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CeE ' ABSTRACT

Composite*Vrinéﬁ ranging from 26 cm."to 44 ¢m.: outer
I - .
deameter were manufactured by comblnlng 52- glass E/XAS

1

carbon and Kevlar 49 flbres wlth an elevated cure resin

+

.

J system in a fllament w1nd1ng process. These rings were to

’

be utlllzed in h1gh speed composlte flywheels for which the

rad1a1 stresses were of extreme 1mportance Experlmental
I 5 ' .

determlnatlon or the re31dua1 streSSes, with hasis on the

-

" radial component Were carrled out on thln, radially thick

o

and . axlally/radlally thick comp051te rlngs mploying_ the

rad1a1 cut.'with straln gauge. method ‘ Fdr ' dlally thlck

+

'82- glass and E/XAS carbon coﬁp931te 'rings the manufacturlng

: vaflables of cure scheéole,, w1nd1ng tension ,and radlal v

t.

thickness were inVestigateda‘ It ‘wds found that in the

- i . ' - - l - - -.
'radially thick comp051te rlngs, an increasing . winding-
tenSLon decreased the resldualnstresses. With E/XAS‘carbdn: f"
comp051te rlngs the 'cure‘ schedule affected the residual-

5

stress and ‘with both flbre‘ typeé an 1ncrea51ng_ radial

iy -

thlckness produced increaséd resldual stresses For .the

‘1
1

E/XAS carbon comp051te ‘rings, in partlcular the ‘radial
re31dual stress swaed a llnear proflle w1th resPect to ‘the
rad1a1 thlckness of the comp051te rlngs wlth the same 1nner‘

—_—

diameters. ) L { L
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. _<( l' . _ Chapterl
COMPOSITE FLYWHEEL PROGRAM.

1.7 introduction.

In 1979; a research Eeam‘at the Deﬁartment of Mechanical
Engiheeriné, Univerﬁity of .Otféwa, undertook- aj study ofi
fibre'Comﬁosite‘flywheélsi A project waéafnitially_carried‘
"out’ to app;aise the .latest flywheei technology availab;e,aé
- wél} as to provide recommendations for an % & 6 program [1].

. Decision_kanab sis ‘techniques- were Extehsively"used
fhroughout the igﬁraisal. In fact, ‘a series‘ ofA tﬁenty
flywheel design conceptsA were 'ideﬁfified ‘aﬁg asSesSed'
‘r.elatiwz.re to eé.gh o.ther.:' [IJ.. These concepts -we.r!e then set
égainét fourtéen ihpact parémeters; namely, integrity,'eaée;
of ‘contaihment, 'rigidity,‘ radial’ compatablllty, material
costs, manufacturing costs, assembly costs, 1ndustria1
implementation, quality controlﬁwinsPection, state-of-the
art,, technology level reéuired,‘and technical risk. _ From
ifhose gesigns,.three'were selected, naﬁely: Single Material
Multi- Ring-on-Ring, Multi-Material Multi~Riné with Overwrap
or Bandwrap and Muiti-Mate;ial Multi-Rihg-on—Ring [1]: For
the ring type_‘flywheels selected, nine: hub designs were
identified and 51m11ar to the flywheel design cénqepts,

dec151on analysls ratlngs were utlllzed The outcome “of |



those:ifatingS’_inaibated,,that .a mahﬁfacturedlfmetallic'
(alumin;mj hub -appeared "to be the mostV-suitable withx
'éomposite'. mateﬁial. equitalent " hubs also appearlng'_
:attraetive: Howeﬁer afteﬁ extensive materlal and dynamlc
testing on boqh the rings. and hub .. components from 1981 to
hl984 flpal de51gns were realized. Four dlfferent de51gns.

_ were to be con51dered for full- 51ze flywheels

; . o
s .—P;-;. W

-

1.  E/XAS carbon 31ngle rlng with sheet mouldlng compound
': {SMC). hub with metalllc shaft attachment (Flgure l 1).
E/XAS carboﬂ 51ngle ring w1th 52- glass laminate hub
w1th metalllc shaft attachment (Flgure 1. 2)

‘SZ glass E/XAS carbon blannular rlng Wlth aluminum hub

(Flgure 1 3).

