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Developmental work to date has shown the performance of hoop-wound composite 

flywheel rotors to be severely limited by composite transverse strength. This 

problem is addressed in a joint experimental - analytical effort aimed at im

proving transverse properties and assessing the impact of this improvement on 

fl~vheel performance. An improved test fixture designed to test hoop-wound 

cylinders in axial tension is developed. Test results show this specimen ar.d 

test fixture produce more consistent data than do flat tensile bars cut from 

hexagonal cylinders. Initial experimental results from the improved specimen 

indicate that the transverse strength of Kevlar 49/epoxy composites could be im

proved by 30 percent by copolymerizing the epoxide matrix with an elastomer. 

The impact of these data on flywheel performance is predicted by a computer 

program which identifies optimum designs for given material propertjes on an 

energy-stored-per-swept-volume basis. A substantial improvement in performance 

is predicted - the attahu~tl 30 percent strength improvement of Kevlar 49/epoxy 

is shown to produce a 15 percent increase in energy stored. The analysis also 

permits multiple-material designs. Hybrid designs appear to have considerable 

potent.ial for increasing storage capacity compared to single-material designs. 

Introduction 

The theoretical potential of high strength filament-wound flywheels has been 

well publicized. It is recognized, however, that in practice the performance of 
•, ...,.. 
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these flywheels is significantly limited by the transverse properties of the 

material. Kevlar 49 composites in particular exhibit a high degree of strength 

anisotropy due to the poor transverse strength of the fiber and its poor weta

bility. Two approaches can be considered for dealing with this problem. The 

first and possibly the most obvious is to increase the transverse strength of 

the. composite. Surprisingly, little effort has been spent in this area. 

The second approach is to design the flywheel to minimize the effects of 

transverse strength. A considerable amount of work has been done in trying to 

create designs which avoid premature transverse failure. Of the designs that 

attempt to address practical energy storage needs, most tend toward the exotic 

and do not appear to be practical from a fabrication or operational standpoint. 

This paper is a joi~t experimental-analytical effort. The experimental 

effort is aimed at improving transverse properties of composites and, in the 

process, developed a test fixture and test procedures which produce consistent 

results. The analytical effort is aimed at determining the effect of improved 

transverse properties on flywheel performa~ce. A computer program was developed 

which predicts optimum designs for either single-material or hybrid, multiple

material configurations. The program predicts optimized designs on a swept

volume, mass or total-energy-stored basis. 

Part I. Test Specimen and Matrix Development 

Introduction 

Composite material systems for rotor applications exhibit longitudinal-to

_transverse strength ratios from 25 to near 200. Because of its high longitudinal 

specific strength, Kevlar 49/epoxy is one of the most promising composite 

systems for rotor applications; however, it falls in the high end of the strength 

anisotropy range due to the low transverse strength of the filament itself and its 

poor wetability. Attainment of Kevlar/epoxy composite flywheels which are both 

mass and volume efficient would then be facilitated by increased transverse 

strength or strain carrying capacity of the ~omposite. 

Before materials studies aimed at transverse strengthening can be conducted 

or reliable design data.obtained, however, an accurate test specimen is required. 

Typically, either flat rectangular bars cut from filament-wound plates or cir

cumferentially-wound tubes have been used for this type of test. Scatter in the 

data has been excessive in most cases. High coefficients of variation in test 
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data can exceed property improvement values which result from materials vari

ations and, thus, can mask important trends. Each of the above specimens has 

inherent disadvantages. The bar specimen suffers from difficulties in winding 

tension control during fabrication which, in turn, affects fiber spacing and 

volume fraction. The bar specimen is also subject to damage during machining 

and from the stress concentrations present at the corners and edges. 

