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ABSTRACT 

In rotorcraft driveline design, single-piece composite driveshafts have much potential for 

reducing driveline mass and complexity over multi-segmented metallic driveshafts.  The single-

piece shaft concept is enabled by the relatively high fatigue strain capacity of fiber reinforced 

polymer composites over metals.  Challenges for single-piece driveshaft design lie in addressing 

the self-heating behavior of the composite due to the material damping, as well as, whirling 

stability, torsional buckling stability, and composite strength.  Increased composite temperature 

due to self-heating reduces the composite strength and is accounted for in this research.  The 

laminate longitudinal stiffness (Ex) and strength (Fx) are known to be heavily degraded by fiber 

undulation, however, both are not well understood in compression.  The whirling stability (a 

function of longitudinal stiffness) and the composite strength are strongly influential in driveshaft 

optimization, and thus are investigated further through the testing of flat and filament wound 

composite specimens. 

The design of single-piece composite driveshafts, however, needs to consider many failure 

criteria, including hysteresis-induced overheating, whirl stability, torsional buckling stability, and 

material failure by overstress.  The present investigation uses multi-objective optimization to 

investigate the design space which visually highlights design trades.  Design variables included 

stacking sequence, number of laminas, and number of hanger bearings.  The design goals were to 

minimize weight and maximize the lowest factor of safety by adaptively generating solutions to 

the multi-objective problem.  Several design spaces were investigated by examining the effect of 

misalignment, ambient temperature, and constant power transmission on the optimized solution.  

Several materials of interest were modeled using experimentally determined elastic properties and 

novel temperature-dependent composite strength.  Compared to the baseline multi-segmented 

metallic driveline, weight reductions of 43% and 48% were obtained for single-piece flexible and 
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rigid matrix composite shafts.  The rigid matrix weight reduction was slightly lower than that 

seen in the literature due to consideration of shaft misalignment. 

In filament wound composites, the existence of fiber undulation introduces unique challenges 

in the prediction of compressive modulus and strength using traditional laminated composite 

theories.  In the current investigation, novel full field strain measurements of compressively 

loaded specimens were used to evaluate local strain distributions in the region of a 0-deg. 

undulated lamina in a [0n/90n]s laminate (n=2,4,6) and a 30-deg. undulated lamina in a [30n/-60n]s 

laminate (n=2,4).  Unique to this research, specimens were fabricated with carbon fibers, various 

amplitudes of undulation, and matrix materials with three different moduli of elasticity.  Full-field 

strains were measured on the free edge and across the width of the compressively loaded 

specimens using two-dimensional digital image correlation (DIC).  The observed strains were 

highly influenced by the undulation geometry.  The longitudinal modulus of a [0n/90n]s laminate 

was more sensitive to reinforcement undulation when the matrix was flexible rather than rigid.  

An undulation with an amplitude/length ratio of 0.1 (low for a filament wound cylinder) reduces 

the average longitudinal modulus of elasticity in the undulation region by approximately 43% and 

3% in laminates with flexible and rigid matrices, respectively, relative to a similar material 

without undulation.  Observations of strain on the free edge revealed that fiber undulation caused 

elevated out-of-plane shear (gxz) and through-thickness normal (Ůzz) strains in regions eventually 

involved in the fiber microbuckling failure process.   

A new three dimensional method was derived for the homogenization of a heterogeneous 

composite laminate consisting of individual anisotropic lamina for which structural coupling (Bij) 

may occur due to in- and out-of-plane (undulation) fiber reinforcement orientation.  Three-

dimensional elastic constants were calculated by considering a representative volume element 

taken from the heterogeneous laminate.  Three-dimensional elastic constant predictions were 

validated through comparison with established methods, both two- and three- dimensional.  When 
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the new derived three dimensional theory was applied to experimental results, the modulus and 

strength predictions compared favorably. 

A series of [±q/89/±q] cylinders with multiple helical fiber angles, winding patterns, and 

matrix materials were fabricated and tested in compression.  Digital image correlation was used 

for the first time to measure outside surface displacements and strains.  Longitudinal and hoop 

direction strain fluctuations between the undulated and non-undulated regions were found to be of 

the order of 20-30% of the mean values throughout the cylinders.  Qualitatively, these 

fluctuations can be related to non-classical elastic couplings (Bij) in the anti-symmetric regions of 

the filament winding pattern.  Failure of the cylinder occurred by fiber microbuckling, which 

initiated near the crossing of circumferential and helical cross-over bands.  Based on a statistical 

analysis of surface strains in the local fiber coordinate system, it was determined that longitudinal 

compressive and in-plane longitudinal shear strains at incipient microbuckling were two to four 

times greater than their respective global counterparts.  These results indicate the magnitude of 

strain concentration existing in the cylinders immediately before final failure (possibly during 

local failure) and highlight the importance of longitudinal compressive (Ů11) and in-plane 

longitudinal shear strains (g12) in the failure process. 

A novel local-global approach was used in predicting the longitudinal modulus and strength 

of filament wound cylinders.  Several representative volume elements were chosen to represent 

the filament winding rhombus, and were used as a basis for homogenization.  Strength predictions 

were augmented with empirical critical distance factors.  The average Ex and nxy prediction error 

for Conathane DPRN 30917 was 6.8 % and 21 % and the average error for EPON 862 was 9.7 % 

and 14 % respectively.  The strength prediction error was approximately 7.7 % and 24 % for 

30917 and EPON 862 with failure location typically at the circumferential undulation by mode s6 

(t12).  The failure mode prediction was consistent with experimental observations from filament 
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wound cylinders and flat-undulated specimens of similar lamination arrangement.  Additional 

comparison with previous Adiprene LF750 filament wound cylinder testing produced prediction 

error of 11.8 % and 8.9 % for longitudinal modulus and strength respectively.  The average 

absolute value of the error, considering every material, for modulus, strength, and Poissonôs ratio 

was 14 %.  Application of critical distance factors to flat undulated specimens was deemed 

unadvisable due to considerably higher strain intensity at failure compared to filament wound 

cylinders. 
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Chapter 1  
 

Literature Review 

This chapter reviews relevant literature on the subject of filament wound composite 

helicopter driveshaft design as it relates to problems including, but not limited to, torsional 

buckling stability, whirling stability, driveshaft self-heating, and lamina material failure.  Further 

investigation into micromechanical material failure is warranted because of unique weaving 

constructs (such as out-of-plane fiber undulation) created during the filament winding 

manufacturing process which present unique design challenges for filament wound cylinders.  

Significant degradation of composite modulus and strength are recognized to be caused by fiber 

undulation.  Various experimental and modeling techniques for modulus and strength prediction 

which take into account fiber undulation are surveyed with more advanced techniques, including 

complex finite element analysis models and full -field strain measurement by digital image 

correlation. 

1.1 Composite Helicopter Driveshaft Design 

Rotary wing aircraft, such as a helicopter or tiltrotor, are essential to many various mission 

profiles because they can perform tasks that their fixed wing counterparts cannot.  They aerially 

pursue criminals, fight fires, report the news, rescue civilians in danger, transport 

personnel/equipment, and support the Armed Services.  Two common limitations that affect a 

helicopterôs ability to complete these objectives are the time it can remain on station, and 

downtime incurred through regularly scheduled maintenance of the helicopter.  Structural 

engineers strive to minimize the weight of helicopters to increase flight time or gross payload, 
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and to minimize the number of parts to decrease design complexity as well as maintenance 

downtimes. 

Power transmission driveline components, such as tail rotor driveshafts and interconnects, 

have been the focus of on-and-off research in recent years.  Current helicopter driveshafts are 

made of multiple, short-metal segments that are connected together via flexible couplers that 

accommodate inevitable driveshaft misalignment.  Flexible couplers ensure that bending strain is 

not imparted to segments of the helicopter driveshaft, keeping the metal, usually aluminum, from 

developing cracks associated with fully reversed cyclic fatigue loading during operation.  

Driveshaft bending is generated by tailboom flexure from crosswinds, downwash, and/or regular 

maneuvering.  Mid-span hanger bearings are evenly spaced along the driveshaft to hold the 

bearings and couplers to the airframe, while restricting the driveshaft segments from contacting 

the airframe.  The current multi-segmented driveline concept ñgets the job doneò, but leaves 

much to be desired in terms of weight, complexity, and maintenance. 

Composites are attractive in lightweight structural design because they are easily tailored and 

have high specific modulus and strength compared to conventional isotropic materials such as 

metals.  A relatively new class of composites known as flexible matrix composites (FMCs), 

consisting of high strength fibers such as glass or carbon and an elastomeric matrix such as 

polyurethane or silicone, are particularly well suited for structural applications requiring ultra-

high anisotropy in modulus or strength.  E1 divided by E2 is 20-100 and F1c divided by F2T is 10-

30 for carbon/polyurethane composites of practical interest (Table 1-1, Figure 1-1).  A possible 

application for a carbon/polyurethane composite is a one-piece filament wound helicopter 

driveshaft that can accommodate driveline misalignment (soft in bending) while transmitting 

power (stiff in torsion) (Figure 1-2).  The composite rotorcraft driveshaft must additionally 

transmit high torque, resist buckling and whirling instabilities, and spin in a misaligned 

configuration without overheating or experiencing fatigue failure. 