SZ-glass~E/XAS"ca;ben.-biannularr ring Qith‘ metallij/
spokefhub (Figure 1.4). e el
In. terms of dlmen51ons all the above flywheels had outer_V
diameters of 60 9@&:@ W1th the flrst two flywheel de51gns
_hav1ng ax1al thlcknesses of 7.62 cm -aﬁd' 6.35 cm,
respectlvely The two blannular flywheels both have: axlald
thlcknesses of 8.89 cm. ' .

pue_to the‘la;ge size of the_eomposite fl;gs for the
flyeheels,-muehrpreliminary work was‘neeessarjgsince.nq cneh
had previduSly ‘manufactuged such  large compdhehts.
Initially, small rlngs, on the order of 26.0 cm inner
'.‘diametef,_ 2.54 cm w1dth and" 0.6 ~cm thicknesswiwereh

manufactured. Larger rings were subsequently wound with the
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1.1: Flywheel

’

design number 1. E/XAS calbon outer

a . ring, SMC hub and aluftwum attac t,

‘Figure 1.2: Flywheel

‘mesiéh numbérwz}. E/XAS carbon outer
‘ "ring, - S2tglass ‘laminate hub . and  steel
-+ . attachment/. . o o :

Lo T caoh
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" Flywheel deéién number 3J}‘?EYXAS carbon outer
ring, S2-glass inner ring and aluminum hub.

Flyvhe
,.ring; S52-glass inner ring, aluminum insert and

"gteel

¢

e

s

1 Hésiéﬁ'

pPring spo

L)

a

-number‘4t 'E/XAS carbon outer

ke hub.

-

&
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' same - 1nner dlameter and width but Wlth an ax1a1 thlckness of

-

-gpproxlmately 5 cm. The major manufacturlng concern w1th

1ncrea51ng the radial thlckness was the - problem of fxbre

buckllng durlng fllament w1nd1ng From the results w1th the .

radlally thick rings (2 54 cm wide X 5 cm thlck), full scale

— —

'rlng-w1nd1ng ‘was ‘deened p0551ble. The full scale rlngs,'

,

mentioned above, were manufactured and destructlvely tested

in ‘order to verlfy strength .and integrity of these

components and evaluate residual “stresses. Details of these

investigations are to be found in Chapters 3 and 4 of this

thesis.
1.2 Problem definition. : %

‘The idesign of a flywheel ‘for high speed applications

necessarlly 1nvolves many v englneerlng aspects. For a fibre .

comp081te flywheel, not 5only are"centrlfugal 'stresses

-

developed‘ during spinning but 1nterfac1a1 presSures are

ey

produced during assembly and locked-in stresses occur due to

RO

the materlals used and method of manufacture [2]

For che Unlver31ty:of‘0ttewa Flywheel Program, -the ring

components of the fibre composite flywheels were fabricated

by wet - filament-winding with the fibres under tension. This
. . . . . . . 7 »

. tension becomes - locked-in after tne structure. has fully

cured and along with the chemlcal setting and thermal curing

‘of the matrix produce part of the re31dua1 stresses. These

residual stresses occur both in the circumferential as well
S - . r . i .

-

L .
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as. the radlal dlrectlons In thlck r1m flywheels, the.
clrcumferentlal re51dua1 stress can beé the cause of outer
layer,fallure'[Z], however, not to be forgotteh and of_&Qual
importanoe is the redial. | oomponent.‘ Geoerally, o

_uni-directional fibre composites haﬁe hlgh 10ng1tud1na1
(circumferential) strengths but very low transverse (radial)

strengths (Table 1.1).
- L.

Table 1.1: Typlcal Clrcumferentlal and Radial Strengths for
Fibre Composites. :

- Fibre - Radial Circomferential
Type y *-I"7 Strength® Strength®
( MPa ) . (MPa.}
's2-glass 347 . | 7T 71900 =—
E/XAS carbon 35.5 - 1700
Kevlar 49 | 8.8 - o 1658
+ % - in-house expe;iﬁents on -filament. wound ringe.

