strain in the
plane of the surface observed can be calculateat. iThDIC cannot be used to infer any

component of the out-of-plane strain fields.




2.2.2. Application of Speckle Pattern

The application of speckle patterns is nearly ashmaf an art as it is a science. Ideally
speckles are non-repetitive, isotropic, uniformized and of high contrast [14]. Speckles
must be non-repetitive so that the camera(s) dhditierent points apart. Speckle
pattern must be isotropic, meaning that there shbelno discernible direction to the
speckles, which prevents directionality of resuigeckles should be uniformly sized,
because speckles smaller than the ideal size lillthe image, and larger will create
regions lacking distinguishing features. Lastlydes should be high contrast, so that

divisions between speckles and background areap sls possible.

The number of methods that can be used to appbkkppatterns is limited only by the
user’s imagination. Popular methods include pagntuith canned spray paint or an
airbrush, or printing a speckle pattern on a shépaper and subsequently applying with
an adhesive. Figures 1 through 3 show example sppeakierns produced using each of

the methods.

Al
a3

Figure 1: Spray Painted Speckle Pattern




Figure 2: Air Brushed Speckle Pattern

Figure 3: Printed Speckle Pattern

Ideally speckles should be 3-5 pixels wide in thages taken by the DIC cameras [14].
Larger speckles provide no marginal benefit, amdninimum size of a subset increases.
Smaller speckles result in aliasing problems. Whersoftware determines where a
speckle is, it tries to find the speckles centiethe speckle is too small, the center of the
speckle can shift a large percentage of its sizetddluctuations in the image, causing

large errors.




2.2.3. Reduction of DIC Data

While in theory image correlation is a simple pg;an practice it is less
straightforward. Several correlation parametershaare large impacts on the results
obtained, and must be studied and understood. tHesunlts are easily obtained if the
user is not familiar with the various parametensidality the software does not track
individual speckles, but rather groups of specktastained in subsets [14]. A single
speckle is indistinguishable from its neighborse Boftware actually tracks subsets of
the image. The size of the subset is determinatdoyuality of the speckle pattern. In
the author’s experience, the smallest satisfactobget is around 20 by 20 pixels. The
subset size should be chosen such that each ssilosgtinguishable from other subsets
[15]. In theory this requires containing at leasti§inct speckles [14]. The larger the
subset size, the more accurately position of thiaset is tracked, but spatial resolution
around the edges of the specimen is lost becagpadements can only be correlated to
within one half of the subset size of the edgéhefdpecimen. In situations where data is

desired near a hole or crack tip the smallest ptessubset size must be used.

A second important parameter is how many pixelstfvare shifts over before
choosing the next subset size. The software dogsistdreak the surface into subsets,
but rather subsets overlap. This step size can &dage impact on calculated strains. If
the step size is too small, large numerical ercarsoccur leading to very noisy strains,
and analysis time increases. If step size is ise@acorrelation of the images is faster
and smoother strain results are obtained, howeadras resolution is lost, especially in

regions of high strain gradients.
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The last of the major parameters of importanchaeditter size. The software filters the
strains calculated by the derivative of the disphlaents. The size of this filter must be
chosen carefully because it can smooth calculdtaths, but once again risks filtering

out fidelity in regions of high strain gradients.

2.3. HexMC® Properties

This section lists the nominal HexM@roperties that are used for the modeling to be
reported in following sections. These propertiesengovided in a proprietary Hexcel

report [16]. Table 2 and Table 3 list the nomimalduli and strengths, respectively.

Table 2: Nominal HexMC® Elastic Properties

In Plane
Value
Property
Ur}'::;z:ed 45.60 GPa
Modulus (6.616 Msi)
Composuan | 4351 6%
Modulus (6.314 Msi)
P0|ss<:'>n S 0322
Ratio

Table 3: Nominal HexMC® Strengths

In Plane
Property Value Type
346 MPa
B-Basi
Strength in (50.2 ksi) asts
Compression 393 MPa Average
(57.0 ksi) &
277 MPa
. B-Basi
Strength in (40.2 ksi) asls
Tension 344 MPa Average
(49.9 ksi) 8
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As explained later, some of the analysis perforoh@thg this study were based on

properties that differ from those listed here.
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3. Isotropic Properties Modeling of Angle Beams

3.1. Nominal Dimensions

Three sizes of angle beams were produced for tinyy oy the Hexcel Corporation. They
were compression molding from HexMGa DFC produced by the Hexcel Corporation.
HexMC® consists of chips of AS4/8552R pre-preg that aminally 7.6 mm x 50.8 mm
(0.3 in x 2 in). Figure 4 shows the three sizeargjles as received. Upon receipt, the

beams were machined to 35.6 cm (14 in) in length.

Figure 4: Angle Beams as Received [11]

The large and medium angle sizes have the samenabfiainge thickness of 4.8 mm
(0.188 in) and flange lengths of 89 mm (3.5 in) &4dnm (2.5 in) respectively. The

small angle size has a nominal flange thickness®Mmm (0.097 in) and flange length of

13



43 mm (1.7 in) respectively. Table 4 summarizesatigle sizes and cross sectional

properties and Figure 5 shows the measuremenidosdor the angle dimensions.

Table 4: Nominal Angle Cross Sectional Properties

Flange Flange Major mom | Minor mom
length,f | thicknesst | ofinertia, | | of inertia, |,
mm (in) | mm (in) cn* (in) cmi® (in%)

89 (3.50)| 4.8(0.188) 52.0(1.25) 22.9 (0.550)

89 (2.52)| 4.8(0.188) 32.0(0.77) 7.74(0.186)

43 (1.73)| 2.5(0.097) 5.41(0.13) 1.29 (0.031)

Figure 5: Angle Cross Section [11]

3.2. Measured Dimensions

The flange thicknesses of all angle beams tested measured after the angles were
tested. To obtain the average actual thicknesadt size of angle, the thickness of every
specimen tested was measured in four places. Térager of those four measurements
was taken to be the average for that specimenaVéeage thickness was taken to be the
average thickness of every specimen of that silze.average thickness of every

specimen can be found in Table 5. Additionallyttieknesses of two specimens of each
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size were measured in 36 locations, 18 on eaclhydlahhe two specimens chosen were
the two specimens that exhibited the lowest antdsgfailure moments for that size.
Figure 6 shows the measurement locations on a mealngle beam. The crosses indicate
measurement points. In cases where the measur@miantell on a fracture location, the
thickness at that point was interpolated from sumdbng thicknesses. Table 6 shows the

summary of the thickness measurements for the single

Table 5: Thickness Measurement Summary

Small Medium Large
. Thickness . Thickness . Thickness
Specimen ) Specimen . Specimen )
mm (in) mm (in) mm (in)
24 4.75
> (0.095) M2 (0.187) L1 4.57 (0.180)
24 4.88
>2 (0.097) M3 (0.192) L2 4.68 (0.184)
24 4.71
>3 (0.095) M4 (0.185) 3 4.57 (0.180)
24 4.88
>4 (0.095) M5 (0.192) L4 4.45(0.175)
24 4.75
> (0.095) M6 (0.187) L5 4.70 (0.185)
4.71
_ _ M7 (0.185) - -
2.42 4.76
Average (.095) Average (0.187) Average 4.59 (0.181)

Figure 6: Medium Beam Sections
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Table 6 shows the minimum, average and maximum unedshickness for both
specimens of each size. In general the thicknessdvnearly in both the length
direction as well as the flange direction. Thisitagies that the variation in thickness over

a specimen is due to misalignment of the toolsmdutihe compression molding process.

Table 6: Angle Beam Measured Thicknesses

Design Minimum | Average Maximum
Thickness | Measured | Measured | Measured | Maximum
Specimen | mm (in) mm (in) mm (in) mm (in) Variation
2.36 2.42 2.49
S1 2.5(0.097) | (0.093) (0.095) (0.098) 2.98%
2.39 2.41 2.46
S3 2.5(0.097) | (0.094) (0.095) (0.097) 2.09%
4.75 4.87 4.98
M5 4.8 (0.188) | (0.187) (0.192) (0.196) 2.56%
4.57 4.71 4.80
M7 4.8 (0.188) | (0.180) (0.185) (0.189) 2.85%
4.34 4.56 4.70
L1 4.8 (0.188) | (0.171) (0.180) (0.185) 4.85%
4.42 4.58 4.70
L3 4.8 (0.188) | (0.174) (0.180) (0.185) 3.45%

3.3. Test Setup and Fixture

In total 16 angles were tested; five each of thalkamd large sizes, and six of the
medium size [11,12]. The angles were loaded irua point bending fixture, subjecting
them to a pure bending moment. One inch of eacloétite angles was clamped in the
fixture, leaving a 12 in span of the beam subjetdeitie moment. Figure 7 shows a large
angle mounted in the test fixture, being loadedhaylnstron test frame. The beams were
loaded under constant rate displacement contrdlsutistantial failure occurred. During

testing displacement of the test frame cross haddaad applied were measured and

16



recorded. Applied bending moment was calculatedglé~P/2*d whereP is the load
applied andl is the distance between the two supports on a® Bbr the test frame

usedd was 25.4 cm (10 in).

Figure 7: Angle Test Fixture

After testing was completed, two 12.7 mm (0.5 m¢k steel plates were mounted in the

test frame. The plates mounted in the frame caseba in Figure 8.

Figure 8: Rigid Angle
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The frame was loaded to the maximum load experébgeany angle. Cross head
displacement and load was recorded. Five dupliests were run. From these tests, the
average compliance of the test fixture was detezthio be 0.415 mm/kN (7.37*F0

in/lbf). Figure 9 shows the load displacement cdoreone of the tests.