The cylindrical specimen is superior to the rectangular bar because it 

is axisymmetric. It is also more representative of the manufacturing conditions 

which would be employed for a hoop-wound flywheel rotor. In addition, it is 

thought that the large amount of data scatter seen with this specimen is due to 

misalignment in the testing machine. The tubes are generally bonded into rigid 

end caps or overwrapped on the ends with a glass fabric composite which is 

threaded prior to testing. Misalignment can be introduced in these bonding 

operations which will result in the application of a bending moment to the specimen 

during testing. This type of misalignment cannot be fully compensated for by 

the universal joint employed on most mechanical test machines. 

In part I is described a self-aligning specimen fixture which reduces scatter in 

the properties obtained from circumferentially wound composite tubes tested in 

axial tension. Stress-strain data are given for composites of Kevlar 49 filaments 

:i.n a common, room-temperature curable epoxide and an elastomer toughened formu

lation. In Part II, the impact of these data on the design of a hoop-wound fly

wheel rotor is discussed. 

Experiment 

A schematic of the self-aligning test fixture is shown in Fig. 1. Self

alignment is attained by·the incorporation of ball-and-socket joints in the end 

caps. The additional degrees of freedom compensate for the inherent misalign

ment of the specimen. The bearing surfaces (sockets) are on threaded stainless 

steel cylinders so that only one set of joints is required to test a number of 

specimens. Stainless steel is also used as the ball material. Bearing surfaces 

were machined to a number 16 finish an·d coated with silicone grease prior to· 

~·- each test. The 11.1 mm diameter hole in the socket allows the 9.5 mm diameter 

rod on the ball to circumscribe a cone angle of 1.3 degrees on each end of the 

specimen. The actual components of the test specimen are shown in Fig. 2. The 

composite cylinders were bonded into a 6 mm deep, 2.8 mm wide slot in the aluminum 

end caps with an aluminum-filled room temperature cureable epoxy adhesive. A 

square was used to attain alignment between the tube and end caps. One end cap 

was bonded in place and allowed to cure overnight before attaclment of the 

second endcap. It should be noted that at no time during testing did the rod 
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e:s~··::~,, the full 1. 3 degree angle and contact the sides of the socket cylinder; 

.-·~:c:c. ·1 ~e opening in the socket cylinder is adequate to compensate for the 
. ...... . 

aso-..::-.~:.:~ of misalignment created through the bonding procedure. 
\:~'\,._., ... 

~=~ composite test specimens were fabricated by wet filament winding on a ... 
77.~;-..nt:l diameter aluminum mandrel. 4560 denier Kevlar 49 filament was im-

pre:g:;'~-'~·~d with DER 332/Jeffamine T403 (100 :36) epoxy in a resin bath and wound 
.. ~3·· . 

uDde~;JJ,7 N tension. The yarn was dried 12 hours at 150°C and stored in a 
r J:."' • 

6es~.::..c..C:~.ted box prior to use. Winding- was accomplished from the dessicated 
, ~ .; I • • 

bo~: ~~~~;:.:"\ that contact with ambient conditions lasted only a few seconds. The 

cor:pc-.s..;-.i·.:es were cured 3 days at room temperature and removed by chilling the 

mc..~~rc;: from the inside with liquid nitrogen. The differential thermal ex

pc.~s ~s;_;:~ between the composite and mandrel allowed the composite to be easily 

re.::.o,;'s_~.. A toughened version of the matrix resin was aJ.so combined with the 

Kevlc..r: 4.9 filament. Toughening was accomplished by the addition of either 6 

or l~·~~rts by weight of amine-terminated butadiene/acrylonitrile (ATBN) and 

1 pa¥~: ~~~-30 (tridimethyl aminomethyl phenol) accelerator per 100 parts 

DEK :23L:.. All other winding parameters were held constant. Filament volume 

frac.::: (.:;n.s of 52-55 percent with a void content of 3-4 percent were determined 

b~· ciif.£.;.olution. 
2

. 

:br purposes of comparison, an equivalent set of rectangular specimens 

\-.'28··fc·r~~:icated by winding on an hexagonal Al mandrel with 150 mm flats. The 

bar·s~~?les were machined to 12.5 and 25.0 mm widths by 6.3 mm thickness. 