. ’ .. . ' e ! ’ ) ) ) . ' . )
"‘The radial residual stress is tensile in nature and is

3uper1mposed onto -the radiélaztensiie stress due -to
centrlfugal 1oad1ng [3] Table l.2”léhows some typical

values for flywheel deslgn number“,¢‘

Figure 1.2 on page 3).

Table 1.2: Typical Maximum Stresses at Operating Speed.

Direction ,f Stress . Percentage
S - Res1dua1 ~ Total | Residual/Total
"(MPa.) | (MPa.)’
Circumferential 89 65 16 e
Radial ‘ Cd <119 ° 37

‘The figures show-that the radial residual component is a
1arger percentage of the total radial stress as compared to

;

‘o that for the c1rcumferent1a1 case. -

o



“the full scale flywheels. S . . -

. e . . L . . | Wl ) . .I“W | . 7

'In order to gain some ‘insight into?’ theSe'ﬁresidual

';stresses, a portion of .-the overall Flywheel Program -was

r A
1n1t1ated to 1ook spec1f1ca11y at these streSSes and by so
"'r:&?»

d01ng forestall any unforeseen problems at a later ~date.

- The available llterature was«rev1ewed in order to determine

what had been done by others in the coﬁposite‘ flywheel

.

fleld. From such an approach an approprlate method was
utilized 1n experlmentally determlnlng the magnltudes of the

res1dual stresses in the compos1te rings. The llterature

review also 1nd1cated what manufacturlng varlables were

responsible for the re31dua1 stresses. Furthermore,‘ the. -

3

results were correlated Wlth the ‘theoretical predictions,

developed by the des1gner in the program, J Wong, for the

compos;te rlngs. ThlS ensured that ‘the final set of des1gns

' would encompass a11 factors necessary for safe operatlon of



Chapter ll

EXPERIMENTAL METHODS OF RESIDUAL STRESS _ N ﬁ’.'”“"@'

. ' MEASUREMENT

P

I
il

Introduction

The procedure of determining -the state of .stress at a

point, by means of experlmentally acqulred quantltles, is.

referred to as experlmental ‘stress analysis. - However,

experimental stress analysis almost never involves " the .

measurement of stress,  per se. Instead, it involves fthe

measurement of some quantity which in turn can be related to
: . b

"stress. This -is accomplished by the use L33 computations
based on theory with strain being the quautity most often

measured. The - stress ana1y51s ‘1nvolves experlmentally

D

determlnlng the state of straln at a p01nt and deducing the
state of stress at the same point.
A fibre comp051te component experlences stresses due to*

the loadlng but, in most caSes, Prior to thlS 1oad belng

applied, there éxist in the structure locked in stresses due

inupart to the manufacturing process. Since theﬂflbres are .

. _ L
embedded in a matrix, tension on the;}strand thermal

cooldown and re31n cure shrinkage 1ntn6/uce stresses whlch

are retained when the whole structure is fully cured. ' These

stresses are commonly known as residual stresses.. In this
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chapter, various experlmental\methods of determlnlng these
stresses W111 be examlned and discussed. In addltlon, the
llterature on the theoretlcal evaluatlon of factors’

affecting residual stress . in . fibre composite ringel is

reviewed. _ ~
R \ .
2 2.2 ¢ Reshﬂualstressesinfcompos&es..
2.2 Residual stress determination by radial cut with dimensional
measurement.

The earliest tests, to determine'”residual Stresseé in

filament wound tnaterials were performed in 1963 ‘by s. P

w

Prosen et al [4],. at the U. S. Naval Ordnance Laboratory”

'(NOL) , They were concerned- wWith the "magnitude of the

1ocked in stressas in. thelr filament wound glass flbre rings

brought ahz;iydurlng w1nd1ng and cure, _ The residual stress

measurement ere only a part of thelr overall test program

as they also 1ooked at compre551Ve and fatlgue propertles of;'

the rings. ' ' o . q

The mahufacture of their”rings was carried out by pulling

the re51n lmpregnated strands of glass flbrES under ten51on

.——

onto a rotatlng mandrel untll the desired thlckness was

achieved. They suggested that as the thickness of the ring

built up, the‘Strande compacted and resin was-dieplaced‘or

squeezed out. ‘Thie compaction or‘migration of the strands

owas thought to change. the ten51on in the flbres durlng the

i

winding process. Addltlonal flbre mlgratlon was believed to - '
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oceur durlng the curing of the rlng When the curlng was

complete, the stresses due to these changes were "locked-in"