3 

 

Table 1-1. Mechanical lamina properties needed for analysis and design 

Lamina Property Symbol 

Longitudinal Modulus of Elasticity E1 

In-Plane Transverse Modulus of Elasticity E2 
In-Plane Longitudinal Shear Modulus of Elasticity G12 

In-Plane Longitudinal Poissonôs Ratio n12 
Longitudinal Tensile and Compressive Strengths F1t, F1c 

In-Plane Transverse Tensile and Compressive Strengths F2t, F2c 

In-Plane Longitudinal Strength F6 
 

 

Figure 1-1. Global and local coordinate systems for a composite 

The advantages of composite use over metals received attention due to the formerôs high 

specific modulus and strength, allowing for longer driveshaft segments between hanger bearings.  

Replacement of metal driveshaft segments with boron/epoxy segments was investigated by 

Zinberg (1970).  Based on measured elastic and strength properties, a [90/±45/06/90] (plies listed 

inside to outside) was calculated to exist in the viable design space considering whirling 

instability, torsional buckling instability, and torsional strength.  The critical speed was calculated 

assuming pinned supports and the buckling torque and average shear stress were calculated with 

thin-walled shaft assumptions.  In comparision to the aluminum driveline, the boron/epoxy 

driveline had reduced weight by virtue of longer shaft segments (fewer hanger bearings) and less 

weight in the segments themselves. 
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Lim and Darlow (1986) applied optimization to the design composite shafts of varying fiber 

type, segment length, and outer radius, with constraints based on whirl speed, torsional buckling, 

torsional strength via the maximum strain criterion at the ply level, and torsional vibration.  Shear 

deformation and rotary inertia were included in the whirl analysis.  The shaft was allowed to vary 

in terms of laminate arrangement, average radius, length of unsupported segments, and operating 

speed.  The optimization scheme adopted for this design exercise is considered a sequential one, 

where the speed and number of segments are initially specified, the wall thickness is determined 

based on torsional and lateral vibration requirements, and the optimization routine determines the 

best laminate arrangement given the previous steps. Significant weight reductions were obtained 

with composite shafts versus the aluminum baseline, with larger reductions associated with 

supercritical operation and a minimum number of shaft segments. 

Darlow and Creonte (1995) designed minimum weight carbon/epoxy composite drivelines 

using a generalized reduced gradient algorithm.  Supercritical shafts were included in this work to 

demonstrate the weight saving potential of this operational regime.  Whirling stability, torsional 

buckling, torsional strength, and torsional vibration stability were used as constraints in the 

analysis.  Elastic and strength properties at the ply level were specified.  Lamination arrangement, 

ply thickness, and the inside diameter of the shaft comprised the design variables, while operating 

speed, transmitted power, and overall length were held constant.  Shear deformation and rotary 

inertia were included in the whirl analysis.  The investigators observed that torsional buckling and 

whirling were the dominant constraints.  For subcritical and supercritical operation, significant 

weight reductions were realized by varying the wall thickness and ply orientation along the length 

of the shaft segments.  

A relatively little-known class of fiber reinforced composite that has been under investigation 

since the mid-1980s for driveshaft applications (Hannibal et al., 1985) is flexible matrix 

composites (FMCs).  These materials combine the high strength and stiffness of typical 
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reinforcement fibers and the high elongation characteristics of certain polymer matrix systems 

such as polyurethane.  This combination enables the design of structures that are relatively strong, 

stiff, and of low ultimate strain in the fiber-dominated directions while being relatively compliant 

and of high ultimate strain in directions not aligned with the fibers.  In the context of driveshafts, 

laminated FMCs may be designed with high torsional strength and stiffness coupled with 

compliant bending properties, which could eliminate or reduce the number of flexible couplers 

and bearings along the length of a helicopter driveline. In a limited study of thick-walled 

glass/polyurethane [±45]s shafts that were designed to match the torsional strength of a baseline 

glass/epoxy shaft, Hannibal et al., (1985) identified potential issues with overheating and whirling 

of the FMC shaft.  The overheating was attributed to material damping while whirling was 

attributed to flexural compliance.  It was mentioned that these issues could potentially be 

mitigated with additional material development and shaft optimization.  

Ocalan (2002) was the first to apply a wide range of criteria to the design of FMC helicopter 

drivelines.  A finite element modeling approach accounted for the dynamics of a super-critically 

spinning shaft attached through active magnetic bearings to a tail boom.  The design constraints 

were ply-level strength, torsional buckling, shaft temperature due to external environment and 

internal dissipation, shaft displacement, and external damping requirements.  Torsional vibration 

was neglected.  Classical lamination theory was employed to calculate ply stresses and strains 

along with shaft stiffness parameters for the whirl and buckling analyses.  The design variables 

were the lamination arrangement and wall thickness, which were constant along the length of the 

shaft, and the bearing control parameters.  Carbon fiber FMC ply properties included constant 

storage and loss moduli in the longitudinal, transverse, and shear directions.  That is, the storage 

and loss moduli did not vary with rate or temperature.  Similarly, the ply-level strengths were 

independent of rate and temperature.  Although not all the design constraints were applied 

concurrently, the possibility of weight reduction versus an aluminum shaft was demonstrated.  
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Shin et al. (2003) utilized an analysis akin to Ocalan (2002) and included more materials and 

laminate arrangements, which allowed a broader range of conclusions to be drawn on the effects 

of shaft design parameters on allowable misalignment, shaft temperature, and the amount of 

external damping needed in the bearings for stability in supercritical operation.  Torsional 

buckling and vibration were not considered in this work.  The material properties included the 

same carbon FMC system as used by Ocalan, a conventional carbon reinforced rigid matrix 

composite (RMC), and two imaginary intermediate carbon composites with properties 

interpolated from the FMC and RMC properties.  No rigorous optimization was attempted in this 

work.  It was concluded that ply orientation had the most important effect on system performance 

and that the design space was rather complicated, with several sets of shaft design parameters 

providing satisfactory system performance. 

Mayrides et al. (2005) continued the work by Ocalan (2002) and Shin et al. (2003) by 

including additional laminate types, focusing on subcritical operation, and adopting a more 

rigorous optimization approach to overcome the complicated design space.  Torsional buckling 

was reintroduced to the analysis and the candidate materials were limited to FMC and RMC.  To 

address torsional vibration issues, a new constraint on torsional stiffness was added to the 

analysis.  Once again, the ply level storage and loss moduli and strengths did not vary with rate or 

temperature.  The recommended laminates for maximum weight reduction without undue layup 

complexity were of the [—Ⱦᴜ—] type (mixed angle ply).  All previous research on driveshaft 

design was able to reduce number of bearings, shaft wall thickness, and with FMC flexible 

couplers (Figure 1-2) using quasi-static modulus and strength properties neglecting the effects of 

strain rate and temperature on material properties. 
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Figure 1-2. Schematic of traditional driveline (top) and proposed driveline (bottom) (Mayrides, 

2005) 

Shan and Bakis (2009) developed an analytical model for the prediction of the self-heating of 

a FMC driveshaft spinning with misalignment to fill the gap in rate and temperature dependent 

properties of FMCs.  Model validation was done for a FMC system with temperature and 

frequency dependent properties and simple angle-ply cylinders of [±q]s lamination.  Bakis et al. 

(2011) improved the analysis by including mixed angle-ply cylinders [±q1/±q2/éÑqn] consisting 

of a new FMC system.  Mixed angle-ply analysis was vital because previous driveshaft analysis 

(Ocalan, 2002; Mayrides et al., 2005) showed that optimized laminates contain more than one 

fiber angle.  Roos and Bakis (2011) utilized genetic algorithm based optimization to design a 

[±q1/±q2/éÑqn] subcritical laminate with the Bakis et al. (2011) frequency and temperature 

dependent FMC moduli.  The analysis evaluated torsional buckling stability, driveshaft self-

heating, whirling stability, and static-room temperature lamina strength, while neglecting 

torsional vibration stability as well as tailboom vibration interaction.  Roos and Bakis (2011) used 

a sequential approach to design by first optimizing for the minimum number of hanger bearings 

(with number of lamina constant) and subsequently optimizing for the minimum number of 
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composite lamina (with number of hanger bearings constant).  Weight reduction was primarily 

due to elimination of flexible couplers and material density reduction. 