Cast:ir:f:·~ of the neat resins were also prepared and machined into 6.3 mm 

clic.ne.tE:~'=' cross-section tensile. specimens for the determination of matrix 

propc:1~t·~:__~s. The as-wound composite tubes were machined to a wall thickness 

of 2.5 ~~and a length of 90 mm. All machined surfaces were sealed with 332/T403 

epox~ be~~re testing. Three uniaxial strain gages were mounted at· the midpoint 

of the 'c~.'~_::indrical specimens, 120° apart. Tensile load was applied to the gaged 

specir.H:-:=~~: Jn 222 N increments by manual movement of the testing machine cross

head. <::-~·~ins were recorded at each load increment up to failure. All ungaged ..... 
specir2e:~~- ·:.,ere tested in tension at a crosshead rate of 0.5 nnn/min. Strains of 

""~ 
the nca: :·~~3in samples were monitored with a strain gage extensometer. The 

- ..... ~ 

rectonp.o: ~, ~~ composite specimens were tested for strength only. 

ResuJ ts r.: '·. '·fscussion 

The· ~-.: ~·"'~:rnen fixturing discussed above is designed to impart a uniform 
~ .. ·1':' 

stress s::.. ""'i.d thus reduce the misalignment inherent to tubular specimens. 
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Misalignment of a test specimen, which results in an applied moment, will be 

observed as a large deviation in the strain gage readings at a given applied 

load. T.o provide a basis for comparison with the self-aligning fixture, the 

data from Ref. (3) were examined for the rigid-end loading condition. An 

average coefficient of variation (CV) for the gage readings on the Kevlar 49/ 

epoxy tube tests was found to be 7.8 percent. Thorne! 75/epoxy exhibited a 

CV of 7.5 percent and Thorne! 400/epoxy was 6.4 percent. These data result 

in an average CV of 7.2 percent for the rigid loading condition based upon 30 

specimens. Strain gage readings from specimens tested with the self-aligning 

fixture show an average agreement (CV) within 3 percent. The impact of re-

ducing bending moments on the specimen is seen in the strength data given in 

Table I. A comparison of the 332-T403 matrix tube data shows that scatter has 

been reduced nearly 50 percent with the improved fixture. The more uniform 

stress-state also produces a 40%-improvement in the determined transverse strength 

over the rigid-end samples. The high scatter and lower strength dete·rruined with 

the bar specimens is probably due to the stress concentrations and handling dif

ficulties previously discussed for that specimen. 

The value of the improved specimen is illustrated in experiments conducted 

on the toughened matrix. The addition of ATBN increased the measured strength 

and reduced scatter in the data with each type specimen. However, only with the 

improved specimen does the effect appear statistically significant. The effect 

of ATBN on the transverse strength of Kevlar/epoxy has a significant effect upon 

the storage capacity of Kevlar-reinforced flywheels (discussed· in Part II of 

this paper)~ The consistency from specimen to specimen with the self-aligning 

fixture is also evidPnt. in other mechanical properties as shown in Tabl.e II. 

Based on the data presented in Table II, several observations may be made. 

The reduction in composite transverse stiffness due to the addition of ATBN is 

very slight compared to the increases seen in strength and ultimate elongation. 

The data "in Table II indicate that these changes occur with small additions of 

ATBN to 332/T403. Apparently, ATBN reduces the sensitivity of the composite. 

to filament winding flaws or filament splitt5.ne and allows the· transverse 

strength of the composit~ to approach that of the resin. One would also expect 

that such an increase in toughness would also raise the fatigue endurance. limit 

of the composite. 
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Visual examination of composites containing ATBN exhibit much cleaner 

fracture· surfaces. The reduced number of exposed filaments would indicate less 

fiber splitting or better wetting with the ATBN. A detailed examination of the 

surfaces with the scanning electron microscope failed to resolve a mechanism. 