.inside the ring. The cured ring waSjthen removed from the

"

mandrel and cut radially;u;-

It  was found ekperimentally ‘that the ends sprung

e -.\b".-,
B

hJ

together thus rellev1ng the "locked in" stresses as shown in

Figure 2.1.

.

, T | :.;l- ‘*Tzrf

‘b

Figure 2.1: GlaSS'fibre-ring‘ a)before radial cut b)after
1 : -radial cut, 2= overlap. -

The researchers developed -an’ equation from thin ring.
. R o SEUPEE

theory, for a unidiredtional comp051te material, . whlch

. P T

calculated the c1rcumferent1al residual stress 1n terms of

the ring overlap, thickness and tadial dimension as:

) C - L | o ] .

o T Ezt . . . '

g = — . Co . ‘
4xr3

(2.1)

These . researchers' .manufactured a series 'of rings
approximately 15 cm inner diameter and 0.305 cm thick. From

 each ring a 2.54 cm length was cut from the circumference.

<
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Each ring demohstrated the "closing mode"” (i.e. the: ends

overlaped when cdt) and. the distance‘lz that the ends

L MuTL L

overlaped was—measured The c1rcumferent1al residual, stress
results showed con51derab1e varlatlon hav1ng a mean value of
-‘12 .05 MPa wi a standard deviation of 3.29 MPa.

They postulated that the stresses obtained represented
the net stress of the many .stress levels’ in the
cross-seotion of the ring, i.e. ao average value. They also
stated'that the technique is a ‘tedious ocne, ‘since for” each
.Ineasurement ‘a "ring has to be destructively testedﬁ They

.recommended that an alternat%ve téchqique'te used such as
photolstreSS“analysis;. This other metMod is discussed in.
Section 2'2'4T J . |

: In.lQSO, R. Nimmer, K. Torossian and N. Wiikening [5],
from General 'Electric, ‘became aware -of ‘the presence of
residual stresses in filament wound rlngs during sectioning
‘of rings for test specimens. They .observed that as the
rings were cut they snapped closed on the blade.

As previously mentioned, Prosen and his associates
ba51ca11y used a dimensional change in terds of end overlap
Nimmer et al also used a dlmen51ona1 measurement but in
terms of the.dlsplaceoent necessary to restore the original-
. uncut geometry of the ring.. ‘Starting w1th thin ring theory
the?‘ deVelooed -the' necessary equatlons‘ resultlng inf,an
iexpre531on for the ‘maximum re51dua1 circumferential stress

at the inside dlameter as:
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Or = 4 R& .

(22)
’ Nimmer et al statedhthat this equation'only'gives.a first
aporoximetion to the residuel bending stresses in a ring.
a ‘Experimentailyi'they onlyrperformed measirements on two -
graphite epoxy rings.ﬁ One ;iug (TS No.12) had a mean cadius
of l7t09 cm and an annular‘thickness,ft, of 6.12;cm;‘while
the other'(TS:No.ZS) had a meauiraoius of 20.414&& aud'an
annular thickness of 4.01 em. .

The c1rcumferent1al re51dua1 stress results at the 1n51de
dlameter were tensile in nature and ylelded 72.56 MPa and

.54 0 MPa for TS No 12 and TS No.25, respectlvely .N;mmer

~al's -1nvest1gatlon of the res1dua1 stress -was due to

ethelr concern durlng centrifugal loadlng of the rlngs Whlch-
_produces a maximum stress at the inside diameter. They
considered the re51dua1 stress 51gn1f1cant enough to be used‘
1& future de51gn ana1y51s for General Electrxc s Flywheel
Ptogram.- | _ . .