10
g /

5 /

7 / w= 041554 0.7445
6

Crosshead Disp. [mm)

0 15 20 25
Load (kM)

Figure 9: Fixture Compliance

Measured cross head displacements from the arggeviere then corrected for frame
compliance to obtain the “rigid fixture” displacenteWhat the cross head displacement
would have been, if the fixture was completelydidtrom the rigid frame displacement,
the angular rotation of the ends of the beams whsilated based on the geometry of the

frame. This allowed for comparison to models withisaving to model frame elasticity.

3.4. Modeling

The angles were modeled using FEMAP. FEMAP is amemial pre and post processor

for the NX Nastran finite element solver. The asghere modeled as eight noded
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rectangular shell elements. The angles were modeslied) both nominal thicknesses and
using measured thicknesses. This allowed for tindysdf the effect of geometric
variations on predicted buckling load. The beamseweodeled as being 12 inches long.
A rigid element was connected to all elements atbegends of each side of the beam.
The rigid elements were fixed to a rigid elementeim®f the frame. The cross beams
were modeled as rigid beam elements and the viectioss links were modeled using rod
elements, with only axial and torsional stiffne&s.enforced displacement was applied
to the center of the top cross beam, and apprep@aindary conditions (BCs) were
applied to the top and bottom cross beams. The hobdee frame and a meshed

medium angle including enforced displacement and &€ shown in Figure 10.

Figure 10: Medium Angle and Frame

The models were analyzed using NX Nastran’s imipAdvanced Nonlinear Solution
(SOL 601) [17]. The solution was divided into 56p. Each model 2-5 minutes to run.
The angles were modeled using isotropic mater@gegnties, to evaluate the accuracy of
predictions made by modeling the angles as isatréfr buckling predictions, the

compressive modulus was used, since the comprefange governs buckling.
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Consequently, the compressive modulus was usddifore predictions as well, since

failure of buckled structures is largely dependsnthe buckling load.

3.4.1. Isotropic Material Properties

Due to the random nature of DFC materials, theylstxhariations in modulus, both
locally and over entire parts. Since buckling ghty dependent on modulus, the angles
were modeled over a range in moduli. The rangeaduti was calculated from
proprietary test data provided by Hexcel [18]. Bingles were modeled using the
average modulus in compression, as well as a Bsloasnpressive modulus and what
will be referred to as a B-max compressive moduliie B-basis modulus is defined as
the modulus over which 90% of samples fall 95%heftime. This same definition is
used to define B-basis strength, as describedeil€iH 17 Handbook [19]. Conversely,
the B-max modulus is the upper bound on modulus.the modulus value under which
90% of the specimens fall 95% of the time. The measmoduli were assumed to be
normally distributed and not structured during a&ton of the B-basis and B-max
values. Table 7 lists these calculated properfie20% range of Poisson’s ratio was

also modeled to study the sensitivity to variationBoisson’s ratio.

Average strengths in compression and tension wsad during failure predictions.
While thickness specific strengths were reporteedigsting failure with the average of
the reported values resulted in better failure jotexhs on average. The average

strengths used in failure prediction are listedable 77.
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Table 7: Elastic Properties

In Plane

Property Value Type

36.92 GPa
(5.355 Msi) B-Basis

Un-notched 43.53 GPa
compression | (6.314 Msi) | Average
Modulus

50.14 GPa
(7.274 Msi) B-Max

Poi , 0.258 Low
OFI{ZS;?: > 0.322 Average
0.386 High

Table 8: Failure Strengths

In Plane Value Type
Property MPa (ksi)

Strength in 346 (50.2) B-Basis
Compression | 393 (57.0) Average

Strength in 277 (40.2) B-Basis
Tension 344 (49.9) Average

3.4.2. Measured and Mapped Thicknesses

Two separate approaches were taken to model tHesangh the measured thicknesses.
First each angle size was modeled with the averaggesured thickness of all specimens
of that size. The two specimens of each size wexe inodeled in 36 sections, with the
measured thickness applied to each section. Thesartalyses were used to evaluate the

relative effect of variations in thickness withisgecimen compared to deviation from
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average design thickness. Figures 11 through 1® #iethickness contours of all six

angles that were mapped.
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Figure 11: Small Angle Thickness Contours (mm)
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Figure 12: Medium Angle Thickness Contours (mm)
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Figure 13: Large Angle Thickness Contours (mm)

3.4.3. Transverse Shear Properties

All previously reported modeling of HexMC structareave approximated the material
as being fully isotropic. In reality, it is only pgpximately isotropic in-plane. The out-of-
plane normal and shear moduli are much lower thannt-plane properties, because the
randomized chips are oriented more-or-less in pl@he lower transverse shear modulus
lowers the materials resistance to out-of-planpldements, for example those present
during a buckling response. The transverse shedulm® reported by Hexcel as
measured by v-notched shear test (ASTM D7078) w&& GPa (0.565 Msi) [16]. That is
roughly 23.9% of the transverse shear modulus wh&ulated assuming the isotropic
material properties listed in Table 7. The transgeshear modulus was not modeled over

a range.
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3.5. Experimental and Modeling Results

3.5.1. Testing Results

Five small and large angles and six medium angtre vested. Figures 14, 16 and 18
show the plots of the load versus cross head dispiant for all specimens of all three
angle sizes. After all the tests were completeg ntleasured displacements were
corrected so that at zero load, the displacemestz@eo for each specimen. It is apparent
that both the small and large angles undergo naatibehavior, whereas the medium
angle behaves fairly linearly until fracture. Thigrees with what was observed during
tests; the small and large angles visibly buckbgd/e the medium angle showed no
visible buckling behavior before failure. For ttsidy buckling will be defined by
deviation from linear behavior by 5%, and failuteesgth is defined as the greatest

load/moment supported by the angle at any poirihduhe test.
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Figure 14: Small Angle Load Displacement Curves
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Figure 15: Spec S3 Pre-Failure
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Figure 16: Medium Angle Load Displacement Curves
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Figure 17: Spec M3 Pre-Failure
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Figure 18: Large Angle Load Displacement Curves

The rotation of the ends of the angles was caledl&bm the displacement corrected for
fixture compliance. End rotation is shown for &llde angle sizes in Figures 19 through
21. Since the correction for fixture compliancéingar and only adjusts the

displacement, the correction has no effect on lgldr failure loads, it only allows for
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direct comparison to modeling. Table 9 lists thedst, average and highest buckling and

failure loads for all three angle sizes.
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Figure 19: Small Angle End Rotation
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Figure 20: Medium Angle End Rotation
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Figure 21: Large Angle End Rotation
Table 9: Angle Buckling and Failure Moments
Buckling Moment | Failure Moment
N-m (in-lbf) N-m (in-lbf)
Low | 239(2120) 261 (2310)
Small
Angle Avg 277 (2450) 288 (2550)
High | 310 (2740) 322 (2850)
Low -- 1962 (17,000)
Medium
Angle Avg -- 2114 (18,700)
High -- 2242 (19,800)
Low | 1757 (15,500) 2064 (18,300)
Large
Angle Avg 2176 (19,300) 2400 (21,200;

High | 2367 (20,900)

2752 (24,400
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3.5.2. Modeling Results

Modulus Variation

The angles were first modeled based on nominagddkicknesses, using a range of
modulus values. The results for all three anglessare presented in Figures 22 through
24. It can be seen that the small and large argeepredicted to exhibit non-linear
behavior before failure, while in contrast the nuediangle remains fairly linear until
failure for the entire range of moduli. The predatbuckling loads, as calculated by 5%
deviation, are listed in Table 9. The low, averagd high buckling loads listed
correspond to the angles modeled with the B-baserage and B-max moduli, in

compression respectively.
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4 0.5,
=
_ 3:3 ; 045
é 3 = | K E’
R L e” panell 0.3
] * =
s I A =
E 15 ] .'.='— = 0 2%3
Z 1- i 5
- 0.1m
Q5 5 =
0 +2- ; ; ; 0 &
0 0.01 0.02 0.03 <

Angular Rotation (rad)

Figure 22: Small Angle Predicted Rotation
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Figure 23: Medium Angle Predicted Rotation
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Figure 24: Large Angle Predicted Rotation

The failure moments of the beams were predicteabusie B-basis and average strengths
provided by Hexcel. A lower bound was defined asrttoment at which the maximum

or minimum stress in the model exceeded the B-lstissagth in tension or compression
respectively. The average failure load was caledlaising the average modulus and
strength. An upper bound on the failure load waspnedicted, because no equivalent of
B-max strength was available. The predicted failoaels are also listed in Table 9, and

Figures 25 through 27 show the predicted stres®aonf three angles at the time step
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immediately after to the respective average prediilure load. The B-basis and B-
max moduli varied from the average modulus by +%®.Zhis variation in modulus
caused a variation in predicted buckling load 06 2% on average over all three angles.
If a Variation Sensitivity Parameter (VSP) is definas the magnitude of the ratio of
fractional change in predicted buckling load diddw®y the fractional change in the
property that caused it, it can be seen that tigeearhave an average modulus VSP of

1.0.