1.2 Undulated Composite Stiffness and Strength 

Driveshafts and other cylindrical composites are often fabricated by the filament winding 

process, wherein tows of fiber are wrapped onto the cylindrical mandrel helically at — angles 

relative to the longitudinal axis.  In a single helically wound layer, —  tows pass under and over 

+— tows and vice versa, resulting in triangular regions of — and ᴜ — laminated material.  The 

triangular regions repeat around the circumference of the cylinder by an integer number known as 

the filament winding pattern, FWP (Figure 1-3).  At the helical and circumferential borders of 

these triangles, fibers undulate as they switch from the top layer to the bottom layer and vice 

versa (Figure 1-3).   

 

Figure 1-3. Schematic of filament wound cylinders: winding patterns of 2,5, and 10, showing 
repeating rhombic units (left); cross-section of undulated helical tow (right). 

The out-of-plane fiber orientation creates local reduction of modulus and strength (Adams 

and Hyer, 1992).  Heterogeneous composite laminates consist of several lamina that may have 

different elastic properties depending on their respective orientations.  All available 
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micromechanical methods to homogenize such a laminate make assumptions about the nature of 

individual heterogeneous lamina and boundary conditions.  Homogenization is generally applied 

at the representative volume element (RVE) level, a repeatable small fraction of the 

heterogeneous volume.  The RVE is assumed to contain all of the necessary geometric 

information for the heterogeneous laminate.  Many micromechanical approaches have been 

developed to homogenize composite laminates. 

A well known model for unidirectional composites is the rule of mixtures (RoM).  The RoM 

is used to determine homogenized properties utilizing a volume weighted average of each 

constituent (Daniel and Ishai, 2006).  Two variations on the RoM exist, namely the iso-strain 

model (Voight model) and the iso-stress model (Reuss model), and are considered the RoM and 

inverse RoM respectively.  These two models predict the upper and lower bound for 

homogenized elastic property prediction respectively.  Additional prediction methods, such as the 

modified RoM and the Halpin-Tsai models, include semi-empirical factors for increased 

prediction accuracy with results lying between RoM and inverse RoM (Daniel and Ishai, 2006). 

Laminate homogenization was initially considered for a heterogeneous laminate consisting of 

individual isotropic lamina.  Several researchers (White and Angona, 1955; Postma, 1955; Rytov, 

1956; Behrens, 1967) used a dispersion technique and elastic wave propagation theory to predict 

the homogenized elastic properties for a heterogeneous RVE element, determining the 

homogeneous laminate response to be transversely isotropic (simplified Figure 1-4a).  Chu et al. 

(1972) increased the solution complexity by considering a heterogeneous laminate consisting of 

monoclinic lamina (Figure 1-4b).  A monoclinic lamina has a plane of symmetry parallel to the 

plane containing the fibers.  The method finds a solution, namely the homogeneous elastic 

properties, for non-undulated composites.  The procedure was similar to classical lamination 

theory (CLT) but has the additional capability of three-dimensional stress calculation.  Chou et al. 

(1972) makes use of the assumptions of the Voight and Reuss hypothesis.  The normal and shear 
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in-plane strains, as well as the normal and shear out-of-plane stresses, are uniform in each lamina, 

while the remaining stresses and strains are averaged in order to predict homogenized elastic 

properties. 

Several other researchers predicted the homogenized elastic properties considering 

monoclinic lamina.  Pagano (1974) predicted the three-dimensional elastic response of an RVE 

that encompassed the entire thickness of the laminate.  The stress-strain response includes the 

moment and curvature effects that are evident in unbalanced laminates.  Sun and Li (1988) 

presented a simplification to the earlier work of Chou et al. (1972) by considering only balanced 

laminates, e.g., filament wound composites.  The reduced homogenized elastic constants were in 

good agreement with previous work and allowed for a simplified analysis.  These monoclinic 

procedures are meant for in-plane rotation only, neglecting out-of-plane rotation terms (Figure 

1-4c or Figure 1-4d) 

Ishikawa and Chou (1982) introduced several composite textile models for addressing fiber 

undulation of two-dimensional, orthogonally woven fabrics.  The fiber crimp model assumed that 

CLT was valid at discrete points along the undulation.  The stiffness response of the composite 

was then integrated along those points to estimate the undulated region stiffness.  Several 

researchers (Zhang et al., 2008; Hipp and Jensen, 1992; Jensen and Pai, 1993; Pai and Jensen, 

2001; Bogetti et al., 1992) expanded upon Ishikawa and Chou (1982) by including non-

orthogonal fibers.  Three-dimensional fiber orientation was considered, taking into account in-

plane orientation as well as out-of-plane orientation caused by weaving (anisotropic lamina, 

Figure 1-4d).  The analysis of the woven composite was truncated to two dimensions for use 

with CLT assuming a state of plane stress.  The undulated fiber architecture was predicted to 

create complex elastic coupling (Zhang et al., 2008; Hipp and Jensen, 1992; Jensen and Pai, 

1993; Pai and Jensen 2001) and stress distributions (Morozov, 2006; Bogetti et al., 1992) at the 

lamina level, which have been shown analytically and experimentally to reduce the longitudinal 
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modulus of elasticity (Hipp and Jensen, 1992; Jensen and Pai, 1993; Pai and Jensen, 2001, 

Bogetti et al., 1992).  Any 2D model can only predict in-plane elastic properties. 

„

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὅ ὅ ὅ π π π

ὅ ὅ π π π

ὅ π π π

ὅ π π

ίώά ὅ π

ὅ Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

‐ „

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὅρρ ὅρς ὅρσ π π ὅρφ

ὅςς ὅςσ π π ὅςφ
ὅσσ π π ὅσφ

ὅττ ὅτυ π

ίώά ὅυυ π

ὅφφỨ
ủ
ủ
ủ
ủ
ủ
Ủ

‐ 

(a) Orthotropic, unidirectional (b) Monoclinic, in-plane rotation 

„

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὅρρ ὅρς ὅρσ π ὅρυ π

ὅςς ὅςσ π ὅςυ π

ὅσσ π ὅσυ π

ὅττ π ὅτφ
ίώά ὅυυ π

ὅφφỨ
ủ
ủ
ủ
ủ
ủ
Ủ

‐ „

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὅρρ ὅρς ὅρσ ὅρτ ὅρυ ὅρφ

ὅςς ὅςσ ὅςτ ὅςυ ὅςφ
ὅσσ ὅστ ὅσυ ὅσφ

ὅττ ὅτυ ὅτφ
ίώά ὅυυ ὅυφ

ὅφφỨ
ủ
ủ
ủ
ủ
ủ
Ủ

‐ 

(c) Monoclinic, out-of-plane rotation (d) Anisotropic, in- and out-of-plane rotation 

Figure 1-4. Constitutive equations with varying degrees of fiber reinforcement rotation 

Compressive strength of composites is difficult to predict and measure.  True material 

compressive failure in experimental testing can be preempted by global or local (microbuckling) 

buckling of the fiber reinforcement.  Analytical and semi-empirical models used for strength 

prediction of unidirectional composites loaded in compression were stated as for microbuckling 

or kinking of fibers.  Microbuckling is the local buckling of fibers embedded within a polymer 

matrix foundation (Figure 1-5a).  Kinking is the process by which bands of material experience 

plastic deformation in regions where the fiber reinforcement has broken (Figure 1-5b).  FMC 

materials are hypothesized to fail by fiber microbuckling due to the material returning to its 

undeformed shape when compressive load is removed after microbuckling has occurred, as well 

as a lack of bifurcation stress-strain response. 



12 

 

 

 

(a) Microbuckling failure modes (b) Kinking failure mode 

Figure 1-5. Laminate compression failure modes (Naik et al., 1999) 

Analytical models for unidirectional laminate compressive strength generally rely on 

assumed mechanisms of failure.  For example, Rosen (1965) assumed that fibers buckle with in-

phase or out-of-phase modes (Figure 1-5a).  Experimental strengths are often below those 

predicted by Rosenôs models due to imperfect fiber spacing and orientation, as well as various 

flaws such as voids.  Improvements to Rosenôs models stemmed from the understanding that fiber 

misalignment (Yugartis, 1987; Lo and Chim, 1992) and waviness (Adams and Bell, 1995) were 

important factors in compressive strength modeling.  Misalignment and waviness can be due to 

manufacturing related defects such as thermal gradients and improper layup or manufacturing 

method such a weaving, braiding, or filament winding.  Micromechanical models (Bogetti et al., 

1992) predicted that out-of-plane undulation creates significant shear stress in the plane of the 

undulation and suggested that accurate knowledge of the geometry of the undulation was critical 

to accurate strength prediction.  Bogetti et al. (1992) approached modulus prediction of undulated 

composites by using Ishikawa and Chouôs (1982) 2D method.  The laminate ([90/0/90]) was 

analyzed; the 0-deg. lamina was assumed to have a half sine wave undulation (Figure 1-6).  The 

height of the undulation, hu, is primarily a function of fiber tow parameters such as tension, fiber 

count, width, and through-the-thickness direction compaction. 
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Figure 1-6. [90/0/90] Lamina waviness unit cell (Bogetti et al., 1992) 

The undulation geometry was used to calculate the modulus of the undulating lamina (Qij) 

which could then be used to calculate the effective stiffness matrix of the laminate (Aij, Bij, Dij) 

(Gibson, 2007).  Bogetti et al. (1992) investigated the effect of undulation amplitude on the 

failure mode of the composite by applying a stress in the x-direction that would cause 

compressive failure in the fiber direction (F1C) if the composite material was non-undulated.  