In 1983 ) H.A. Al- Quresh1 [6], at the Institute ~of
Aeronautlcal Technology in Bra211 also used the dlameter'
;change method to measure the residual stress. He evalueted

" _the residual stresses in pressure vessels by examining
fllament wound flberglass rlngs Hls rings were wound  on a
plaster mendrel‘of 29.93 cm outside diameter-and an inside '

diameter' of 12.19 cm. Durlng the w1nd1ng the Type "E"

flbreglass, 1mpregnated with an elevated temperature epoxy
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re51n, )was‘ ténsioned wusing a brake narrangement with

d1fferent cylinders: be1ng wound varylng the number of layers“'

from 2 to 18. The.rlngs were cut from the central_part of
the c¢ylinders to "avoid tension changes ~“and filament:

“-turn-around at the ends. ‘ .

Al-Qureshi used what he calls the spring?baSi factor for

which he reported the following‘equatioﬁ

R, .. 2RI (1 —v2)| . 1 1 o '
k=%=1- Sl-=y ' 2.3
"Ry - nBytd -n§1+(i~1)K' (2:3)

From his experlments all of the rlngs were obsarved to be
of the opeqlngrmode (i.e.. ends ‘spring apart when cut).

.The_results showed that increasing the number of -hoop layers

increases the amount of the -SPrlng back factor This

".

'"épening~mode' was dlrectly opposed to what was observed by
Nimmer et al and‘Prosen et al'w1th thelr_rlngs, but, it must

be remembered that they both used steel méndrels while

Al-Qureshi used a plaster one. Al-Qhreshi does mention,

e

however, that  the analysis ' is (only good for the -

"opening-mode" type of results and not the "closing-modd".
He also mentioned that the residual stresses on a filament
“wound structure cured on a mandrel does -depend on- the

mandrel material. Al-Qureshi made. - no mention: of the

magnitude ~of ‘the residual stresses, but, ba@ically-

associated the spring-back factor to the residual- stress

L4
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indicating that £ reduced factor preduces_a reduced*residual

stress.

2.2.2 Residual stress determination by radial cut with

circumferential strain gauges.

Tﬂ; previous" section dealt Qith residuel . stfess
‘determination using dimensioﬁal measurement technidues.
These were of limited scope and aceuracy“ehd as a meens of
lmprOV1ng the results researchers looked at other ways of
determlnlng the r351dual stress,

In 1968, W. L. Fourney [7] investigated the residual

stress state in an axially symmetric filament wound

-

4+ Orthropic ring. He developed the necessary elasticity

eqp%;idﬁ;—;h\order to obtain an analytical predictiorn of the
stresses in the rings and was_able to deflne the re51dual
stress at the cuter surface as;

0o = C1 — C2KR; K+ | cuKR(K-1) | o (249)

and at the inner surface as: s+

—

0i = Cy - C;KR KD 4 ¢ g p(F-1) - (2.5)

where, . © e

C___Eg (er_ - R~ ”
YT | pr®en R(x+1

SRy (K+1)+R—(K+1))
3

+R§K_1) +R'(K—1)]

AERLY LR
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and . 5

.-

REK‘” — piE-1)

- Cs
R;(K+1) _ R;—(Kﬂ). ‘3.

The variable ‘G was. evaluated 1351ng equation 2.5 and the

stress—-straln relatLOnshlp below: o -
|
Oy gg g - Oy
€p = — —VU—; l€g= — — p—10o- 2.6)
T Er Ee’ l‘l EG E-r ( ’

_With the above equation the' strain relief at the’ inner

surface could be used as inpd% for equation 2.5.

Experimentally, Fourney manufactured a series of rings

using iijﬁg_fibre'pre-preg tape wound uvnto a mandrel under

tensio After cure, the rlngs were 1nstrumented w1th eight

strain gauges as shown in- Flgure 2.2. The rings were then
zéutlraqially and the strain relief at the inner -and outer
surfaces'measured when the ends  deflected.

Fourney eompared his..‘ekperimental' results  with
.analytical ﬁredictions at the outer surface and obtained a

difference ranging from 2.06. to 9.70%'35 shown in Table 2.1.

-

1t ' must be- noted that he made no mention of tﬁe
qircumferential residual stress. magnitude at the'iﬁnef and
outer suffeces, but only the strain magnltudes.