As seen in the micrographs shown in Fig. 3, the ATBN seems to exhibit better 

wetting; however, it is more likely that the increased toughness of the ATBN 

matrix allows the composite near the fracture plane to remain intact, whereas 

the more brittle matrix (without ATBN) shatters and releases the filaments near 

the fracture zone. 

From the neat resin data given in Table III and the composite data in 

Table II, it can be determined that the composites containing ATBN fail at 72 

percent of the resin strength on a net section basis. Also, the composite is 

virtually linear elastic to failure (Table II). These observations lead to 

the conclusion that further additions of ATBN would not increase the transverse 

strain carrying capacity of this compo"site system because of the reduction in 

strength of the neat resin. Other materials improvements such as filament 

coatings, better wetting matricies, or lower void content may further enhance 

the properties developed in this. study. 

Part II. Flywheel Performance 

Introduction 

To judge the impact of improved transverse properties on flywheel performance, 

we choose a flywheel of simple hoop-wound, constant thickness configuration. This 

design, essentially a flat rim, has important cost, manufacturing, and efficiency 

advantage~. We use it as a otudy vehicle an~ propose to proportion and configure 

the wheel to produce maximum performance. To measure performance of a design, 

kinetic energy per swept volume (U/V) is used as the object function. A computer 

program is developed which can work for either single material or hybrid, multiple 

material designs. The computer program is used to numerically study performance 

characteristics, the importance of transverse properties, and the impact of im

proved transverse properties and hybrid configurations on optimized flywheel per

formance. 

Computational Procedure 

In this section, the basic equations and logic of the optimization program 

are describeu as well as some fundamental results, The bas:ic element in the 

analysis is a symmetrical ring of uniform thickness with mass density p rotating 

at a constant speed w. At the radius r, the radial and tangential stresses or and 

a
0 

satisfy force equilibrium 
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(1) 

and the corresponding strains are 

(2) 

in terms of the radial displacement u. For the conditions of plane stress, the 

stresses and strains are related by 

(3) 

in terms of radial and hoop elastic moduli Er and E8 and Poisson's ratios vra 

and var· The fl~Jheel is assumed to be stress free at its inner and outer edges, 

r=a and r=b, so that 

arl = 0, arl = 0 
r=a r=b 

(4) 

When more than one material is used in the flywheel design, there must be stress 

and displacement continuity .between matP.ri.al layers, Thus 

(5) 

must be satisfied at the interface radius r 1 • 

Closeu-form solutionG for single mater:l,al flywheels · (Eqs. (1)-{4)) are 

avaliable in the literature5 • Other sources6 ' 7 consider layered constructions 
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of more than one material and produce numerical solutions. 
. 6 

The programming of Newhouse is used as our core routine; given the wheel geometry, 

material properties, temperature change* and angular speed, the program calcula·tes 

stresses, strains, etc., at points radially through the wheel. For given material 

properties and geometry, the stresses are first calculated for unit angular speed. 

Since the stresses vary as the square of angular speed, the critical angular 

speed we can then be found knowing the allowable radial, sr' and hoop, sa, stresses. 

Once the critical speed is found, other quantities of interest can be calculated. ~ 

The optimization routine is a simple, straight-forward procedure. For given 

material properties, an incremental sequence of geometries is analyzed. The 

program automatically selects the a/b ratio and, if appropriate, the hybrid 

material radial thicknesses that result in the maximum energy per unit swept 

volume. The neighborhood around this geometry is then reanalyzed with a finer 

mesh, repeating as often as desired. 

This sort of optimization routine is satisfactory as an initial estimate. The 

equations are simple enough that such a sequence of runs can be made at a relatively 

low cost. Examining behavior as geometry is sequenced provides insight into 

design change effects. Until knowledge of design change eff_ects is sufficiently 

developed, this procedure provides some protection against selecting an incorrect 

local maximum in the presence of multiple maximums. 