E!litpd > B0 Time 1
Defom Total Translation

Ij‘l.iﬂpl_* : 2 Tz 0.44
Do 2

Figure 26: Predicted Medium Angle Failure Contour (kPa)
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Figure 27: Predicted Large Angle Failure Contour (kPa)

Average Thickness Variation

To study effect of thickness variation, the anglese also modeled based on measured
flange thicknesses. The thickness of every spectesad was measured in four
locations, two on each flange, using micrometetl wi0.013 mm (0.0005 in) precision.
The three angle sizes were modeled with the averegesured thickness of all specimens
of that size over the same range in moduli preWopiesented. The predicted failure and
buckling moments from this study are listed in Ea®l In this table, the low, average and
high represent the lowest, average and highesiréadr buckling load respectively for
experiments. For the buckling prediction, low, agg and high are based on B-basis,
average and B-max moduli respectively. For theifaiprediction, low and average are

based on B-basis strength and moduli, and avetegegth and moduli respectively.
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Table 10: Buckling and Failure Prediction Comparison

Buckling Failure
Low Average High Low Average
Moment Moment Error Moment Moment Error Moment Error
N-m Error % N-m % N-m Error % N-m % N-m %
(in-Ibf) (in-Ibf) ° (in-Ibf) (in-1bf) ? (in-1bf) °
Experiment 239 _ 277 _ 310 B 261 _ 288 B
P (2112) (2451) (2747) (2307) (2546)
. 302 o 356 o 411 o 325 o 379 o
Design (2675) 26.7% (3155) 28.7% (3634) 32.3% (2880) 24.8% (3358) 31.9%
Small Measured
288 o 339 o 391 o 306 o 357 o
Angle T,?‘\i/:krsi(ses (2546) 20.5% (3002) 22.4% (3458) 25.9% (2706) 17.3% (3158) 24.0%
Measured
- 278 o 326 o 372 o 299 o 347 o
Té;/:gasgheear (2456) 16.3% (2875) 17.3% (3285) 19.6% (2647) 14.7% (3071) 20.6%
. 1960 2114
Experiment ” ” ” ” ” ” (17350) ” (18707) |
. 2293 2704 3111 1962 o 2401 o
Design (20298) (23934) (27535) (17366) | %1% | (21252) | 13%
Med.
€ Measured 2274 2681 3085 1954 2389
Angle Average - - -- -0.3% 13.1%
Thickness (20128) (23733) (27303) (17293) (21149)
Measured
Average — 2177 __ 2544 _ 2902 B 1993 1.4% 2343 10.9%
Trans Shear | (19222) (22460) (25620) (17109) (20738)
Experiment 1757 __ 2176 _ 2367 B 2063 _ 2410 B
P (15550) (19256) (20949) (18260) (21330)
. 2450 . 2889 . 3328 . 2917 . 3364 .
Design (21685) 39.5% (25569) 32.8% (20457) 40.6% (25820) 41.4% (29776) 39.6%
Large Measured
2197 . 2591 . 2985 . 2713 . 3115 .
Angle Tﬁfﬁi (19448) 25.1% (22931) 19.1% (26418) 26.1% (24017) 31.5% (27568) 29.2%
Measured
N 2144 . 2515 . 2879 . 2695 . 3092 .
T?:szasgheear (18931) 21.7% (22207) 15.3% (25418) 21.3% (23854) 30.6% (27368) 28.3%

Table 11 shows the variation in thickness from glesialues, the change in predicted

buckling load, and the corresponding thickness ¥#Rach angle size. By comparing

the three, it can be seen that the angles haveeasage thickness VSP of 2.78.
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Table 11: Effect of Thickness Variation

Thickness Bucklin
Difference 9 Thickness
Load
from o VSP
. Variation
Design
Small - -1.7% -4.9% 2.85
0.095 in
Medium - -0.3% -0.8% 2.77
0.187 in
Large - -3.8% -10.3% 2.73
0.181 in

An alternate method of accounting for flange thessvariations was the use of mapped
thicknesses. In this case two specimens of ezetwgre modeled in sections, with the
measured thickness assigned to each section. Thep®cimens of each size were those
that exhibited the lowest and highest buckling taildre moments. These mapped
models were analyzed for only the average modulgempression. Figures 28 through
30 show the effect of mapping the thickness fgpecsic angle compared to modeling
the entire angle at the average thickness for paeimien of each size. In the case of the
small and large angles, angle compliance and Ingkbad are clearly more effected by
variation in average thickness than variation galdhickness over a single specimen.
For the medium angles, there is hardly an effefdrbdailure is predicted to occur

around 2.4 kN-m (21,000 in-Ibf).
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Figure 28: Small Angle Thickness Variation
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Figure 29: Medium Angle Thickness Variation
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Figure 30: Large Angle Thickness Variation

Poisson’s Ratio Variation

Poisson’s ratio variation caused effectively nong®ain predicted buckling or failure
load. The average Poisson’s ratio VSP for the threges was found to be less than

0.015.

Prediction vs. Measured

Table 9 lists the experimental failure and bucklogds as well as the predicted failure
and buckling loads for the design thickness, averagasured thickness and average
thickness with transverse shear properties modiaks results from the mapped thickness
models are not presented as they do not vary ggnify from the buckling and failure

moments predicted by the average thickness models.

The average thickness models clearly provide bptttictions of buckling and failure.
Figures 31 through 33 show the moment vs. rotgilonhfor all three angles modeled
using average measured thicknesses. The plot$ anel gotation, calculated from the

rigid frame displacement. It can be seen that thglacement of the angles is well
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predicted and enveloped by the range of moduli headd he buckling and failure loads
are over predicted in every case. For the smallamgyg beams it can also be seen that the
severity of the buckling behavior is not well pretéd. The bending moments supported
by the small and large specimens were nearly conptest-buckling, whereas the FEA
models predict continued increase in load bearosj puckling. Table 9 shows the
comparison between predicted and measured faihddackling loads for the design

thickness and average measured thickness models.
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Figure 31: Small Angle Prediction Comparison
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Figure 33: Large Angle Prediction Comparison
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3.6. Discussion

3.6.1. Variation Sensitivity Parameters

The thickness VSP for the angles studies was Zfi@ variation of thickness from the
design value has a great impact on performandeecfngles. Hilburger and Starnes [20]
reported a thickness VSP of 2 for crippling in ottbhpic and quasi-isotropic graphite-
epoxy composite shells. If the measured thicknéfiseoangle flange is t, then the
effective thickness., is actually tx/2, where & is the thickness of the flange parallel to
the applied moment. When this is taken into accdonthe angles tested the thickness
VSP is 1.97, which varies from that reported by i&ta by only 1.5%. Thickness
variation can have a large impact on buckling amtsequently failure load for a small
deviation from design thickness. However, prodygads can be easily tested for
compliance with specified tolerances. This limits variation in buckling behavior due

to thickness effects to manageable and predictaisds.

The modulus VSP for the angles studied was 1.thdrsame study, Starnes reported a
fiber fraction VSP of 2.7. Using classical lamioatitheory, and standard carbon fiber
composite properties, a variation in fiber fractaB8% causes a change of slightly less
than 3% in modulus for the quasi-isotropic layupdiby Starnes [20]. This indicates that
modulus variation has a greater effect on the boghbad for the shells studied by
Starnes than the angles studied here. With a VSFOpmodulus variation has a
relatively smaller effect for the same fractionatiation However, as the material is

produced with randomly oriented chips and the chigsbit a large difference in
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modulus between the one and two directions, thatian in modulus has the potential to
be much larger than the variation in thicknessabeli et al showed that for the same
HexMC® material, local strains on the surface of a tensilupon can vary more than +20
from the average [7]. The effect of this local ¢pposed to the global variation modeled
in this study) variation in modulus on buckling dizais discussed in Section 4.4. The
Poisson’s ratios VSP clearly shows that even laggitions in Poisson’s ratio have no

substantial effect on buckling load of the anglésjected to pure bending.

3.6.2. Buckling and Failure Predictions

For the small and large angles the range in madatieled enveloped the range of pre-
buckling displacements very well when the angleseweodeled at average measured
thicknesses. Predictions of the medium angles baisédis same approach were
reasonable, although displacement were slightly predicted. The buckling loads for
the small and large specimens were over predictethlaverage of 18.2% and the lower
bound buckling moment was over predicted by anapepf 19%. The failure moment
of the angles that experienced buckling was ovedipted by an average of 25.6% and
the lower bound was over predicted by an avera@e &%, with the failure moment of
the smaller angle being predicted about 10% b#ttar for the large angle. This is due to
the larger difference between buckling and failme@ments for the large angles,
combined with the poor prediction of post-buckllngd bearing behavior. Failure of the

medium angle, the only one not to buckle, was ptedimuch better. The average failure
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moment was over predicted by only 14%, and the tdwend of failure was under

predicted by only 2%.

It can be seen that modeling the angles at theageeneasured thickness and with actual
transverse shear properties significantly imprdahespredictions of buckling loads

versus modeling to design thickness. Additiondligsed on the average variation over a
single specimen the angles average variation fresigd thickness has a greater effect on

agreement with experiments than thickness variaii@r a single specimen.
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3.6.3. Improvement of Predictions

Several factors that impacted the accuracy of tlokling and failure predictions have

the potential to be further addressed. First, deoto more accurately predict failure,

both buckling load and post buckling load beariebdvior must be better predicted. If
either of these are poorly predicted, an accuedteré prediction cannot be achieved. In
order to better predict buckling load, there afevaavenues that should be explored. The
first is local modulus variation. The effect of d@m, non-uniform modulus is unknown.
In addition, not only modulus variation along thueface should be considered. Modulus
variation through the thickness should also be idened. If the random oriented chips
are not roughly symmetric through the surface, ¢bisld cause coupling terms in the

stiffness matrix. These effects are explored irtiSect.4.

Another cause of buckling load variation could bdealized failures, prior to failure and
even the onset of buckling. During testing, auddricks and pops were observed, before
and after visible buckling in some cases. The strat effect of these micro-failures, if
any, is unknown. Lastly, as with any buckling exmpent, disparity between
measurements and predictions is likely due to shglalignment during test set-up.