The followirfg year, in 1969, B. R. Dewey and C.E. Knlght -

Jr. [8], develoPed an ana1y51s for the state of re51dq\l

<4

strain in an ax1a11y symmetric multilayered fllament wound,

A
~

.xlngr ‘ Their analysis assumes that the residual strain is

L
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Figure Locatiﬂﬁ”qfusttain‘gauges on -Fourney's rings.
Table 2.1: Experimental and Theoretical Strains [7].
Inner Ave:agé . Average Average Theor. Differen6e~
Radius | Thickness Exp. "Exp. y Strain )
: ] 8train Strain Outer -
. - Inner- Quter Surface
(in.) . (in.) Surface Surface:
S (x107%) | (x107s) | (x10-8) | (%)

2.68 | 0.2372 180 - -158. -170.0 7.31

2.65 0.1646 140 . ~146 --134.5 8.23 -

2.65 0.1837 128 =119 ] -122.6 2.98
2.65 0.2218 126 " -108 — { -119.0 . 9.70

2.65 0.2210 152 =147 -144 .0 2.06

equal to the strain'.

ﬁroduced by réstoring a.ring. with a

radial cut fo its original state, by means.of pure Bending

"moments applied at the cut _gndﬁ; ‘They also take into

account the variation of the circu

mferential modulus.with
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'radialrchange' The equatlon they developed'relles on the

locatlon of the neutral gurface at radlus }2 in conJunctlon L

. _with the straln released

The equatlon was eXpressed as:

SimBiti .o
E:.'r 113109( J/GJ) o E .,. ' (~'F]_

R-

where b; and ejere the outer

In order to verify -the r. ‘equations, : six rings were

‘manufaCtured with Varied wiAﬁing tensions. Strain gauges
were mounted on the 1nner anq outer . surfaces in a 51m11ar

fashlon to Fourney (Flgure 2.2 on page 16) Straln data 'was

3obta1ned from the straln gauges after rad1a1 cuts were made‘

in’ the rlngs

Dewey and Knlght compareﬂ thelr experlmental outer straln

'reSults w1th theoretlcal predlctlons 'in a similar manner to

2

- Fourney as shown in Table 2. 2

- Table 2.2: Dewey and Knight's Exper1menta1 and Theoret1ca1

Strains [8].

‘Inner - [ Ayeraget  Exp. Exp. - Theor. Difference

"| Radius | Thickdess °| Inner Outer " Quter | - -

- . . | strain | Strain .| .Strain A
(in.) | (in) | (k107%) | (x108 ) | (x20) | (%)
“3.006 . 0.310 | .639 -570 -598.1 4,81
3.005 . -0.313 =478 413" - 447 .4 7.99
3.005 0.313 -555 509 . 519.5 . 2.04
3.003 0.319 294 -287 -274.9 . | -4.31
3.005 - 0.308 410 -384 -384.2 0.05
3.004 0.315 "~ 723 -687 -676.5 | -1.54
r'a:'_ w?ﬂ"-b
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.They. commented 5.;h;tt ‘their feeults _ showed better
corfelatdon _uhen thetfelastic' modulus vafiation " with
thickneSS.uas'coﬁSideredwohowever, if Table 2.1 on. page 16
is compared wlth Table 2. 2 on page 17 the dlfference "does
not appear that 51gn1f1cant _ One must admit, though; some
,_lmprovement was ev1dent and ‘they, " llke Fourney,‘ ‘made no
; mentlon of the resadual stress in the rlngs. A‘_ i;; o
. I | . ,

-uIn‘ 1970 C.E. Knlght Jr. [9], agaiﬁ used- this’

.-rad1a1 cut/straln gauge method to determlne the residual
Astress of fllament wound rlngs. -This time he used only two'
gauges mounted on each of . the lnnerland outer surfaces‘of
the rlng 1ocated 180 degrees apart B The results obtained
when the-rlng was cut’were used as‘a comparison with two
other methods‘ he was experimentihg_ with at ~ the time,'
photoelastic_anelysis and_inetemeotai maehining'. The data
otoduced only gave an‘inner-surface st;ess‘ﬁegnitude and an
outer surfeee ualue; No'streSS_diStrihutioh'across the-ring
' proflle was carrled out but, he‘didzstate that the teehhique
-only gave an approxlmate. distrihutioh{:of the residual
streSSes 'in the rlng ‘_ T - ,E | |