The performance calculations are conducted for unit outer radius b. Se

quencing the geometry involves varying the a/b ratio and thus the inner radius 

a, but at constant swept volume. With swept volume thus established, maximizing 

U/V is the same as maximizing t·he energy stored within the envelope. 

The effect of geometry sequencing is seen in 'Fig. 4, ,.,here, for a glven 

material, energy per swept volume is plotted vs radius ratio. Relatively thick 

rings (low a/b ratio) show a radial failure. As material is removed (a/b in

creases),.U/V .increases and reaches a maximum~ at which point simultaneous radial 

and hoop fai.lure occur. All a/b values to the right of the peak in Fig. 4 show 

hoop failures. Thus, given a volume envelope, material may be added to increase 

energy but there is a limit at which the energy peaks. Adding material past this 

limit produces an energy loss. At the energy peak, simultaneous hoop and radial 

failure occur. 

* Except for a brief discussion later, the effects of temperature change will be 
neelPCted here, 
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Importance of Transverse Properties 

It is well known that flywheel designs have been severely limited by the 

material transverse properties. In this section the computer program discussed 

above is used to show the importance of transverse properties on flywheel per

formance. 

Figure 5 shows energy per swept volume vs radius ratio·'for a sequence of 

transverse strength values S , all other material properties remaining constant. 
. r 

Each transverse strength shows a maximum U/V at a specific a/b ratio. As trans-

verse strength increases, the maximum energy increases, occurring at decreasing 

a/b ratios (i.e. thicker rings). In each case, the peak represents occurrence of 

simultaneous radial and hoop failures. 

Figure 6 plots predicted energy per swept volume vs transverse strength for 

a sequence of anisotropy ratios, A (A= IE6/Er). The energy values plotted in 

Fig. 6 are maximum attainable values such as are plotted in Fig. 5. In fact, the 

values of the peaks from Fig. 5 (A=3) are plotted as one of the curves in Fig. 6. 

From Fig. 6 we note that attainable performance is increased if either transverse 

strength S is increased or anisotropy ratio A is increased. The latter can be 
r 

accomplished by either decreasing the transverse modulus of elasticity E or in
r 

creasing the hoop modulus E
6

. 

The range of S and A depicted in Fig. 6 covers the range of probable values r .. 
encountered in existing composites. All of the calculations upon which Fig. 6 

are based, except for the highest A and Sr values, showed peak hoop stress cr
6 

occuring at the inner edge of the wheel. Using existing solutions which express 

a6 as a function of r (Ref. 5) we can write 

(6) 

Maximum radial stress occurs at intermediate radius r , where the derivative of m 
or with respect tor is zero. Thus, once again using the solution in Ref. (5), 

· we can write 

and 

= s r (7) 
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da 
r 0 

dr = (8) 

Equations (6), (7) and (8) are a set of three equations requiring simultaneous 

radial and hoop failure. These equations were solved numerically using Newton

Raphson iteration to produce a solution for the radius ratio a/b, the critical 

angular velocity w , and the location r • These a/b and w values are those to 
c m c 

which the optimization routines converge. ·Thus the above analysis provides a 

direct solution for the best performance in cases where the maximum hoop stress 

does indeed occur at the inner edge. 

Flywheel Performance Improvements 

Table IV summarizes .material properties of the high performance composites 

. which will be considered. Included in the table are the improved pr.operties 

attained by ATBN modification of Kevlar 49-Epoxy, as reported in Part I. These 

materials will be used in both single material designs and hybrid, multiple 

material designs. 

Single Material Designs. We first consider Kevlar 49 flywheels and the 

performance improvements accomplished by the transverse property improvements due 

to adding ATBN. The results are plotted in Fig. 7 as energy per swept volume vs 

radius ratio a/b. As reported in Part I, adding ATBN increases the transverse 

str~ngth S from 2.28 ksit (15.7 MPa) t~ 2.96 ksi (20.4 MPa), a 30% increase; the 
r 

transverse modulus Er decreases from 685 ksi to 661 ksi, about .a 4% decrease. 