These misalignments are very hard to model, anttidmithe focus of future work.
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4. Stochastic Random Layup Analysis

Previous work by Feraboli et al. [7] employed aiation on the laminate analogy for
discontinuous fibers proposed by Halpin and Pad@ahd he stochastic laminate analogy
was shown to effectively predict the stiffness &aoin in DFC parts. However, the
laminate analogy presupposes a symmetric stackiqgence (a quality not definitely
exhibited by the random chip orientations). Thesppposition of the symmetric stacking
sequence eliminates the possibility for membrameding coupling effects. For most
cases, the small out-of-plane displacements exdilaitie to in plane loads are
inconsequential for predicting the behavior of Dgatts. However, for some specific
cases such as predicting buckling/crippling behavtias suspected this coupling could
be the cause of some of the disagreement betweeredicted and measured angle
buckling results. This sections established a ped@ method for predicting both
stiffness variation and out-of-plane displacemeiuis to uniaxial tensile loads. The

method is then applied to the prediction of budaklimad of the angle beams.

4.1. Testing

To validate the proposed model and establish mualalmeters 18 tensile coupon
specimens were tested in the elastic range. Themnspes were cut from 330 mm x 457
mm (13 x 18 inch) flat plates produced from Hex®6y compression molding. Total
specimen size was 330 mm x 38.1 mm (13 inches miltes) wide. The specimens
were tested in an Instron test frame to 87.6 MRar(ksi) at a displacement controlled
rate of 0.5 mm/min (0.0197 in/min). With 50.8 mmiii2hes) gripped at each end, the

total gauge length was 9 in. The specimens weppe@d in grips with both the top and
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bottom grips fully fixed. The specimens for eacickhess came from two different

plates, four plates total between the two thickesss

The specimens were covered with a speckle patteduped by first painting them with
an even coat of flat white spray paint followeddpgckling with black spray paint.

Figure 34 shows four speckled specimens of eackribss.

Figure 34: Speckled Specimens

A set of DIC images was taken every 1.3 second&gon average 70 sets of pictures
per test. In total, 20 tests were conducted. Oreispen of each thickness was tested
twice, where displacements on opposite surfaces menitored. This allowed for
evaluation of the validity of the out-of-plane despement measurements, and average

modulus measurement.
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Displacement fields were measured with the uselGf3/D, a commercial Digital Image
Correlation (DIC) system produced by CorrelatecuBohs Inc. By measuring full 3D
displacement fields both in plane strains as webat-of-plane displacements were

measured.

4.2. Modeling

4.2.1. Method

In order to predict the out-of-plane displacemehis to in plane loads, the model must
capture the random orientation of the chips thraihghthickness of the material.
Furthermore the random “stacking sequence” must fvam point to point across the
surface of the material. To contrast, Feraboligekastic laminate analogy approach
captures the variation over the surface, but néglbe random/non-symmetric layup
through the thickness [7]. For practical reasonemtioing the analysis, the layup cannot
vary from point to point, but must vary by discrétete regions which we will call
Random Layup Volume Elements (RLVE). To accomplish, a Visual Basic code was
created which generates a FEMAP geometry modeldhmbken up into sections of a
chosen size. Each section represents a single REdiEeach RLVE the code steps
through the layers, assigning each layer a randigntation. The randomly chosen
orientations were allowed to vary continuously frorto 180 degrees. The layers are
assigned anisotropic material properties. The ptigseassigned correspond to the
properties of the precursor pre-preg for the HefM@iterial. Table 12 lists the material

properties for the AS4/8552R precursor materialesysused to produce HexM@nats
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[21]. The actual values used for modeling were steyi to account for the resin content

typically seen in HexME& parts.

Table 12: Chip Properties in Tension

Ey 132 GPa (19.1 Msi)
Ez 9.23 GPa (1.34 Msi)
V1o .335

G, 4.82 GPa (0.7 Msi)

The random orientation is generated with the Vigedic function rnd.NextDouble. This
process is repeated until the laminate is the prifpekness in that region, at which point
the code generates a laminate property in FEMA® dictates FEMAP to mesh the
RLVE with the user defined element size. The codm tsteps to the next RLVE. When
the layup generation subroutine is finished, thelehdas a unique layup and property for
each RLVE in the model and every RLVE is meshea ddde then dictates the
generation of boundary conditions and loads. Thdehis analyzed using the FEMAP
static solver and the average strain over sevexalgregions and the maximum out-of-
plane displacement is written to an Excel file befthe model is closed and the program

starts over. Each iteration takes 5-10 secondsrptete on a desktop computer.

4.2.2. Convergence

The number of runs required for the program to eoge to an average modulus and out
of place displacement is another important fadteraboli showed in [7] that for their

program, the minimum, maximum and average predicteduli converged after about
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5000 runs. Figure 35 shows the maximum, minimumranding average of the modulus
on the left hand vertical axis and the out-of-pldisplacements respectively for a sample
run on the right hand axis. This shows that bo¢hpitedicted effective modulus as well

as the average magnitude of the B-matrix terms btakglized by 5,000 runs.
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Figure 35: RLVE Model Convergence

4.2.3. Sensitivity Study

There were two major parameters that needed teteerdined through sensitivity
studies; the size of the RLVEs and the mesh siaxidus work by Feraboli [7] used an
empirical comparison to determine the RRVE sizbad 2.7 mm x 12.7 mm (0.5 inch x
0.5 inch). In their work, reasonable agreement betwlocal and global stiffness
variation predictions and measurements were acthidvewever, since predicted out-of-
plane displacements are also desired in this saidgmbination of the variation in

predicted stiffness and out-of-plane displacemwaats used to define the proper RLVE
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size. The specimens were modeled with 6.35 mm, hZa7and 19.1 mm (0.25 inch, 0.5
inch, and 0.75 inch) square RLVEs with hopes adrimblating between the predictions to
the measured values for modulus variation, as age#lverage out-of-plane displacement
and the variation in out-of-plane displacementaltjeall three comparisons would

predict the same RLVE size.

Mesh size was also investigated. It was foundftiradll RLVE sizes, mesh size had little
impact on predicted average strain or out-of-pldisplacements for three element sizes,
1.59 mm, 3.18 mm and 6.35 mm (0.0625 inch, 0.12b and 0.25inch) square elements.
Table 13 shows the predicted average strain andoutaaf-plane displacement for a
single set of RLVES, modeled with the three meghssilt can be seen that even for such
large changes in mesh size the predicted averegjassaind out-of-plane displacements

vary by less than 1%.

Table 13: Global Strain Variation

Avg Max Z

Element | Strain Disp
Size gin/in mm (in)
1.52
Small | 2066.667 | (0.0599)
1.52
Medium | 2063.333 | (0.0598)
1.51
Large | 2055.556 | (0.0595)
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Figure 36: Local Strain Variation

Local strain variations on the other hand were tbtmmbe dependent on mesh size.
Figure 36 shows the local maximum, average, andhmaim strain for a sample model.
Figures 37 through 39 show the same model analyitbdarge medium and small
elements respectively. It can be seen that as aksmget small the boundaries between
RLVEs become more distinct. The change in localistvariations seen by changing
elements are not representative of actual behavithre material being modeled, but
rather singularities where the properties changeaditinuously from one RLVE to the
next. Because even the smallest modulus gaugenregens more than one of the largest
modeled RLVEs, this effect is effectively washed. &or this reason, the median

element size of 3.18 mm (0.125 inch) was chosealfeanodeling.
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4.3. Results and RLVE Sizi ng
4.3.1. Experimental Results

Modulus Variation

The DIC images from each test were analyFigures 40 and 4&how the strain fiels

displacements for two sample specimens of eachrtbgs
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Figure 40: Modulus Variation - Thick




Figure 41: Modulus Variation - Thin

For each test, the effective modulus over 4 gaag®n sizes was evaluated, as wel
the maximum magnitude olut-of-planedisplacements. The smallest gauge region
25.4 mm x 6.35 mm (1 inch 0.25 inch) corresponding to a one inch long strain ga
The other gauge regions correspond to ¥4, ¥z andlibée surface. The ¥ and Y2 surfi
regions ard14 mm x 19.1 mm4.5 inch x 0.75 inch), 114 mm x 38.2 mi5 irch x 1.5
inch). Over these regisrthe average strain on the surface is measured D4C. The
last region is an extensometer measurement ustnDiB The distance betwee
measurement points for the extensometer was 2289 inch) With the exception of th
whole surface gauge regidhg strain measurements were taken at 25 mm 1 inch)

away from either gripto ensure that boundary effects did not affestlts. The averac
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strain over the smallest region was taken fromr®gions on each specimen. Since
region was so small, two independent measuremesres able to be taken, doubling
sample size. Figure &hows the gauge regions over which average strasnmeasure(
The entire surface gauge region was evaluated asirextensometer tool in the D
software package. Modulus was then calculated Wdidg the rominal stress applied [
the average measured strain. The moduli calcutatedthe four gauge regions for et

specimen are listed ifable 13 and 1.
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Figure 42: Gauge Regions

53



Table 14: Measured Modulus - Thick

G1 G2 1/4 Surf 1/2 Surf Ext

GPa (Msi) | GPa (Msi) | GPa (Msi) | GPa (Msi) | GPa (Msi)

Spec 1 54.2 55.5 52.1 52.1 48.8

s1 (7.87) (8.06) (7.56) (7.55) (7.09)

Spec 1 49.4 42.0 492 49.0 49.6

52 (7.16) (6.09) (7.13) (7.11) (7.20)

52.5 447 492 489 47.8

Spec 2 (7.62) (6.49) (7.15) (7.10) (6.94)