Failure was detected when any principal stress component in any lamina at any segment dx along 

the undulation exceeded the strength allowable (maximum stress theory, MST).  Lamina level 

stresses were non-dimensionalized by their corresponding strength allowable and distance along 

the undulation was non-dimensionalized by the undulation length.  The 0-deg. lamina made up 

one third the laminate thicknesss (ht/hf=3) and the undulation length was five times the 0-deg. 

thickness (Lu/hf=5).  Figure 1-7 shows that for a non-undulated composite (hu=0) out-of-plane 

transverse stress s3 and out-of-plane longitudinal shear stress t13 were zero.  s3 can be seen to just 

exceed the strength allowable, while t13 far exceeds the allowable for an undulated composite 

(hu=0.01), indicating that t13 becomes the dominant failure mode.  The 2D nature of this approach 

neglects coupling between various in-plane and out-of-plane stress components (essentially a 

hu

hu/2

Lu
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lower order approximation compared to 3D) which may increase or decrease the influence of 

individual stress components changing the laminate failure strength. 

 

Figure 1-7. Interlaminar stress within the wavy 0-deg. lamina in AS4/PEEK: unilongitudinal 

compressive loading (Bogetti, et al., 1992) 

Guynn et al, (1992a) created a finite element analysis (FEA) model of an infinite fiber/matrix 

series of initially wavy fibers from manufacturing defects.  The model simplified the fiber 

undulation to a half sine wave.  The unit cell consisted of a single fiber with matrix elements 

along side, creating a doubly symmetric model constrained with multi-point symmetry to 

approximate an infinite two dimensional series of fibers.  The left and right sides of the model 

were subjected to boundary conditions such that the distance between points at any longitudinal 

station along the undulation stays constant.  Non-linear shear constitutive behavior was 
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considered for the resin elements.  The FEA model predicted that the compression strength at 

microbuckling failure (defined as increases in displacement with no corresponding increase in 

load) would decrease with increasing resin shear compliance and fiber misalignment amplitude.  

Guynn et al., 1992b chose a woven fabric instead of creating a laminate of the type used in the 

FEA analysis barring direct comparison; however, observations supported the conclusions of the 

analytical work.  Undulated composites were commonly evaluated using plain or harness satin 

weaves to approximate discrete misalignment. 

1.3 Filament Wound Cylinders and Filament Winding Pattern 

A single helically wound layer creates adjacent laminated triangular regions of — and ᴜ — 

stacking sequence in a cylinder, where the borders of the triangles comprise regions of out-of-

plane fiber undulation (Figure 1-3).  The filament winding pattern (FWP) refers to the integer 

number of highlighted rhombic regions that can be placed side-by-side around the circumference 

of the cylinder.  Helically wound cylinders of the same geometric size and fiber angle can be 

made with a user-selected pattern of one or larger by varying fiber bandwidth (width of a single 

tow of fibers as they are laid down in manufacturing) or by varying the circuits to pattern 

(number of tows per rhombus).  Circumferentially wound 89-deg. layers had no winding pattern, 

as the tow was laid spirally alongside itself along the length of the mandrel. 

Previous research efforts have shown that winding patterns of different sizes lead to different 

heterogeneous distributions of stresses and strains at the lamina-level in filament wound cylinders 

(Morozov, 2006; Zhang et al. 2008) (Figure 1-8).  It had been hypothesized this was due to 

lamina level stiffness changes in regions where the reinforcement was undulated, as well as the 

introduction of material stiffness coupling where the laminate was not symmetric.  The effect of 

the FWP on internal (Rousseau et al., 1999) or external (Moon et al., 2010) pressure at failure has 
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been shown to be insensitive to FWP.  Rousseau et al. (1999) observed, however, that filament 

wound cylinders manufactured with higher values of FWP were found to begin weeping (leaking) 

at lower pressures and hypothesized the cause to be a larger number of initiation sites (more 

undulation by volume).  Classical theories and finite element approaches have been shown to be 

dependable in predicting external or internal pressure at failure for carbon/epoxy filament wound 

cylinders (Cohen, 1997; Rousseau et al., 1999). 

Filament wound composite cylinders subjected to excessive longitudinal compressive loading 

(sx) were shown to exhibit rhombic shaped longitudinal buckling instabilities that occur along the 

length and around the circumference of the cylinder (Figure 1-9) (Hahn et al., 1994; Card, 1966; 

Hillburger and Starnes, 2002). 

 

Figure 1-8. Filament wound cylinder subjected to internal pressure; homogeneous, pattern of 2, 

pattern of 4 (Morozov, 2006) 
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Figure 1-9. Typical buckling mode shape of [±30] filament wound cylinder (Hahn et al., 
1994) 

A longitudinal buckling failure was more likely to occur when the tested filament wound 

cylinder has a large diameter compared to thickness (ñthin walledò).  Experimental results from 

Hahn et al. (1994), (57 mm and 152 mm diameter, 0.5 and 2 mm thickness cylinders) showed that 

changing the FWP from 5 (AR = 3 in Figure 1-10) to 23 (AR = 12.5 in Figure 1-10) in angle-ply 

filament wound cylinders increased the compression strength by 27 %.  Changing the FWP 

through the thickness, using winding patterns of 10 and 5 in a two layer laminate, increased the 

ultimate compression strength by up to 25 %, compared to cylinders of winding pattern of 5 and 5 

(Hahn et al., 1994).  It has been hypothesized that when the FWP is of similar size to the 

longitudinal buckling instability the sample will have a lower strength (Claus, 1994) (Figure 

1-10). 
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Figure 1-10. Effect of circumferential crossover-band spacing (specimen 

length/circumferential undulation spacing) on the buckling stress of 57-mm diameter [±30] 

filament-wound cylinders (Hahn et al., 1994) 

1.4 Analytical and FEA Methods for E1 and F1C Determination 

The combination of undulated fiber architecture inherent in filament wound composites and a 

compliant matrix produces unique challenges in the prediction of modulus (E1) and strength (F1C) 

using traditional laminated composite theories.  Particularly inaccurate was the RoM 

micromechanical equation for fiber-direction modulus (excluding tension) and CLT for the 

modulus of multi-directionally reinforced cylinders (Daniel and Ishai, 2006).  Previous research 

asserts that the cause of the prediction error was structural regions containing out-of-plane fiber 

undulation or anti-symmetric lamination arrangement creating elastic structural couplings such as 

extension-twist, bend-twist, etc. (Hipp and Jensen, 1992; Jensen and Pai, 1993; Zhang et al., 

2008; Zindel and Bakis, 2011). 

Jensen and Pai (1993), acknowledging the efforts of Ishikawa and Chou (1982), attempted to 

modify the fiber crimp model for application in modeling the modulus and longitudinal buckling 

AR
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load of filament wound RMC cylinders.  The stiffness Qij for each lamina was rotated with 

respect to the out-of-plane fiber misalignment angle.  The stiffness was then rotated to the global 

coordinate system (xy system) through the off-axis filament winding angle (Figure 1-11).  The 

mean value theorem was used to numerically integrate the laminate constitutive properties Aij, Bij, 

and Dij along half of the undulation to ensure nonzero bending-extension coupling due to anti-

symmetry of the undulated area.  Jensen and Pai (1993) concluded that inclusion of the bending-

membrane stiffness coupling effects in the various regions of the composite (Bij matrix) increased 

longitudinal modulus and buckling strength prediction accuracy compared to other available 

analytical methods.   

 

 

Figure 1-11. Identification of representative volume element (RVE) for fiber tow crossover 

region (Pai and Jensen, 2001) 
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Pai and Jensen (2001) advanced their previous work by attempting to recreate the filament 

wound architecture with FEA using separate elements with non-undulated or undulated elastic 

properties for corresponding regions to predict the buckling strength of RMC-filament-wound 

cylinders.  The stiffness matrix of the RMC was rotated three dimensionally through the out-of-

plane rotation angle caused by the fiber undulation and through the in-plane filament winding 

angle to the local lamina coordinate system to avoid some of the simplifying assumptions of 

Jensen and Pai (1993).  The three dimensional stiffness matrix was then converted to a two 

dimensional effective stiffness matrix which was used to calculate the homogenized laminate 

stiffness.  The FEA modeling effort was supported by experimentally tested cylinders of 

dimension 152.4 ³ 228.6 x 0.5 mm (diameter, length, thickness) considered ñthin-walledò.  The 

peak longitudinal buckling load prediction from eigenvalue analysis increased with undulation by 

volume (increasing the FWP) while experimentally the longitudinal buckling load decreased.  