Due to these changes, we note in Fig. 7 that performance has improved from .841 

Wh/in3 to .966 Wh/in3 , a 15% improvement. 

Predicted performances on an energy-per-swept-volume basis for the Kevlars 

and for Thornel 300 and S Glass are listed in Table V along with the corres

ponding a/b ratios. We note that the Thornel and S Glass wheels performed better 

than Kevlar according to the energy-per-swept-volume criteria. Energy per unit 

mas~ often is proposed as a performance measuring criteria. With these single

material wheels, however, this criteria produces the thinnest wheels (highest a/b 

ratio) as best, which is not a practical solution. For the proportions de~ermined 

by the energy-per-swept-volume criteria, we list in Table V the corresponding 

energy per unit mass. The Kevlars attain highest performance under this criteria, 

although adding ATBN has actually decreased this parameter. 

t .· . -
Early results indicated this value to be about 2.15 ksi. As such, the computer 
analysis was conducted for 2.15 ksi rather than the final average value of 2.28 ksi. 
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The critical angular velocity w listed in Table V is the angular velocity c 
which p~oduces the best attained performance. The ~alues shown correspond to a 

unit outer radius b:l. Corresponding values for other outer radii can be obtained 

by simply dividing the value given in Table V by the desired radius. As an 

example, a 1 inch radius Kevlar 49 wheel has a critical angular velocity of 

388,000 RPM, as given in Table V. A 10 inch radius Kevlar 49 wheel spins at 

38,800 RPM for best attained performance. Of course, the energy-per-swept-volume 

parameter is independent of outer radius. 

Hybrid Designs. Considerable improvement in performance can be attained by 

combining materials in a flywheel design. We have conducted preliminary studies 

of optimized designs for two and three layer configurations. The logic and some 

results are presented below. 

The proper scheme of material placement is demonstrated by a simple analysis 

using Eqs. (1) through (4). With the idea that performance can be severely re

stricted by transverse properties, we first investigate the condition where trans

verse strain £ is zero. Analytical manipulation, not shown here, produces the 
r 

requirement that hoop modulus to density ratio E6/p must vary as the radius 

squared, i.e. 

(9) 

Requiring transverse stress to vanish produces 

(10) 

where c is a constant of integration. Equations (9) and (10) imply that materials 

should be placed so that E6/p increases with increasing r. This criteria is used 

in the ·hybrid designs below. 

The computer program handles multiple material designs in a manner similar 

to single material designs, i.e., a sequence of geometries is scanned and the 

'best performer selected, .the process being repeated at a finer mesh as often as 

desired. With a two material hybrid design, however, the radius ratio a/b as 

well as the thickness ratio t 2/t1 must be scanned. Here, t
2 

is the radial thick

ness of the outer material layer, t 1 the thickness of the inner material. 

A scan of performance variation with geomet·ry is shown in Fig. 8, where, 

for a configuration.with S glass on the inside, Kevlar 49 on the outside, U/V is 

plotted vs a/band the natural logarithm of the thickness ratio, ln t 2/t1 • As 
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is apparent in Fig. 8, the grid is somewhat coarse, but the plot does show the 

configuration of the energy surface, indicating a region of geometries producing 

best performance. The maximum attained with this mesh is reached at a/b = 0.605 
-0.20 and ln t 2/t

1 
= 0.20 (i.e. t 2/t1 = e = 0.819) with the performance being 

3 .1. 659 Wh/in • 

Table VI shows predicted performance and corresponding geometry for three 

hybrid designs. The maximum performance design for the hybrid systems is not so 

clear cut as with a single material. Almost equal maximums for slightly different 

configurations were noticed in the numerical output, introducing the possibility 

of multiple solutions. Analytical studies are planned to produce a more complete 

knowledge of the energy surface, similar to what was done for the one material 

configurat'ions. 