52.9 46.0 49.0 489 50.1

Spec 3 (7.68) (6.68) (7.11) (7.10) (7.28)

463 424 47.0 47.6 44.4

Spec 4 (6.72) (6.15) (6.81) (6.91) (6.44)

45.4 447 426 427 42.0

Spec 5 (6.58) (6.48) (6.18) (6.20) (6.09)

443 50.5 428 436 44.6

Spec 6 (6.42) (7.33) (6.21) (6.32) (6.47)

35.4 55.9 427 425 438

Spec 7 (5.14) (8.11) (6.20) (6.17) (6.36)

406 51.3 455 46.9 455

Spec 8 (5.89) (7.45) (6.60) (6.81) (6.61)

458 46.0 49.0 482 46.0

Spec 9 (6.65) (6.67) (7.11) (6.99) (6.67)

426 425 438

Min 35.4 (5.14) (6.18) (6.17) (6.09)

46.9 47.0 463

Avg 47.3 (6.86) (6.81) (6.83) (6.71)

52.1 52.1 50.1

Max 55.9 (8.11) (7.56) (7.55) (7.28)
St Dev 5.1(0.74) | 3.3(0.49) | 3.1(0.46) | 2.7(0.39) |




Table 15: Measured Modulus (Msi) - Thin

G1 G2 1/4 Surf 1/2 Surf Ext

GPa (Msi) | GPa (Msi) | GPa (Msi) | GPa (Msi) | GPa (Msi)

Spec 11 40.8 445 426 425 425

s1 (5.92) (6.46) (6.19) (6.16) (6.16)

Spec 11 50.1 442 443 437 43.0

52 (7.27) (6.41) (6.43) (6.34) (6.24)

48.4 47.4 46.4 46.0 449

Spec 12 (7.02) (6.87) (6.74) (6.67) (6.52)

436 52.0 495 50.4 427

Spec 13 (6.32) (7.55) (7.18) (7.31) (6.19)

482 347 457 453 422

Spec 14 (7.00) (5.03) (6.63) (6.57) (6.12)

58.4 451 436 43.4 443

Spec 15 (8.47) (6.55) (6.32) (6.30) (6.42)

47.9 47.9 455 46.1 433

Spec 17 (6.95) (6.94) (6.60) (6.69) (6.29)

315 51.0 39.0 39.6 39.9

Spec 18 (4.57) (7.40) (5.66) (5.75) (5.79)

455 56.7 481 48.1 47.6

Spec 19 (6.60) (8.23) (6.98) (6.97) (6.90)

401 60.1 39.6 39.4 425

Spec 20 (5.81) (8.72) (5.74) (5.72) (6.17)

315 39.0 39.4 39.9

Min (4.57) (5.66) (5.72) (5.79)

46.9 44.4 4.4 433

Avg (6.81) (6.45) (6.45) (6.28)

60.1 495 50.4 476

Max (8.72) (7.18) (7.31) (6.90)
St Dev 7.1(1.04) | 3.4(0.49) | 3.5(0.50) | 2.0(0.29) |
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Out-of-Plane Displacement Measurement

When testing began it was immediately apparentrtfetsurement of the out-of-plane
displacements due to membrane bending couplingyaiag to be difficult. The plates

the specimens were cut from were not measureddioress before being cut up and after
being cut the specimens were not flat. When pastgssing started, it was noticed that
the specimens were curved at zero load, and théredsad increased they flattened out,
then continued on past flat to exhibit out-of-plaiEplacements in the opposite direction
of their initial shape. It was decided that durihg portion of the test where the specimen
was being pulled flat, the out-of-plane displacetsavere not due to strictly membrane-
bending coupling, but rather simply being pulleat.flThe displacements past flat
however were interpreted to be due strictly to memé-bending coupling. It was
decided that the specimen would be consideredavfien the standard deviation of the
out-of-plane position was at a minimum. Figuresi#®ugh 46 show specimen 3, 4, 13,
and 14 at three points during the test, lookintpatspecimen edge on. For reference in
the images shown, the load is being applied taighe in the image, and the DIC
cameras were observing the top surface of the sgegilooking from the top of the

page, towards the bottom. In this image the oyttafie dimension, up and down as seen
in the image, is greatly scaled, so that detaillmaseen. All three images are shown with
the same scale in the out-of-plane dimension. ffeetimages are the start of the test,
the point at which the specimen is consideredojestandard deviation calculation, and
the end of the test. It can be seen that mosteobtit-of-plane displacement is the
specimen flattening out. It can also be seen thadl un-flatness of the specimen is not

necessarily predictive of the amount of post-fiapthcement.
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Figure 46: Spec 14

Once the reference for every test was found, theuatnof membrane coupling was
qguantified with what will be called the coupling:tar, which is the out-of-plane
displacement per stress applied. This factor isutaled from the flat reference to 0.002
inches of out-of-plane displacement because asrsiowigure 47 as the out-of-plane
displacement increases, the rate decreases. Thetiesed to be due to the fact that the

farther from flat the specimen becomes, the magarttplane load fights the coupling, by
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trying to pull the specimen flat. The limit was slem because over all the specimens it
seemed to be the best middle ground between remgaimithe linear region and getting a
large enough sample so that the effect of noiskarmeasurement was minimized. As
shown by the linear fit in Figure 47, specimen &4 h coupling factor of 4.68 mm/GPa

(1.24 in/Msi).
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Figure 47: Spec 14 Coupling Factor

Unfortunately the coupling factors were not ablééoconsistently measured across
multiple rounds of testing. Figure 48 shows a plahe coupling factors for the same set
of specimens measured on two different days. It@aseen that seemingly identical tests
of a single specimen can yield coupling factorfedént by as much as a factor of three.
The error in these measurements is due to sestalr§, the greatest of which is
believed to be the initial waviness of the specisadimis made it difficult to determine
what was due to coupling effects, and what wastddlattening of the specimen.

Another complicating factor is the small scaleh# tisplacements. The accuracy of the
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DIC system at such small displacements made theurgaents difficult. During several
tests, the DIC calculated that the specimens ebdailmut-of-plane displacements at the
grips up to half as large as the greatest displao&raway from the grip. These
displacements were very small, on the order obaghndth of an inch, but when
considering that the coupling factor was determimegt only two thousands of an inch,
they become non-negligible. For this reason it desded that RLVE size would have to

be chosen by modulus variation alone.

Coupling Factors by Specimen
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Figure 48: Coupling Factor Scatter (mm/GPa)

4.3.2. Modeling Predictions

Modulus Variation

Five thousand analysis runs were run for eachethlee RLVE sizes chosen. For every
run, average strain over four gauge regions wasded. By dividing the nominal stress

applied, a value for effective modulus over eadhggaregion was calculated. The four
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gauge regions correspond to the same four gaugensetihat were analyzed during
testing. Figure 49 shows example contour plotgedligted strain variation on the

surface for the three RLVE sizes. All three moa@eksthe thinner of the two thicknesses.
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Figure 49: Axial Strain Contours

Tables 15 and 16 show the average modulus predwtdthe four gauge regions for all
5000 runs for both thicknesses, as well as the efrthe modulus measured over the
largest region compared to the modulus obtainetgusie largest gauge region using

DIC.

63



@

Table 16: Thick Spec Modulus Prediction

Thick 6.35 mm RLVE 12.7 mm RLVE 19.1 mm RLVE
Gauge Area | Avg St Dev Avg St Dev Avg St Dev
cm”2 (in?2) | GPa (Msi) GPa (Msi) | GPa (Msi) | GPa (Msi) | GPa (Msi) | GPa (Msi)
1.61 3.38 45.1 5.36 45.5 7.58
(0.25) | 44.9(6.52) (0.49) (6.55) (0.78) (6.60) (1.10)
21.8 1.17 44.6 2.19 44.5 3.10
(3.38) | 44.7 (6.49) (0.17) (6.47) (0.32) (6.45) (0.45)
43.5 0.96 44.6 2.03 44.4 2.83
(6.75) | 44.7 (6.49) (0.14) (6.47) (0.30) (6.44) (0.41)
87.1 0.48 44.8 1.03 44.6 1.59
(13.5) | 45.0(6.53) (0.07) (6.50) (0.15) (6.47) (0.23)
Error!” -2.76% -3.18% -3.64%
Table 17: Thin Spec Modulus Prediction
Thin 6.35 mm RLVE 12.7 mm RLVE 19.1 mm RLVE
Avg
Gauge Area | Avg St Dev GPa St Dev Avg St Dev
cm”2 (in?2) | GPa (Msi) GPa (Msi) | (Msi) GPa (Msi) | GPa (Msi) | GPa (Msi)
1.61 4.15 44.6 7.33 45.0
(0.25) | 44.1(6.40) (0.60) (6.47) (1.06) (6.53) | 9.79 (1.42)
21.8 1.43 43.5 2.81 43.3
(3.38) | 43.9(6.37) (0.21) (6.31) (0.41) (6.28) | 3.92(0.57)
43.5 1.31 43.5 2.59 43.2
(6.75) | 43.8 (6.36) (0.19) (6.31) (0.38) (6.27) | 3.65(0.53)
87.1 0.74 43.7 1.39 43.4
(13.5) | 44.1(6.40) (0.11) (6.34) (0.20) (6.29) | 1.98 (0.29)
Error” 1.91% 1.00% 0.21%

)Error is comparison between experiment and prediction of modulus over largest gauge region
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Coupling Prediction

Along with predicting local modulus variation, techastic model predicts out-of-plane
displacement when an in plane load is applied.féigd shows an example analysis run,
displaying the out-of-plane displacements for tBel iInm RLVE model, shown in

Figure 49, scaled by a factor of 10.