‘ In 1981,_ J. Wong [3], at the ;UniVEfsitﬁ ‘of Ottaua;
developed~eQuations to deterﬁine the.tesidual stresses in’

fllament wound comp051te rlngs as part of the UnlverSLty of
)

V.iOttawa Flywheel Program. HlS equatlons were derlved from

elast1c1ty theory and are ‘valld for orthotroplc fllament

WOund.comp051te rlngs.u Ut;llzlng the radial cut-method'the
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équatlons determlne the c1rcumferentlal and rad1a1 residual
stresses in terms of the ring overlap, rlng properties and
dimensions.

The circumferential -component was defined as:

- .

. . , ' _ A(K+1) ~ (K-1) 1 | (K 1) | (K+1) . _: :
2n(l -~ K3)R 1 — c(2K) b 1 _‘.ctzx) T
-

while the radial component would be expressed as:

& | - | j i .
o - Egez 1— 1 — c(K+1) r (K_l_) _1- c(K-1) (é)(K-i-l) (K“H)l (29)
" 2m(1- K?)R 1-cCK) \b 1-c@K) \7)
o , ‘T ' ; Dy

The term, z is the ring overlap as. deplcted in Flgure 2 1
on page ‘10 and could be a measured value from the inner
dlameter- change or cglculated from . the ‘c1rcumferent1a1

when the ring was

+

strain reading at the. inner surface, ¢s,

cut:
2 1-K2R N :
2= — al JRes, (2.10)
(1—KCg+KCa)—Vg(1 02—03) -
‘where,
: 1 — cK+1 :
— K-
Cr= T
l—cK';l" .

T 1 — &K
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As mentioned above, the stresses'conld be determined'hy
Substituting an overlap directly into-both-equations " As a
comparison, strain readings taken on the 1n31de su&face of a
ring were substituted into equatlon No. 2 10 re%resenting‘h
the overlap produced by the released strain. THis ooerlap
was then substituted into ‘equations Nos. 2.8 and12.9 and the_
stresses calenlated; - By so'doing; two sets of results were.
obtainea, one produced by the strain gauges and another by >
~ the dlameter change in the ring. " This _process was the'
method finally chosen to be used in calculating the resignal
stresses in-the rings. These results are further elaborated

on in Chapter 5 of thlS th951s

2.2.3 Resndual stress determ|nahon by'cncremental machlnlng

C.E. Knlght Jr. [91, .Wwas one. of the few researchers
worklng with the new cqmp031te materlals in the early 70's.
One of the many and varled investigations he carried.ont was]
that of.residual stresses in the‘manufactured composites.
In-his‘fiiament wound rings, incremental machlnlng was. one
of the technlques 1nvest1gated o

Knight manufactured four rings of &Fj.rciear fibreglass
with Maraglas 655ﬁepoXy All rlngs were '15. 24‘cm inside
dlameter with varlous thlcknesses and w1nd1ng ten51on of 7.4
lNewtons. Rlngs 1 and 4. were slngle rlngs of 0 424 cm and T-
1.158 cm thlckness__respectlvely ' Rlngs 2 and 3 were

multiple. rings, the “former belng two' 1ayers of 0 381 cm

.thlckness, while the latter con51sted of three layers,'one



'0'-35.6 cm. thick and two 0.417 em thick. ' _Each fing was 2.54
‘}.T- cm in w1dth w1th three test spec1mens machlned from each

$\‘~one, 0.635 cm wide. He 1nstrumented these rlngs with two

c1rcumferent1al straln gauges attached 180 . degrees apart on
SR the inner surface Each ring in- turn was put onto a 1athe°
and mater1a1 removed from the outer’ surface w1th a dlamond‘

dcoateﬂ grlndlng wheel. After each ‘cut, the rlng_was removed

and ‘the straln readlng recorded R

Using equatlons presented-hy other researchers namely,f
w Olson and C. -Bert [10], Knlght was. ‘able’ to convert the

straln data to re51dual stress. He plotted the 1ncremental'