The model was able to capture the strength reducing effect of stretch-twist/bend-shear and bend-

twist coupling introduced in the laminate by undulation. 

Pai and Jensen (2001) as well as Zhang et al. (2008) predicted that the filament winding 

pattern has only a small effect (less than 10%) on the membrane stiffness coefficients of RMC 

cylinders.  Zindel and Bakis (2011), however, predicted reductions of 15-30 % in the longitudinal 

modulus of FMC helically wound cylinders as FWP was increased.  Therefore, it was believed 

that modulus of the matrix material may be important when evaluating the degenerative effect of 

FWP on the mechanical properties of helically wound composite cylinders.  The lamina level 

micromechanical models (Jensen and Pai, 1993; Zhang et al., 2008; Zindel and Bakis, 2011) 

appeared to be capable of quantifying the influence of modulus-reducing out-of-plane fiber 

undulation and FWP.  Similar to the undulated microbuckling models for two dimensional woven 

composites, cylindrical models require accurate measurements of a number of geometric 

parameters as well as three-dimensional elastic properties, and lack extensive experimental 
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validation.  In addition, excluding a refined finite element analysis that captures the geometry of 

every tow in the repeating FWP rhombic RVE (Zhang et al. 2008), the published models were not 

universally suited for the accurate calculation of stress and prediction of filament wound cylinder 

modulus and micromechanical strength.  Additionally, the models developed by Hipp and Jensen 

(1992), Jensen and Pai (1993), and Pai and Jensen (2001) were developed to predict the structural 

buckling of thin-walled filament wound cylinders loaded solely by longitudinal compression. 

Complex FEA models for textile composites account for two and three dimensional fiber 

alignment.  Textile simulation has been used in understanding crack initiation and growth, 

ballistic damage response, and mechanizations for three dimensionally reinforced fabrics and 

braids consolidation during manufacturing.  Multi-chain digital elements (which consist of 

multiple elements paired together using pinned boundary conditions) were used to model fiber 

yarns, which consist of several thousand individual fibers, with realistic weaving architecture 

such as fiber crimping and non-constant yarn cross-section (Wang et al., 2010).  Model 

simulations for the verification of compaction and microstructure was shown (Miao et al., 2008) 

to be very realistic for various tri-axis weaves as processed via vacuum assisted resin transfer 

molding (Figure 1-12). 

Crack propagation (Kurashiki et al., 2007) and ballistic damage textile models (Hur, 2006) 

utilized yarn level meshing in conjunction with a FEA package such as Abaqus to conduct 

structural analysis of the FEA mesh.  Importation of full textile models into a structural FEA 

package, including lamina level stiffness and strength, could yield more accurate predictions of 

cylinder modulus and strength as the fiber yarn was modeled as a continuous artifact instead of 

using separate undulated and non-undulated elements in analysis (Pai and Jensen, 2001).  The 

main weakness of such an approach was the excessive number of elements required to accurately 

capture the manufacturing complexity. 
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Figure 1-12. FEA results and experimental observation (Zhou et al., 2009) 

1.5 Standards and Empirical Methods for E1 and F1C Determination 

Commonly, compressive properties of polymer matrix composites such as E1 and F1C are 

experimentally determined through testing of unidirectional non-undulated specimens.  Non-

undulated specimens can be compressively tested through pure end loading (ASTM D 685), 

combined end loading and shear (ASTM D6641), or longitudinal loading through shear traction 

(ASTM D3410).  True fiber compression failures are difficult to achieve experimentally due to 

relatively low longitudinal shear strength (F5, F6) and transverse strength (F2C or F2T, F3C or F3T) 

compared to the longitudinal strength (F1C). 

A method was developed by Adams and Welsh (1997) to overcome the difficulties involved 

in testing unidirectional flat composites by using a multi-directional laminate where individual 0-

deg. lamina were exchanged for 90-deg. lamina.  The use of a specially orthotropic laminate 

(equal number of 0-deg. lamina and 90-deg. lamina) for compressive testing reduced grip related 

failures and at the same time allowed a value of F1C to be obtained.  This method requires prior 

measurement of all unidirectional lamina elastic properties so that CLT could be utilized in back-
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calculation of F1C for the load supporting 0-deg. lamina of the laminate.  Adams and Welsh 

(1997) demonstrated that the in-situ compressive strength of fibers in the laminate was dependent 

on the degree of constraint provided by adjoining lamina.  The in-situ compressive strength of 

fibers in most practical multi-directionally reinforced laminates (canôt exceed F1C) significantly 

exceeded that in 0-deg. unidirectional specimens due to imperfections.  Unidirectional test 

specimens were unsuitable for determining compressive modulus or strength of filament wound 

cylinders due to a lack fiber weaving (undulation), which will cause a measured unidirectional 

value to far exceed an in-situ filament wound cylinder measurement.  Available standards are 

unsuitable due to the short gage length (much smaller than the FWP), as well as the high 

anisotropy of the FMC leading to undesirable matrix related failures. 

Previous research by Sollenberger (2010) aimed to interpolate, based on the R
2 
fit, the in-situ 

fiber-direction modulus of FMC material in filament wound cylinders using an empirical 

approach.  Cylinders of various angle-ply lamination arrangements ranging from ±20-deg. to 

almost 90-deg. (a circumferential winding pattern) were manufactured and loaded in longitudinal 

compression and tension to failure.  Cylinders with ±45-deg. lamina provided the lamina level 

longitudinal shear modulus, G12, while circumferentially-wound cylinders loaded in compression 

provided the transverse modulus of the lamina, E2.  The longitudinal Poissonôs ratio of the 

lamina, n12, was calculated using the RoM and the longitudinal modulus E1 was back calculated 

with CLT to match the longitudinal modulus of the laminated cylinder experiments, Ex. 

As can be seen in Figure 1-13, the extrapolated longitudinal modulus of cylinders with a 

hypothetical winding angle of 0-deg. (i.e., all longitudinally oriented fibers), which actually 

provides the value of E1 at the lamina level, ranges between 43 GPa and 59 GPa, depending on 

the sign of stress applied to the cylinders.  As expected due to the low modulus of the matrix 

(~245 MPa), the backed out E1 is less in compression than in tension.  More important, however, 

was the discrepancy between either of these E1 values and the predicted value of 145 GPa that 
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one obtains using the RoM, with the known fiber volume fraction and constituent properties 

(Sollenberger, 2010; Shan and Bakis, 2009).  Sollenbergerôs (2010) approach for experimentally 

determining a value for E1 was unique because it accounted for the fiber undulation and FWP of a 

filament wound cylinder.  Clearly, classical analytical models which ignore FWP and fiber 

reinforcement undulation cannot be used to model the modulus of these cylinders.   

 

Figure 1-13. LF750/AS4D longitudinal modulus versus fiber angle Ᵽx ðexperiments and 

theory (Sollenberger, 2010) 

Low-single-angle FMC cylinders tested in compression by Sollenberger (2010) were 

observed to take on a barrel shape due to the transverse constraint provided by the potted end 

caps (Figure 1-14a).  It is hypothesized that this barrel shape detracts from the compressive 

modulus and strength of the specimen, potentially biasing the backed out modulus E1 and strength 

F1c of the laminate downwards, as well.  This barreling should therefore be eliminated by 

redesigning the laminate.  Using the FMC lamina properties of Sollenberger (2010), CLT was 

used to estimate the longitudinal Poissonôs ratio, nxy, of the entire spectrum of possible —  

angle-ply cylinders, where q was measured relative to the longitudinal direction of the cylinder.  

vxy can be as high as 4 for a fiber angle near 20 degrees.  A simple improvement to reduce 

barreling in a —  cylinder was to add a circumferentially wound lamina to the laminate ï 

similar to the approach of Adams and Welsh (1997) for preventing undesirable failure modes in 
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flat unidirectional reinforced specimens.  Figure 1-14b shows vxy for —ȾψωȾ— laminates, 

where 89 deg. was the closest possible angle to 90 deg. because of the way a tow was wound with 

a finite bandwidth.  The Poissonôs ratio of an FMC cylinder with 20-deg. angle lamina was 

reduced by nearly a factor of 10 with the addition of the 89-deg. layer, suggesting that barreling 

should be mitigated in a compression test. 

  

(a) Schematic of cylinder barrelling 

when subjected to compression 

(b) Longitudinal Poissonôs ratio, nxy, versus lamina angle, 

q, for an FMC cylinder.  Estimated lamina properties 

taken from (Sollenberger, 2010), with E1 = 145 GPa. 