0003198

nooa:2

Figure 50: Predicted Coupling (10X)

For each analysis run, along with recording theaye strains over the various gauge
regions, the maximum and minimum out-of-plane @dispment was also recorded. The

greatest magnitude of out-of-plane displacemené&mh run was divided by the applied
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nominal stress, to obtain a coupling factor comiplaréo that which was calculated in the
previous section. Table 18 lists the average cogghctor for both thicknesses for each
of the three RLVE sizes. It also lists the standbediation of the coupling factor over all
5000 runs. Since it was determined that the cogghutors could not be reliably
measured, the values here are presented to shopréukicted values are of the same

order of magnitude as those measured.

Table 18: Coupling Factors

Thick Thin
= Ja Jae [ e T
RLVE
ﬁ}vngq . 1.29 2.30 3.74 2.55 5.05 7.67
(in/Msi) (0.35) (0.62) (1.01) (0.69) (1.37) (2.08)
i;rg;épa 0.50 0.96 1.52 1.04 2.12 3.5
(in/Msi) (0.13) (0.26) (0.41) (0.28) (0.58) (0.88)
4.3.3. RLVE Sizing

Figure 51 shows the standard deviation of modudr dkie various gauge regions for the
three RLVE sizes (solid lines) as well as the expents (dotted line) for the thick
specimens. It can be seen that if the smallestegeagjon is considered, the 12.7 mm
(0.5in) RLVE is suggested, however as the gaug®ms considered grows, so does the

suggested RLVE size. Figure 52 shows the samdgqglthe thin specimens
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Figure 52: Modulus Variation - Thin
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For both thicknesses the predicted variation antbadargest gauge region is much
lower than might be expected. This is due to tloetfzat the displacement based strain
measurements, as opposed to the surface basecomegarly independent of surface
variations due to bending of the specimen. Thikdgia more consistent measurement,
and this behavior is also exhibited in the thincapens. Table 19 shows the RLVE size
suggested by interpolation for each gauge regiobdth thicknesses as well as the

average size.

Table 19: Suggested RLVE Sizes

Suggested RLVE Size
mm (in)
Gauge Area
cm”2 (in?2) | Thick Thin
1.61 12.7 13.0
(0.25) (0.50) (0.51)
21.8 20.8 16.3
(3.38) (0.82) (0.64)
435 21.6 18.0
(6.75) (0.85) (0.71)
87.1 32.3 19.6
(13.5) (1.27) (0.77)
21.8 16.8
Average (0.86) (0.66)

Taking the average of the two values, the suggedbiekihess independent RLVE size is

be 19.3 mm x 19.3 mm (0.76 inches x 0.76 inches).
4.4, Stochastic Angle Modeling

The angle beams that were discussed in Section&medeled again, using the RLVE

size chosen by comparison to the tensile couposisvas discussed, it was suspected that
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the local stiffness variations combined with thembeane bending coupling were part of

the cause of over predicting the buckling loadsmisetropic properties were used.

4.4.1. Method

The RLVE method was applied to the angle beams riruttite same way as to the flat
specimens. The models were broken up into RLVEsppfopriate size then each RLVE
was assigned a random stacking sequence. Figwsieddd a model of a medium size

angle broken up into RLVEs with mesh size shown.

Figure 53: Medium Angle RLVE

The RLVE chips were assigned properties of the HEXMrecursor once again, but this
time the properties in compression were used esnmsnon for buckling analyses. The
properties in compression were first tested insdo@e program used for the flat plate
predictions. First, the properties were obtaineddiipwing the same procedure used to

match resin content for the tensile properties. elav the effective modulus in
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compression predicted by this method was much loiagr measured and reported by
the Hexcel Allowables Report [16]. Because of tthg, properties were adjusted to yield
an average stiffness in compression equal to thathwvas reported by Hexcel and used
for angle modeling in Section 3.4. For proprietaggsons, the properties cannot be listed

here.

4.4.2. Displacement and Buckling Load Predictions

Each size of angle was modeled 10 times using théERprocess. Each run took 13, 36,
and 44 minutes for the small, medium and largeesmgspectively. Figures 54 through
56 show the comparison between the B-range predg&nd the maximum and

minimum for buckling predictions from the 10 RLV&ns for each angle size.
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Figure 54: Small RLVE Comparison
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Figure 55: Medium RLVE Comparison
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Figure 56: Large RLVE Comparison

It can be seen that for all angle sizes the vanati pre-buckling displacements was not

predicted. For the small angle there was a subataahge in predicted buckling loads.
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For the medium and large angle the range in prediictickling load was much lower.
This suggests that as part size and/or thicknessases, the effects of membrane
coupling decrease. This suggests that there m@ghtrainimum thickness under which
membrane coupling effects become increasingly itapbto consider. Figures 57 and 58
show the experimental buckling loads of the testegles along with the 10 predicted
buckling loads for the small and large angles retypaly. Also displayed are the low and

high buckling loads predicted by the B-range maduli
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Figure 57: Small Buckling Loads Comparison
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Figure 58: Large Buckling Loads Comparison

It can be seen for the small angles, despite thgeran pre-buckling displacements being
poorly predicted by the RLVE analysis, the rangbudkling loads matched that seen
experimentally well. The average buckling load aB® very well predicted by the
RLVE analysis. The same level of improvement wasseen for the large angles. The
average buckling load predicted by the RLVE analygs not substantially different that

that predicted by the average isotropic modulus.
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Figure 59: Medium Buckling Loads Comparison

Figure 59 shows the experimental failure load e inedium size angles tested
compared with the buckling loads predicted by hbthRLVE analysis as well as the B
range moduli. It can be seen that the RLVE analysadicted buckling at a lower level
than the B range moduli. The RLVE analysis stiélgicted buckling right at or before the

failure loads seen experimentally however, matckwhgt was observed experimentally.
4.4.3. Discussion

The application of the RLVE method to the predictad buckling of angle models failed
to predict the variation in pre-buckled displacetseRlowever, this approach did lead to
improved buckling load predictions for the smalgknsize. The fact that essentially no
variation in pre-bucking displacements was predisteggests that the RLVE model does
not capture the global modulus variation exhibligdHexMC® when applied to

structures. It does predict reduced buckling losden compared to the B-range
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modulus. This suggests that the membrane coupliagte do play an important role in

buckling loads for structures under a certain thess.

75



5.1.

5. HexMC® Brace Modeling

To extend the established practices to a more aopart, a bracket made from
HexMC® was chosen. It has a four bolt pattern on one ealtéd the root, and a two bolt
pattern on the other, called the clip. Figure 6@vwsha 3-D solid model of the brace,

where the root end can be seen on the left, andifhend on the right.

Figure 60: Brace

Guided Clip Test Setup

The braces were tested by The Hexcel Corporatitimeat Kent facility. The
documentation of the testing is Hexcel proprietarny as such, cannot be fully disclosed
here [23]. During testing the root end was fullgtémed to the test fixture using Hi-Lk
fasteners. The clip end was fastened to a platehwtas pulled on with a linear
actuator. The clip end was prevented from rotaéibgut the axis of the brace.
Displacement of the clip end was measured usingeak Variable Differential

Transformer (LVDT).
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Figure 61: Guided Clip Test Setup [23]

In total, 25 specimens were tested to failure antsiclered in this study. The specimens
were tested in two steps, first they were loade@taove the slack from the connections,

then unloaded. They were then loaded to failure.

5.2. Guided Clip Modeling

The brace was modeled using solid 10 noded tetrahel@ments. A mesh convergence
study was preformed, to ensure predicted stresses mot mesh dependent. Satisfactory
mesh convergence was achieved, with the exceptiareas near the bolted regions,
which will be further discussed in Section 5.3.Bebrace was modeled using the

average modulus in tension, 6.62 Msi. Since onbnuerically linear modeling was
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done, modeling over the B range in moduli had rieceion failure predictions, and as
such, was un-necessary. The root and clip conmectie@re modeled as bolted
connections, with the mounting plates assignedgotas of 4340 steel, and the bolts
with the properties of the titanium fasteners. Bibign plates and bolts were modeled
using solid elements, and 3-D contact was estalifietween the bolts, brace, and
mounting plates. The clip and root bolts were padbr with 4360 N and 9090 N (960 Ibf
and 2000 Ibf) each respectively, according to itjeteéning torque specified by the
manufacturer and assuming a coefficient of friced1®.2 [22]. A sensitivity study was
done, and no significant effect on predicted dispaents was found when pre-load was
varied by +10%. Figure 62 shows the model of ttee®&y mounting plates, and bolts

before loads and boundary conditions were applied.

T B e o o P i o o 08 et iAo 8 o8 o T,
Lt San e

Figure 62: Brace Model
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5.3. Guided Clip Experimental and Modeling Results

5.3.1. Testing Results

Figure 63 shows the load-displacement curves fegrsef the tests to give an idea of
what the curves looked like. All loads reportediection 5.3 and 5.4 are normalized to
the lowest measured failure load, to protect pedpry data. There is obviously some
non-linear behavior exhibited as the load excepgsoximately 1.08 of the lowest
failure load. The curves representing the hight#tefailure loads are not shown in
Figure 63 because they exhibited slipping, whicldeniée curves difficult to compare.
The braces tested failed in five distinct locatiofise locations are depictedHmror!
Reference sour ce not found.Error! Reference source not found.. Table 20 lists the

minimum and average failure load at each location.

~L.80.