Comparing the results in Table V and VI shows that a significant improvement 

in attained energy per swept volume is accomplished by hybrid wheels over single 

material wheels. This improvement is shown in bar graph form in Fig. 9. Table 

VI lists the energy per unit mass for each design, even though the designs have 

not been configured to optimize this parameter. When optimized with respect to 

energy per unit mass, the two-material wheels with a given t
2
/t

1 
approach a 

zero thickness ring. As with the case of single-material wheels, this solution 

does not provide practical energy storage capacity. The critical angular 

speeds, w , shown in Table VI are analogous to those given in Table V. . c 
The two S Glass-Kevlar 49 designs listed in Table VI attained their performance 

with essentially simultaneous hoop and radial failure in both inner and outer 

rings. The Kevlar 29- Kevlar.49 design does not· attain this condition. Simul

taneous hoop and radial failure is .attained in the Kevlar 49 outer ring, and, 

while radial failure does occur in the inrier.ring, the maximum hoop stress is 

40 ksi below the allowable 180 ksi value for Kevlar 29. Why simultaneous 

failure is accomplished for one material combination and not for another is not 

completely understood. Further study is in progress to resolve this anomaly. 

Preliminary numerical runs have been made with hybrid flywheels containing 

three materials. One indication produced by the work so far is that, with par

ticular materials ordering, a two material configuration is chosen in preference 

to any three material design; one of the materials is discarded in the optimi

zation procedure. This indication also points to the need for further under

standing of material placement effects on hybrid flywheel performance. Tempera

ture change wixl affect flywheel performance, perhaps significantly in 

some designs. Capability to calculate temperature change effects has been 

incorporated into the computer program and numerical investigations are in 

progress. 

. r 
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Conclusions 

The results of this joint experimental-analytical study on the effect of 

transverse composite properties on flywheel rotor performance allow the.following 

conclusions: 

(1) The addition of amine-terminated butadiene/acrylonitrile (ATBN) 

into a Kevlar 49/epoxy composite system in small amounts increases the 

composite transverse strength and elongation by 30 percent. Such 

increases can have a significant effect on the energy storage capacity 

of a Kevlar-reinforced flywheel. Higher concentrations of ATBN re

duce these properties in proportion to the strength reduction of the 

neat resin. Further increases in the transverse strain carrying 

capability of Kevlar 49/epoxy will probably have to be based on 

improving the filament-matrix interfacial bond. 

(2) The experimental results were obtained with the use of an improved 

fixture for testing transverse tensile properties of filament-wound 

tubes. The improved fixturing incorporates ball-and-socket adaptors 

to comp~nsate for the inherent misalignment of tubular specimens with 

rigid-end caps. The more uniform tensile stress state produced by this 

fixture greatly decreases scatter in the composite data and results 

in increased determined strengths and elonga.tions for Kevlar. 49/epoxy. 

(3) A computer program has been developed to calculate optimum hoop-wound 

flywheel proportions for given material properties in either single

material or multiple-material designs. Analytical results indicate 

that transverse properties, specifically modulus and strength, have a 

significant effect on the performance of hoop-wound composite wheels 

and that substantial improvements in performance can be accomplished 

with hybrid, multiple-material designs. 

(4) Additional analytical and experimental work should be undertaken to 

understand hybrid flywheel performan·ce. Particular topics to in

vestigate ;include material properties optimization, materials place

went optimization and temperature effects. 
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Table I. 

Transverse Tensile Strength Results for Kevlar 49/Epoxy in Various Specimen Configurations 

Test Specimen Type 

12.5 mm Bar 25 mm Bar 25 mm Bar [4] Rigid Tube [3] Self-aligning Tube 
Matrix: 332/T403 (100:36) 

Ultimate Strength, MPa 9.7 12.2 7.9 11.3 15.7 

Standard Deviation, MPa 3.6 3.1 1.1 2.6 2.0. 