Figure 1-14. Compression testing: specimen barreling and Poissonôs ratio 

Recently developed experimental methods allow for the improved characterization of not 

only complex strain fields but also failure mechanisms in filament wound cylinders, with the 

undulated fibers of particular interest.  For example, the digital image correlation (DIC) method 

(made practical by the advent of measurement-grade digital cameras and high speed computers) 

has been used to measure full-field strains in filament wound cylinders under internal pressure 

(Scheuer et al., 2009), combined tension, torsion, and bending loads (Crouzeix et al., 2009) 

(Figure 1-15), and in compression before and after ballistic impact damage (Sollenberger et al., 

2010) (Figure 1-16).  DIC results were able to resolve the FWP in the correlated images of the 
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radial locations of a cylindrical surface as well as in the various strain fields.  Clarity of the 

correlated results was largely dependent on the resolution of the digital cameras used in capturing 

the images.  Failure mechanisms such as excessive local yielding and strain localization were 

captured visually with specific interest around areas of concentrated-localized strain (Figure 

1-16).  DIC has also been used to evaluate flat tensile coupons manufactured with fiber tows 

woven in a FWP (Torres et al., 2010).  Torres et al. (2010) observed that FWP was important in 

determining locations of potential crack initiation and growth with future application in internal 

pressurization tests.  Makeev et al. (2009) observed the complex strain state and delamination 

failure process near wavy fibers in a shear-loaded composite beam using DIC, noting the 

significance of the fiber undulation. 

 

Figure 1-15. a) Shear strain measured during torsion test, b) longitudinal strain field during a test 
with a combination of traction and flexure, c) local radius (Crouzeix et al., 2009) 

 

  

Figure 1-16. Snapshots of longitudinal strain in rigid ±45° undamaged (left) and damaged, lower 

center (right) cylinders tested in tension (Sollenberger et al., 2010) 
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1.6 Opportunities for Research 

Available literature on filament wound driveshaft design leaves areas of opportunity with 

respect to multi-objective design trades and inclusion of temperature-dependent composite 

strength.  Previous investigations estimated composite strength at room temperature to determine 

failure of homogeneous, orthotropic, cylindrical driveshafts of fixed or variable multi-angle 

laminates.  Implementation of a multi-objective optimization tool allows for the visualization of 

the design space and the observation of trades for the optimization problem.  Additionally the 

lamination arrangement should be unrestricted unlike many previous efforts.  Rate and 

temperature effects were modeled for resin dominated moduli only.  Estimates of F1C and E1 in 

particular are known to be optimistic for filament wound driveshafts as they rarely take into 

account fiber undulation and neglect material softening due to increased operating temperatures.  

Composite materials with undulation have a lack of tandem experimental-analytical support for 

implementation in modeling.  All of these points were exceptionally true for FMCs, for which the 

literature was lacking compared to RMCs. 

Analytical micromechanical models of undulated composites were rarely supported by 

extensive experimental testing.  Only two dimensional models were created to analyze lamina 

with in- and out-of-plane rotation (anisotropic lamina) but are only able to determine in-plane 

elastic properties and neglect out-of-plane stress components.  Available three dimensional 

models were developed for non-undulated composites (monoclinic lamina) and must be corrected 

for out-of-plane orientation.  Opportunities for research exist in developing a three dimensional 

model which homogenizes a laminate containing anisotropic lamina.  Such a model would be 

able to determine all three dimensional properties as well as predict the homogenized stress state 

at a higher level of analysis (i.e. including all coupling terms). 
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Experimentally, methods for determination of a suitable value of E1 and F1C for use in 

driveshaft optimization codes were lacking in the literature.  ASTM standard methods, used with 

composites made from unidirectional tape, ignore out-of-plane fiber undulation and FWP.  As 

such, measured values of E1 and F1C far exceed (30 % and 60 % higher respectively) practical in-

situ values for filament wound cylinders.  Empirical methods in the literature require extensive 

testing to determine suitable empirical constants.  Opportunities for research exist in advanced 

techniques such as DIC, which may yield insight into failure mechanisms such as excessive local 

yielding and strain localization that happen concurrently with fiber microbuckling by capturing 

these phenomena visually as well as possibly analyzing them critically. 

FWP was shown to affect the strain distributions in filament wound cylinders.  This 

phenomenon was not well understood, but was hypothesized to be related to the longitudinal 

buckling shape of the cylinder.  Composite failure mechanisms in filament wound cylinders pose 

an opportunity for research in the literature, especially for a new class of material such as FMC 

for which bifurcation was not present in the stress-strain curve, suggesting a micromechanical 

failure.  Simple FEA methods employed homogenized elements for undulated and non-undulated 

regions to some success.  Intensive exploration required excessive numbers of elements. 

1.7 Objectives 

The objective of the current investigation is to: 

1. Elucidate trades in the multi-objective design of a misaligned filament wound composite 

driveline using a wide range of candidate matrix materials that are differentiated by their 

temperature-dependent mechanical properties. 

2. Observe the effects of out-of-plane fiber undulation on the full-field strain and structural 

behavior of flat undulated composites under compression for which modulus and strength 
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measurements can be used to validate a 3D derived micromechanical model for 

anisotropic lamina. 

3. Observe the effects of filament winding parameters and matrix modulus of elasticity on 

the full-field strain and structural behavior of composite cylinders under compression and 

develop a local-global approach for predicting experimentally measured modulus and 

strength. 

The completion of these objectives requires the following tasks: 

¶ Characterize the relationship between lamina level composite strength and temperature 

¶ Develop an optimization strategy for the design of a composite helicopter driveshaft 

¶ Experimentally evaluate the effect of undulation height and neat resin modulus on 

composite compression modulus and strength with two dimensional DIC 

¶ Derive and validate a three-dimensional approach for analytically predicting the modulus 

and strength of composites with half-sine undulation 

¶ Investigate the surface strain field response due to longitudinal compression of filament 

wound cylinders with varying neat resin modulus, FWP, and fiber angles using 3D DIC 

¶ Develop a local-global approach for predicting filament wound cylinder modulus and 

strength 



 

 

Chapter 2  
 

Materials and Manufacturing  

This chapter focuses on the materials and manufacturing methods used in this research.  Flat 

and cylindrical transverse test specimens were manufactured for determining transverse 

composite modulus and strength dependence on temperature.  Previously developed quasi-static 

composite modulus-neat resin modulus and composite strength-neat resin modulus relationships 

(Henry, 2012) were created using multiple resins of varying neat resin modulus at room 

temperature.  It was hypothesized that if the neat resin modulus of any singular resin was 

controlled through temperature changes, the modulus and strength of the corresponding 

composite would continue to follow this relationship.  To this end, neat resin specimens were 

subjected to temperature controlled tests to develop relationships between neat resin modulus and 

temperature.  Flat and cylindrical transverse composite specimens were evaluated for modulus 

and strength at the same temperatures to validate the previous relationships with neat resin 

modulus now known at various temperatures.  Such a validated tool would allow for novel 

strength and modulus dependent temperature relationships that could be integrated into an 

optimization scheme for a composite driveshaft. 

Flat and cylindrical undulated composite specimens were made to investigate the implications 

of fiber undulation on longitudinal modulus and strength.  The presence of the undulation is 

known in the literature to be degenerative.  Flat composite specimens with discrete undulation 

were made to investigate a simplified undulation case for which analytical models could be 

validated with respect to undulated composite modulus and strength prediction.  Cylindrical 

undulated specimens made by filament winding expand upon the flat specimen experiments by 

introducing a larger, more complex structure for which modulus and strength predictions are 



31 

 

poorly understood.  Flat and cylindrical undulated specimens were observed using DIC with the 

express purpose of understanding the complex strain states and failure mechanisms associated 

with undulated composites for which experimental measurements will be validated analytically. 

2.1 Matrix Materials  

Four polyurethane resins and one epoxide resin were evaluated in this investigation.  

Polyurethane toluene diisocyanate (TDI) terminated polyether prepolymers representing FMCs 

include Adiprene LF750D (Chemtura, Middlebury CT), Conathane DPRN 30748, Conathane 

DPRN 30757, and Conathane DPRN 30917 (all from Cytec Industrices, Olean NY).  Conathane 

resins 30748, 30757, and 30917 contain polytetramethylene ether glycol in addition to TDI with 

30917 also containing 10 % triol.  All polyurethane prepolymers were cured with a delayed-

action diamine curing agent Duracure C3LF (Chemtura, Middlebury CT: equivalent weight 247 

g).  A delayed action curative is designed to activate only when ñunblockedò by the addition of 

heat to the mixture of prepolymer and curative facilitating cross linking and solidification of the 

material.  All polyurethane prepolymers were cured at 140 °C for 2 hours, followed by a post cure 

at 100 °C for 16 hours.  EPON 862, a bisphenol F epoxide, cured with an aromatic amine curing 

agent, Curative W (both from Momentive Specialty Chemicals, Columbus OH) were used as the 

RMC material in this investigation.  The cure schedule was 121 °C for 1 hour followed by 177 °C 

for 2 hours for epoxy.  The amount of parts curative per 100 parts prepolymer for polyurethanes, 

by mass, was calculated using Equation 2-1. 