Load

0 5 10 15 20 25 30

Position (tum)

Figure 63: Brace Load - Displacement Profiles [23]
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Figure 64: Failure Locations [23]

Table 20: Guided Brace Failure Loads by Location

Normalized| Normalized
Location| Minimum | Average
1 1.09 1.11
2 1.00 1.47
3 1.54 1.63
4 1.30 1.61
6 1.41 1.55




The failures seen at locations 2 through 4 wersilefailures of the web/flange of the
brace. The failures seen at location 1 were thrdhglbolt holes closest to the clip end.
The failures seen at location 6 were charactealbyipeeling of the face of the clip end,

off of the end of the brace.
5.3.2. Modeling Results

Figure 65 shows the predicted displacement comgarttee measured. It can be seen
that the model does not predict the non-linear behnasince it is a linear model. When
analyzed using Sol 601, geometrically non-linedrdvéor is not predicted until over

three times the lowest failure load.

1,80

Load

5 10 15 20 25 30

Position (ium)

Figure 65: Brace Displacement Comparison
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The predicted stress contouevealed six high stress regions on the bréicpire66
shows the Von Mises stress contour and outlineseiens over which the maximu

stress was searched for in subsequent an:

\Eﬁlucahondme - For Educational and Training Use Only

OutputySet: NX NASTRAN Case 1_Nom_Tens
Deformed(0.932) Total Translation
Contour: Solid Yon Mises Stress

Figure 66: Brace Stress Contour

Figure 67shows the interior region of the brace with therfloighest stress locatiol
depicted, with their respective stress, normalizeithe largest on It can ke seen that th

maximum stresses at all four locations are predittiebe within 17% of each oth
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Figure 67: Normalized High Stress Regions

Failure was predicted at locatio2 through 4 by use of the max princigéiess, Vor
Mises stress, and the TSAfu failure criterion. Because the stress in theggons is
roughly uniaxial, all three failurcriteria yield the egmntially the same predictioThe
failure loads compared to the experimentally measioads pisented infable21 are
based on the maximum principal stress compareuket&-basis or average strength
tension.With the exception of the low outlier in locat two, the failure loads were we

predicted by the use of average modulus a-basis strength.

Table 21: Failure Load Comparison

Test Min PredMin | Error (%) | TestAvg.| Pred. Avg. Error (%)
1.00 1.27 26.8 1.47 1.57 7.3
1.54 1.37 -11.5 1.63 1.70 4.4
1.30 1.5C 15.1 1.61 1.86 15.6
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Failure was predicted at the clip and root endgiseveral criteria as well. In these

regions, failure predictions were more difficultchese of the stresses generated by the

contact forces. In the root region, the stressedipted in the bolt regions were extremely

high. In addition to predictions based on FEA peesli stresses, failure at the bolt holes

was also predicted using hand calculations of hgasiress compared to the stabilized

bolted joint bearing strength of HexMC

Table 22: Root End Failure Loads

Exp. Failure Location 1 Pred. Failu
Min 1.09 Von Miseg-ailure 0.26
Max 1.13 Hand Calc Yield 1.22

Stab.
Bearing |Failure 1.70

[€

The stresses predicted at the clip end are mor@learthan at the root. The bearing

stresses are not high enough to predict bearihgéai Von Mises stresses predict the

failure load the closest to what was measured @xpetally, but predict a different

failure mode than the peeling of the face that sesen.

5.4. Guided Clip Discussion

Away from the boundary conditions, the use of Bibasd average strengths compared

to maximum or Von Mises stresses predict strenggisanably well, with the average

error being less than 15%. When failure is to legljgted near bolted connections

however, troubles arise. Many of these troublesedrom the treatment of the material as
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an isotropic material, when in reality it is onlyproximately transversely isotropic.
HexMC'’s out-of-plane modulus is much lower thait Were truly isotropic. This leads
to over predicted out-of-plane stresses, and makeparison to measured transverse
tensile strengths impossible. It also eliminatesahility to attempt to use more

traditional composite failure criteria, such as 3B version of the Tsai-Wu Criterion.

The benefit of modeling the brace using 10 nod&dltedral elements is ease of
meshing. Automatic meshing tools easily mesh thedusing tetrahedral elements. The
downside is that only isotropic material propertas be used with this element. The use
of transversely isotropic material properties cqubddsibly greatly improve predictions,
especially in the region of the clip end. Usingriepic material properties, transverse
shear and normal stresses were predicted, botlhichwould cause the peeling failure
seen experimentally. However the predicted trarsgvand normal stresses in these
regions are not reliably predicted, because theobptane properties used are not

representative of HexMC

In the root region, failure was best predicted g¢$iand calculations of bearing stress and
stabilized bearing strength. Predictions in thggoe may also benefit from the use of in-
plane isotropic properties, bringing FEA predictida closer agreement with

experiments and hand calculations.
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5.5. Free Clip Test Setup

A schematic of the brace test frame is shown infe@9. It is designed such that the
brace can be flipped over such that the face shatiirently facing inwards will be facing
outwards. In the alternate orientation the clip efitibe above instead of below the root
end. The load is applied by a hydraulic cylindexttils positioned such that it pulls
vertically, applying the load in the opposite direno from the guided clip testing. The
link between the load cell and the clip end is giesd to eliminate restraining moments
at the clip end. Load was measured with a load Egjure 69 shows specimen 4

mounted in the test frame post-test and afterdad had been entirely relieved.

[ ]

Figure 68: Brace Test Frame Schematic
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Figure 69: Brace Test Frame

Each brace was mounted to the test frame withtiok® fasteners at the root end.
Each specimen was initially loaded to 1360 N (3&ipto remove slack from the
connections then un-loaded. During every test ane Was observed by DIC to measure
displacements in the region of interest. In-plamaiss were then calculated from these
measured displacements. The specimens were loadadkll increments, 23 to 46 N (5
to10 Ibf) when nearing failure, and at each loaé DIC images were taken. The load

from the load cell was also recorded concurrenith wach image taken.
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5.6. Free Clip Modeling

Only preliminary modeling of the brace with uncaoasted clip end has been completed.
Brace was modeled with 10 noded tetrahedral elesn&he same mesh sizing was used
as for the guided clip modeling in Section 5.2. &8ee the clip end was allowed to
rotate, NX Nastran’s implicit Advanced Nonlinean@mn (SOL 601) was used to
analyze the models. The root was fixed using sptlsnents at each bolt hole, fixing
only the three translational DOFs. The clip end i@asled by connecting the elements on
the portion of the clip face shown in Figure 7Q@fHe load application point using a rigid
element. The load application point was locatethensame location as in the

experiments.

1000; (2]

Figure 70: Meshed and Loaded Brace
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5.7. Free Clip Experimental and Modeling Results

5.7.1. Testing Results

Six braces were tested. Load and strains were mezhduring each test. Load was
measured using a load cell and strain was measisieg both strain gauges and Digital
Image Correlation (DIC). For three of the brachks,gtrain on the front face was
observed using DIC and a strain gauge was mouatbdth the upper and lower flanges.

The loads recorded just prior to failure for al specimens are listed in Table 23

Table 23: Brace Failure Loads

Specimen Failure Load

Specimen 1 3.40 kN (764 |bf)
Specimen 2 3.60 kN (810 Ibf)
Specimen 3 3.32 kN (746 |bf)
Specimen 4 3.71 kN (835 Ibf)
Specimen 5 3.34 kN (750 Ibf)
Specimen 6 2.89 kN (650 Ibf)

Since loads were not recorded continuously as presgas increased in the cylinder,
actual failure load could be up to 46 N (10 Ib®Her than stated value. Figure 71 shows
the DIC measurements of strain in the x directign,on the front face immediately pre
and post failure for two of the tests. The two immbave different scales for the

contours, so the images are merely for compari$sirain patterns. The area of
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maximum strain is indicated with the red arrowsath pre-failure images, and the
failure location is indicated with the white arrowsboth post-failure images. It can be
seen that failure location was not indicated bygh Istrain region on the face of the

specimen.

(a) Specimen 1 (b) Specimen 3

Figure 71: DIC Strain Measurements Pre/Post Failure

For specimen two, one strain gauge was also boidié same face observed with DIC
to compare the DIC and strain gauge measuremeagtge’2 shows both the strain
gauge measurement and the DIC measurement averagethe strain gauge area for the
test. Strain gauge data was lost at loads over RR3®00 Ibf) so only up to that load can

be compared.

90



s (]2 e By i 11 5 3T
892 1784 2673 3567 4459

-2500 \

-3000
3

Load (k)

Figure 72: DIC to Strain Gauge Comparison

In order to compare the three specimens, the mawriamd minimum strain in the x
direction and the minimum shear strain at any pomthe observed surface in each

specimen were plotted together. The resulting @ogsshown in Figures 73 through 75.
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Figure 73: Maximum Axial Strain on Face
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Figure 74: Minimum Axial Strain on Face
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Figure 75: Minimum Shear Strain on Face

It can be seen that both the shear strain and #&xénmm tensile strain matches well for

specimens 1 and 3. The comparison is less goagpfmimen 2. Inspection of specimen
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2 and DIC data showed that there was actually iloe@ffailure in specimen 2 in the high
strainregion indicated in Figure 71. The change in bebvdfar the strains in specimen
two corresponds with the localized failure in thagh strain region. It is interesting to
note however that despite the localized failurgating about 1340 N (300 Ibf) before
substantial load drop, the final failure area ualty away from that region. Figure 76

shows surface evidence of the localized failure.