Coefficient of Variation, % 37.4 25.1 13.9 23.0 12.9 

Sample Size (4) (4) (-) (12) (5) 

Matrix: 332/T403/ATBN/DMP-30 
(100:36:6:1) 

Ultimate Strength, MPa 10.9 13.0 -- .13.5 20.4 

Standa~d Deviation, MPa 1.2 1.2 -- 3.0 0.7 

Coefficient of Variation, % 11.0 9.0 -- 22.1 3.5 

Sample Size (4) (4) (-:) (4) (5) 



Table II. 

Transverse Mechanical Properties of Kevlar Composite Tubes Tested with Self-Aligning Fixture 

Matrix Young's Modulus Ultimate Strength Elongation to 
(mix ):'atio) GPa HPa Failure, % 

332/!403 Value 4. 72. 15.7 .33 
(100:36) -

Std. Dev. .01 2.0 .04 

Coef. Var. 0.2 % 12.9% 11.2 % 

Sample Size (5) (5) . (5) 

332/T403/ Value 4.56 20.4 .45 
· ATBN/DMP-30 Std. Dev. .07 . 0.7 .02 (100:36:6:1) 

Coef. Var. 1.5% 3.5% 5.3 % 

Sample Size (5) (5) (5) 

332/T403/ Value 17.1 .41 
ATBtUDMP-30 Std. Dev. 0.6 .03 (100:36:15:1) . Coef. Var. 3.5% 6.3 % 

Sample Size (5) (5) 



Table III. 

Tensile Properties of 332/T403 Epoxy as a Function of ATBN* Content (RT Cure) 

Percent ATBN Young's Modulus Ultimate Strength Ultimate Elongation 
GPa MPa Percent 

0 3.2 71.7 3.1 

6 2.6 62.9 3.7 

15 2.1 52.3 4.2 

25 1.7 43.9 4.8 .. 

* amine-terminated butadiene/acrylonitrile 

I 

.... 
...... 
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Table. IV. 

Material Properties of Fiber - Epoxy Composites 

Ee E 
se s r 

103 ksi 103 ksi 
p r 

Reinforcement "er lb/in3 ksi ksi 

Kevlar 49 12.8 .68S .3 .OS 200 2.28 

Improved Kevlar 49 12.8 • 661 .3 • OS 200 2.96 
(+ATBN) 

Kevlar 29 6.9 .68S .3 .OS 180 2.28 

Thornel 300 18 1.34 .314 .OS4 200 4.8 

s Glass 8 2.5 .2S .072 180 6 



Table V. 

Predicted Performance for Single-Material Composite Flywheels 

Reinforcement Rad::.us Ratio Critical Speed Energy Energy 
Swept Volume Mass 

a/b 106 RPM Wh/in3 Wh/lb 

Kevlar 49 .840 .388 .841 57.1 

.. 
.. .. 

Kevlar 49 (+ATBN) .810 .390 .966 56.1 

Tho mel 300 .759 .379 1.152·· 50.3 
.. 

s Glass • 724 • 312 1.130 . 33.0 



Table VI. 

Predicted Performance for Two-Material Hybrid Composite Flywheels 

Reinforcement Radius Ratio Radial Critical Speed Energl Energl 
Thickness Ratio Swept Volume Mass w c 

a/b t2/tl 106 RPM 
3 Wh/lb ,. ·Wh/in 

~ 

S Glass .595 • 755 .381 1.659 42.0 
+ Kevlar 49 

. . 
S Glass ~585 .880 .389 1. 710 43.1 

+ Kev1ar 49 (+ATBN) 

Kev1ar 29 .677 1.01 .388 1.321 48.8 
+ Kevlar 49 
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(a) 

Figure 3. 

(a) 
(b) 
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yl .· . . ,: ' 

Scanning electron micrographs of Kevlar 
epoxy transverse fracture surfaces. 

332/T403/ATBN/DMP-30 (100:36:6:1) matrix. 
332/T403 (100:36) matrix~ (200X) 

(b) 
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