  ὡ  Ϸὔὅὕ έὪ ὴέὰώάὩὶ
ὩήόὭὺὥὰὩὲὸ ύὩὭὫὬὸ έὪ ὧόὶὭὲὫ ὥὫὩὲὸ

τς
Ȣωυ (2-1) 

Three neat resin specimens of each type were manufactured by liquid casting in an open 

ñdogboneò mold (25.4 cm length, 1.3 cm width, 1.0 cm thickness) and tested in tension at room 
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temperature.  The mold was prepared by first abrading the open surfaces with Scotch-Brite 7440 

heavy duty hand pads (3M, St. Paul, MN), removing dirt and other foreign contaminants.  The 

mold was then wiped clean with acetone leaving a smooth, contaminant-free surface.  A layer of 

silicone release agent, Ease Release 200
TM

 (Mann Formulated Products, Easton PA), was then 

applied liberally to the open surfaces of the mold, and the mold was placed in a convection heat 

oven at  140 °C (248 °F) to evaporate the solvents from the silicone.  This was done two times for 

a period of thirty minutes each time.  The prepolymer of interest was then mixed with the 

associated curative thoroughly at 50 °C.  The resin was placed in a vacuum chamber under 30 

inches of mercury (in Hg) to remove all air bubbles from within the resin which would become 

trapped after curing, leaving voids and reducing quality.  When all air bubbles have been 

removed from the resin, the resin was poured into the preheated specimen mold (to the first 

respective resin cure temperature).   

Average longitudinal strain was measured on the front and back of the specimen.  Previously 

measured Youngôs modulus and Poissonôs ratio in the 1000-2000 ÕŮ strain range for neat resin 

tensile tests are shown in Table 2-1 (Henry, 2012).  The softest polyurethane resin (LF750) had a 

modulus approximately one order of magnitude more compliant than that of the epoxy resin.  The 

selected resins represent a wide range of possible neat resin moduli for use in a composite 

driveshaft.  One specimen of each selected resin was tested (tension) in this investigation at 21, 

32, 43, 54, and 66 °C ambient temperature. 

Table 2-1. Neat resin tensile properties (mean and coefficient of variation, Cv), room temperature 
and resin mix ratios 

Resin 

Material  

Equivalent 

Weight, g 

Mix Ratio with 

Curative 

Pre-polymer 

NCO, % 

Youngôs modulus, 

MPa (Cv) 

LF750 472 100:49.7 8.9 245 (2%) 

30748 420 100:55.9 10 510 (2%) 
30757 350 100:67.0 12 887 (1%) 

30917 350 100:67.0 12 976 (5%) 

EPON 862  100:26.4  2950 (2%) 
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2.2 Manufacturing 

Composite specimens were fabricated in this investigation using a McClean Anderson Super 

Hornet filament winder (Schofield, WI).  Only one type of fiber reinforcement was used, AS4D-

GP-12K, a high strength polyacrylonitrile (PAN) carbon fiber made by Hexcel Corporation 

(Stamford, CT).  The carbon tow of 12,000 individual fibers was saturated with the resin through 

the use of a resin bath.  The resin bath controls the areal percentage of resin and fiber through the 

use of an orifice with a carefully chosen inner bore.  The target fiber volume fraction, Vft, and the 

diameter of the front orifice, Do, are related by Equation 2-2, 

 ὠ
Ὀὔ

Ὀ
 (2-2) 

In Equation 2-2, Df is the diameter of one fiber (6.7 µm) (Hexcel, 2010), and Nf is the number of 

fibers in a tow (12,000).  In this investigation, the bore of the front orifice was 0.97 mm (0.038 in) 

for filament wound cylinders and 1.07 mm (0.042 in) for discrete undulated specimens, 

controlling the amount of fiber by volume in the wet tow to 58% and 50% respectively.  During 

fi lament winding, the resin bath was kept at 50 °C to lower the resin viscosity.  Actual fiber 

volume fraction of a cured part was dependent on the amount of resin that drips off during 

manufacturing (exacerbated by lower viscosity).  The geometric measurements of the cured part 

can be used to find the approximate fiber volume fraction, Vf using Equation 2-3. 

 ὠ
ὔὔ“Ὀ

ςὦὬ
 (2-3) 

In Equation 2-3 Nl was the number of effective lamina, with each helical pair (±q) counting as 

one lamina and each circumferential layer counting as one half lamina, bw was the bandwidth, the 

width of the tow when placed on the mandrel, and ht was the thickness of the cured part.  When 

designing a winding program the input bandwidth, bw, was selected to be slightly smaller than the 



34 

 

natural bandwidth of the tow to take into account the uneven spreading of the tow on the mandrel.  

For this research bandwidth was defined as 2.54 mm (0.1 in) in all filament winding. 

The carbon fiber tow leaves the resin bath and was deposited on the mandrel in a calculated 

way through the filament winderôs four degrees of motion.  For helical and circumferential 

winding programs, mandrel (angular displacement and velocity), carriage (longitudinal 

displacement and velocity), and payout eye (angular rotation of the payout eye) motion were 

utilized.  Tow tension was kept to 4.5-9 N.  The filament winding technique uses a metal cylinder 

as the inner mold for the composite, also known as a mandrel.  A helical winding program 

deposits the saturated fiber tow at a user chosen angle, —, relative to the centerline axis of the 

mandrel through the aforementioned control of motion (Figure 2-1).  Circumferential winding 

programs wrap saturated fiber tows at approximately 90 degrees.  The actual winding angle was 

related to the bandwidth as tows are placed beside one another along the length of the mandrel, in 

this research at 89.5°.  Use of a smaller bandwidth or larger diameter mandrel will cause the 

winding angle to more closely approach 90°.  During filament winding of helical and 

circumferential programs the mandrel rotates at a constant velocity.  The carriage reverses 

direction at the end of the mandrel, with fiber placement secured using pin rings, placing the 

saturated tow at negative the initial angle creating the characteristic woven architecture (Figure 

2-2).  Pin rings should be of the same diameter as the mandrel with as many pins as there are 

strokes, or passages of the mandrel from start to end.  In this case, 1.5 times as many pins as 

strokes were used in three rows spaced ¼ inch apart.  The material of the pin ring does not 

influence the quality of filament winding or the finished product.  If possible, an easily machined 

material such as PVC should be chosen, lowering machine shop costs and delivery time. 
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Figure 2-1. Filament winder front view 

  

Figure 2-2. Mandrel and ping ring 

The mandrel itself was lightly abraded to remove dirt and surface scarring.  The surface was 

additionally wiped down with acetone removing oil and other contaminants.  Two layers of Mann 

Ease Release 200 were baked onto the mandrel, evaporating solvents, for around thirty minutes at 

around 140 °C, twice.  Extraction of the finished part was ensured with careful preparation of the 

mandrel surface.  Additional consideration should be given to mandrel preparation as the resin 

compliance and filament winding angle increase.  It may be necessary to use additional release 
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agent layers or a different mandrel type if the resin is sufficiently compliant.  Difficulty in 

composite removal from the mandrel may be mitigated by freezing both, as aluminum will 

contract more than the composite.  On several occasions reducing the temperature of the part and 

mandrel to below freezing allowed for part removal which was not possible at room temperature. 

Finished parts were wrapped in two layers of release-coated heat-shrinking tape called Hi-

Shrink Tape: Release Coated (25 mm wide, 0.05 mm thick, 80°C activation temperature) from 

Dunstone Inc. (Charlotte, NC).  The ends of the shrink tape were secured with Flashbreaker II 

high temperature tape (Airtech, CA).  After the shrink tape was applied, excess fiber was cut from 

the ends of the part and it was ready to be placed into a preheated oven (Figure 2-3).  Helical 

winding patterns which place reinforcement at — create a FWP.  Circumferentially wound layers 

have no helical winding pattern and no undulation bands, as the tow was laid spirally beside itself 

along the length of the mandrel.   

 
(a) Mandrel with composite on pin rings, wrapped with shrink tape 

 
(b) Final part with pin rings freed ready for heating 

Figure 2-3. Mandrel with shrink tape and final part ready for heating 
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2.2.1 In-Plane Transverse Compression, F2C and E2C, Testing 

A circumferential winding program was used on a 48.3 mm diameter aluminum mandrel for 

manufacturing Conathane 30917 specimens for in-plane transverse compression testing.  

Conathane 30917 was chosen for temperature controlled testing because the measured value of 

neat resin modulus lies near the mean of the range previously used to find trends for composite 

strength versus neat resin modulus (Henry, 2012).  It was expected that as the material was 

heated, the neat resin modulus would decrease as would the composite strength, following the 

previously determined relationships.  During manufacturing the circumferential winding program 

was restarted when the carriage finished one stroke and returned to the head end of the mandrel.  