Figure 76: Spec 2 Surf Failure

The final three specimens were tested in the samigeiration, but with the area of the
top flange where failures occurred in the firsethtests observed by the DIC. During one
of the three tests failure occurred outside o€ field of view. The immediate pre and
post failure images for all three tests are shawligures 77 through 79. It can clearly be

seen that, for braces 4 and 6 failure occurredimttie viewed region, at the point of
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highest strain in the flange. However, specimerndidt fail at the location of highest
strain in the viewed region, even though it expereal a higher strain than specimen 6.
This disagreement suggests that using nominalgttrermeasured during coupon testing,
may not be applicable for strength predictions wthenstress field is not uniform, or
complex stress states are experienced. It is impbtd note that because of the twisting
of the clip end of the brace, it is not necessanilg plane stress or strain state. At
subsurface locations there is likely out-of-plahea stress and strain among other
factors that contribute to failure. DIC cannot Isedito measure these quantities. It can
be seen that strain data was lost on the right batledof the viewed area in the tests of
specimen 5 and 6. This was caused by rotationeofdte such that reflections from

lighting caused poor image quality for one of theneras. This did not affect the other

areas of the image.
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Figure 77: Specimen 4 Strain at Failure
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Figure 78: Spec 5 Strain at Failure
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Figure 79: Specimen 6 Strain at Failure

Figure 80shows a plot of the combined maximum strains mesakstar all six tests. |
should be noted that the strains plotted as dditied represent compressive strains
the plane of the top ftaye. The solid lines represent tensile strainbénplane of the fac

of the bracemeasured during the first three te
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Figure 80: Highest Observed Strain

It is interesting to note that during initial loadi the strain in the two locations are
roughly equal and opposite, the magnitude of theike strains on the face is roughly
equal to the compressive strains in the top flgmgeh the exception of specimen 5,
which did not fail at that region). However as thst progresses and the clip end twists
under loading, the compressive strains in the lemk increase more quickly than the
tensile strains on the face. By the time failuradi® were reached, the compressive strains
are at least 75% higher than the tensile straiosraésponding loads in the first three
specimens. It is additionally interesting to nabat on the face, the highest tensile strain
was consistently in the same location. In conti@sthe top flange the location of the
maximum compressive strain varied greatly, withfdikire locations occurring over a
range of 120 mm (4.7 in). Additionally even wherasts were very high on the face (as
seen in specimen 2) final failure did not occuthat region, and in the case of specimen

5, strains on the top flange were extremely higi fgilure did not occur there. It was
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seen during the testing presented in Section 4tlsthains present on the surface of
HexMC® are not necessarily present through the thickr®ss.to the nature of the
twisting experience by the brace, the region ohtstyain seen near the root was likely to
be closer to uniaxial strain than was experiengethé region near the clip, where final
failure finally occurred. Near the clip, the flangeperienced twisting which certainly
contributed to failure. Unfortunately as was disagsearlier, DIC cannot measure these
out-of-plane shear strains. Additionally, it is gulikely that the additional thickness of

the part in the region of the high tensile strapreyented major damage from occurring.

5.7.2. Modeling Results

The predicted clip end rotations and displacemfamtthe B-basis, average and B-max

moduli in compression are compared to the firstélspecimens tested in Figure 81 and

82.
m—nec | —pec 2
——Cpec 3 =——=B-Basis Comp.
e B i (2 0L - E-Ilax Comp.
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Clip Rotation (deg)

Figure 81: Clip End Rotation
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Figure 82: Clip End Total Displacement

It can be seen that both the total displacementhpand rotation are well predicted.

The strains were also decently predicted. Figursr&8vs the comparison of maximum

principal strains predicted and measured on thd fiaxe of the brace. In the figures, the

top image is the predicted strain contour, andtiteom three are the strain contours as

measured using DIC. It can be seen that generétajiee agreement is fairly good on

the shown surface.
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Figure 83: Max Principle Stresses

Figure 84 shows the axial strains predicted andsoved near the failure region. All
images are at near 650 Ibs. It can be seen that@ejualitative agreement is much
poorer than seen on the front face. The regiongsf strain is not only much larger, but
also greater in magnitude. It is also importamdte that the strains are much higher than
the failure strain predicted when the isotropic mlad and strengths that have been used
are assumed. Using the assumed modulus and str@&m@ib GPa (6.31 Msi) and 346

MPa (50.2 ksi), the failure strain should be ne20GB|k.
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Figure 84: Strain near Failure Region
5.8. Free Clip Discussion

While incomplete the initial modeling efforts hasteed light on improvements to the use
of isotropic material properties for modeling. Dapements were well predicted,
suggesting the moduli and boundary conditions akmodeled. The stresses predicted
in the bolted regions were again much higher thase experience in reality, however it
was shown in the guided clip modeling section treatd calculations provided the best

predictions in these regions anyways.
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Because of the non-linear nature of the loadintpénunguided clip setup, this model
would benefit from the use hexahedral elementss Waiuld allow the application of in
plane isotropic properties, allowing the transvesisear modulus to be lowered. This

would likely improve both displacement and stresslctions.

Possibly the most important point this modelingeaihowever, is the problems
associated with failure prediction in regions whieigh stress and strain gradients exist.
The use of gross section stress to determine avestegngth from coupon tests provides

a strength range which predicted failure fairly Mielthe case of the medium sized angle,
and the guided clip brace testing, both situatishere the stress state experienced by the
material was fairly uniform near failure locatidtowever in the unguided clip case,
where fairly high gradients exist, the applicatadrthe gross section strengths becomes

guestionable.
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6.

6.1.

Summary and Conclusions

This study focused on improving analysis methodsider predicting displacements and
buckling loads of parts produced from HexRCurrently HexM& parts must be
certified for use in aircraft structures by largembers of tested articles (“point design”),
which is costly, time consuming and tends to leadvier designed parts. Because of this
there is a desire to move towards certificatiorabglysis supported by experiment.

Toward this end, three tasks were set out forgtidy to address:

Task 1 Predict the buckling and failure loads of thrzes of HexM€ angle beams

loaded in pure bending.

Task 2 Develop a stochastic modeling method that capthoth the stiffness variation

and membrane bending coupling effects exhibiteti&yMC®.

Task 3 Predict displacements and failure loads of a HEXNrace with complex

geometry subjected to two different loading corais.

Principal Results of the Study

Pre-buckling behavior of HexMTangle beams can be well predicted using a range of
plane isotropic elastic properties. This study sstigjthat the B-basis to B-max moduli
range presented here is a suitable range for meptaodulus. B range should be
calculated using a suitably large sample size. 8sbh@aodulus is calculated following a
procedure similar to that used for calculation dbdis strengths. B-max modulus should

be calculated using similar procedure, but shoelthle top of the range, the modulus
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under which 90% of specimens should fall 95% oftime. For buckling calculations,
the elastic moduli in compression should be used the appropriate transverse shear
properties should also be used.

While the variation in buckling loads measured expentally was captured by the B
range moduli, the buckling loads of HexM@ngle beams were over predicted by 16 to
22% on average for the small and large anglesddiitian, the post buckling behavior of
the angles was not captured by the non-linear Fiadyais, with the tested angles
exhibiting a more severe post buckling softeningisBoftening is suspected to be due to
some progressive damage, as the stresses in tleiacrgase.

The failure loads of the angles were over predibied8 to 32% for the small and large
angles which buckled. For the medium size anglés;iwdid not buckle, predicted
failure loads were only 2-14% off. The reason fa large errors for the buckled angles
is twofold. First, failure of buckled angles is @apent on the buckling load, which was
over predicted. Second, the modeling did not ptate severity of the post buckled
softening exhibited experimentally. The cumula@fiect of these affects leads to large
errors in failure prediction.

For the selected RLVE size, stochastic RLVE modgtiver predicted observed local
strain variation, and slightly over predicted glbs@ain variation. On average it captured
variation well. Additionally it predicts the out-glane displacements seen
experimentally, although exact comparisons argoesible because of difficulty in
measuring the small out-of-plane displacementdufeapredictions using the RLVE

method become difficult, because of the mesh degrarydexhibited by the predicted ply
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stress and strains. If the RLVE method is desiodoketused for failure predictions, an
area based criteria might be a possible approach.

When the RLVE method was applied to the modelinthefangle beams, the variation in
pre-buckling displacements exhibited by the anglas not captured by RLVE models.
Despite this, buckling load predictions were imgadvor the small angle but not for the
large angle size. This suggests that the properiR&ive is dependent on multiple
characteristic dimensions of the part being modeteduding thickness, and width.
Failure loads of brace loaded with guided clip ewdge able to be predicted to within
about 15% when failure occurred away from boltegices. Where the part failed in bolt
bearing, hand calculations using reported stalillzearing strength predicted failure
load the best. Failures at the clip end, whereifailvas exhibited as peeling of the face
of the clip, failure was not able to be adequapebdicted using isotropic properties.
Displacements and strains were well predictedHertrace tested with unguided clip
end. Failure was not able to be well predicted h@weas the strains both predicted and
observed with DIC were approximately double thanfthilure strain predicted using the
isotropic properties. This suggests that the nohsitnangths obtained by tensile
specimen can only be applied when the stressieatglatively uniform. When regions of
high strain gradients exist, the nominal strengtérsot be used, because they under

predict failure severely.
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6.2. Future Needs

This work has shown the limitations of the methdgsussed, and worked towards
understanding the disparity between predictionsraedsurements. Initial work towards
modeling the more complex geometry of the bracebleas begun. Future work should
continue a robust investigation into how well thesethods work when applied to the
braces, expanding the work already done to incinddeling the material as an an-
isotropic material. This will take into considemtithe low transverse stiffness and shear
modulus that HexME& exhibits. Additionally, more testing should be danted, in new
loading conditions to access other modeling aiédeemed necessary. Work should
also continue towards failure predictions wheresstrand strain fields are severely non-
uniform. This criterion could be an area basecdddatand could be developed using more

testing and the RLVE method.
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