The fiber angle, therefore, was always +89-deg. (rather than ±89 in a typical helical pattern) 

creating a final laminate of [89]4.  The part was covered with two layers of shrink tape for 

consolidation and placed in a convection oven at the appropriate cure schedule.  The average 

specimen height was 76.2 mm (cut by water cooled circular diamond saw) with Vf calculated 

using Equation 2-3.  Specimens were tested at 21, 32, 43, 54, and 66 °C ambient temperature for 

evaluating strength degradation due to softening. 

Table 2-2. Description of specimens for evaluating F2C and E2C of cylinders: 30917 

Test 

Temperature, 

°C 

Inner Diameter, 

mm 
Number Tested 

Avg. Radial 

Thickness, mm 
Nl Vf, % 

21.1 48.3 3 1.13 2 59 
32.2 48.3 3 1.14 2 59 

43.3 48.3 3 1.15 2 58 

54.4 48.3 3 1.12 2 59 

65.6 48.3 3 1.12 2 60 
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2.2.2 Helically Wound Cylinder Testing 

Composite cylinders for longitudinal compression were made by wet filament winding onto a 

48.3 mm diameter aluminum mandrel.  The various types of specimens made for the investigation 

are summarized in Table 2-3, where specimens are described in terms of lamination arrangement 

in square brackets [-] and FWP in curved braces {-}.  The —ȾψωȾ— laminate was selected to 

reduce the Poissonôs ratio of the cylinder in comparison to a pure angle-ply laminate, thus 

reducing stress concentrations at the restrained ends.  Further details on end effects in filament 

wound cylindrical specimens are presented in Henry (2012) for longitudinal compression tests 

and Mertiny et al. (2004) for internal pressurization tests.  The fiber angles and FWP in Table 2-3 

are listed in order from the inside of the cylinder to the outside.  The helical ±q  layers were 

wound with FWPs of 2, 5, or 10 with a nominal thickness of 0.5 mm.  The 89-deg. layer 

represents a single circumferential layer (no FWP) of nominally 0.25 mm thickness.  The total 

laminate thickness for all specimens was roughly 1.25 mm.  The geometry of the cylinder and 

fiber orientation of the helical layers was selected with insight gained from a previous 

investigation (Henry, 2012) so that a fiber microbuckling mode of failure could be obtained, 

rather than longitudinal buckling.   

When filament winding was finished, two layers of release coated shrink tape (Hi-Shrink, 

Dunstone Inc., Charlotte, NC) were applied to the part to promote consolidation.  Shrink tape was 

secured with Flashbreaker II tape (Airtech, CA).  The part and mandrel were then placed into a 

forced-air oven for the appropriate cure schedule.  After the part was removed from the mandrel, 

specimens were machined to a 76 mm length using a water cooled circular diamond saw.  Four or 

five replicates for each type of specimen were tested, as shown in Table 2-3 with volume fraction 

information.  Modulus and strength results were normalized to a fiber volume fraction, Vf, of 58% 

by dividing the experimentally measured result by the actual fiber volume fraction (%) and 
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multiplying by 58%.  Normalization was used to compare the influence of undulation across 

various material systems and laminates.   

Table 2-3. Description of specimens for compressively loaded filament wound cylinder testing 

Material  

Stacking 

Sequence 

Number of Replicate Tests and Actual Fiber Volume 

Fraction (%) for each FWP arrangement {-/-} 

{2/2} {5/5} {10/10} {10/5} {5/10} 

EPON 862 

[±16/89/±16] 4 (69%) 5 (68%) 4 (69%) 5 (70%) 5 (67%) 

[±31/89/±31] 5 (66%) 5 (67%) 5 (69%) 5 (68%) 5 (68%) 

[±45/89/±45] 5 (66%) 5 (65%) 5 (67%) 5 (65%) 5 (64%) 

30917 

[±16/89/±16] 4 (57%) 5 (56%) 4 (62%) 5 (58%) 0 

[±31/89/±31] 4 (58%) 5 (56%) 5 (61%) 5 (58%) 4 (57%) 

[±45/89/±45] 5 (56%) 5 (57%) 5 (59%) 5 (59%) 4 (59%) 
 

2.2.3 In-Plane Transverse Tension, F2T and E2T, Testing 

Impregnated sheets of unidirectional reinforced material were manufactured by passing 

carbon fiber tow through a resin bath and winding the tow onto a flat paddle mandrel with a target 

fiber volume fraction of 50 % (Figure 2-4).  The paddle mandrel was covered by non-pourous 

PTFE coated glass fabric from Airtech (Huntington Beach, CA).  The unidirectional material was 

cut from the paddle mandrel and used in fabricating panels for later use in further processing 

through hot pressing.  When circumferentially winding on a paddle mandrel, the mandrel 

diameter input to the filament winder was found by equating the perimeter of the plate to a faux 

cylinder circumference.  Tow tension was set to zero and the bath temperature was at room 

temperature for this specific procedure.   



40 

 

 
 

Figure 2-4. 25.4 cm x 25.4 cm paddle mandrel and schematic of unidirectional pre-preg 
sectioning (Sollenberger, 2010) 

Sixteen carbon/30917 unidirectional strips were stacked on top one another and placed into a 

pre-heated mold with PTFE coated fiberglass still attached to the top and bottom of the stack.  A 

pre-heated silicone slab was placed on top of the stack and the mold was closed, ensuring even 

pressure on the composite.  The closed mold was placed into a smart press under 241 kPa of 

pressure.  The smart press can be scheduled to heat the platens according to the necessary cure 

schedule.  Specimens were tested at 21, 32, 43, 54, and 66 °C ambient temperatures.  Dimensions 

are available in Table 2-4. 

Table 2-4. Description of 30917 specimens for evaluating F2T and E2T of plates: 30917 

Test 

Temperature, °C 
Width, mm Number Tested Thickness, mm Nl Vf, % 

21.1 12.8 3 3.8 8 71 

32.2 12.5 3 3.7 8 72 

43.3 12.6 3 3.7 8 73 
54.4 12.5 3 3.7 8 72 

65.6 12.5 3 3.7 8 72 
 

2.2.4 Discrete Undulation Testing 

Impregnated sheets of unidirectionally reinforced material were manufactured by 

circumferentially winding onto a paddle mandrel.  Upon cutting the completed unidirectional 
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layer along the edges of the mandrel, two impregnated sheets were obtained.  To create each 

laminate, four sheets of n layers were used.  Laminates of larger undulation amplitude were 

created by winding a larger number of layers (n).  For example, four sheets comprised of two 

layers make [02/902]s and four sheets comprised of four layers make [04/904]s etc.  All other 

manufacturing conditions were kept approximately constant for the various thickness laminates. 

The manufacture of specimens with controlled undulation involves the hand layup of 0- and 

90-deg. lamina.  The unidirectional sheets serving as the 90-deg. lamina were first cut in half.  

Next, a half-sheet of 90-deg. material was laid in a closed mold (Figure 2-5a).  Then, a whole 0-

deg. sheet was laid over the first half-layer of 90-deg. material (Figure 2-5b), and another half-

sheet of 90-deg. material was added to complete half of the laminate thickness.  These steps were 

repeated in reverse order to create a symmetric laminate with a nearly-sinusoidal undulation in 

the 0-deg. layers (Figure 2-5c).  Care was taken to overlap the 90-deg. layers by approximately 

one millimeter to obtain a constant laminate thickness in the undulated region.  Two layers of 

porous PTFE coated glass fabric (Airtech, CA) were placed at the top and bottom of the laminate, 

and the mold and part were consolidated in a computer-controlled press set for 241 kPa of 

pressure while the materials were heated according their respective cure schedules. 

 

Figure 2-5. Undulated specimen layup sequence 

y

x

90

90

0
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After the laminate was removed from the mold, specimens with and without undulations were 

cut to a length of 140-155 mm and a width of 25.4 mm (Figure 2-6).  The specimens without 

undulations were referred to as ñnon-undulatedò specimens.  The undulation was placed near the 

mid-length position of the specimen.  Visual inspection revealed that, for nearly identical 

manufacturing conditions, materials with a higher viscosity resin at room temperature had a 

shorter undulation wavelength.  This result was illustrated in Figure 2-7a with EPON 862 (lowest 

viscosity), Figure 2-7b with LF750 (intermediate viscosity) and Figure 2-7c with 30917 (highest 

viscosity).  In all cases the manufactured undulations followed a nearly ideal half-sine shape and 

were nearly symmetric about the laminate midplane. 

 

Figure 2-6. Discrete undulated specimen location diagram 

   
(a) EPON 862 (b) LF750 (c) 30917 

Figure 2-7. Photographs of polished edges of flat [0n/90n]s specimens showing undulation (scale: 

cm). Dimension ñLuò indicates the length of the undulation 












































































































































































































































































