B %

|mach1n1ng data versus nondlmen31onal th1ckness and was able
:to show the varlatlon of the. re51dua1 streSSes across the

'rlng proflle

‘-‘
i\

: \ He concluded that the method was d1ff1cult to perform and
:vg°_requ1red two spec1mens for_ both _1n51de  and .out51de

machlnlng"' Theoretlcally, strain gauges could be put on the

OutSlde and materlal machlned from the 1n31de

: In 1977 ]-along w1th a research team  at Unlon Carblde

“
.

E ‘Corporatlon, Knlght [11] agaln evaluated the resmdual stress
'Tby means of 1ncremental machlnlng Several test rlngs with-

Kevlar 49 . flbres were manufactured by fllamenf wrndlng A-‘

-~

L Y8 .
'wet w1nd1ng process was utlllzed. w1th a room temperature
f-curlng epoxy re51n system (Dow Chem1ca1 DER 322/Jefferson

j';‘chhemlcal Jeffamlne T403) " Two. rlngs had 15.24 cm 1nner7

N
dlameter, 2. 54 cm wlde and 3. 81 cm thlckness.. A thlrd rlng,

Y
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'-had 33.02 cm inner dlameter with 6.35 cm thlckness while - a'

fourth had 38 1 cm 1nner dlameter wrth 6. 35 .cm wall

. gauges as: before and the straln. change measured. as thin'

;layers of material were machlqed away‘ A schematlc of the

%gyer. The radlal re31dua1 stress was calculated from the>.
orthotroplc rlng subJected to an external pressure and the

total straln change from the initial readlng [11]. With the

¥
change on the 1n51de radlus produced by the straln change

dur;ng machlnlng was determlned from the - equation [11]
below: |
2Ka(Kf.‘1') p(K+1)

by = AEgE =R gEm o .. (211

Reerranging the equation gives: o — I

(2 J_awx)
. _o'r

The circumferential"StreSS in any ‘layer 1§ was found
. ' . . ) ‘.,,_" [and . ‘ “ = t .%\'
utilizing the differenfial pressure,. therefore, '
welnedl L

4 -
Thes//serles of rlngs were 9sed as test\rlngs however in

. full size r1ngs(38 1 cm ID X 50.8 cm OD)the‘itraln gauge was

!

'procehs is‘Shown‘in Figure 2.3 "' after removal of the ffh_

- thickness. The rings were- then instrumented w1th straln

-

g eqoation' for.;the tangentlal streSSes in a thlck *wall

straln gauges.located on the inside, the taneentlal Stress;_
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Hattached on the 51de face and 1n this way, machlnlng of ‘the

layers could be conducted both from the out51de and inside

..surfaces in 1pcremenis u51ng the same  ring. Knlght‘reﬁuced
the . data in a -manner similar te the method prev1ously.
descrlbed but he did . not glve any equatlons for this mnew
method He does state though that the straln 1ncrements
that result from layer removal depends on both the radlaL

and tangentlal stress componentS‘ at the strain gawge

-
el

location,

— . - —-
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~

Incremental machlnlng res1dual stress analysm
model f11]. .




. 2.2.4 ', 'Resioual ,stress 'determinat-ion oy ortﬁo‘tropiC"_photoei'a.st.ic :
- aoalysis. . . |

fﬁe fphotoelastio effect was afitst' noted by Sir  David
Brewester in the early 1800's [12], but its appllcatlon to’
‘stress ana1y51s was not made untll the early 1900 s. ;E.G.
Coker and L.N,= Filon [13] publlshed- the ?:rst exteosive
~analysis of photoelastioity‘ as a 'metﬁod of experimental .
stress ana1y31s in 1931. | |

With . the rapid development of composite materials " as

o 5

Str??t“?al" components, phototelastic teehniques' ofﬁ.stress'
anaiis{ssﬁere‘inbestigated. - In 1970, C.E.. Knight, J r. [9],
in particular,”iooked at the photoelastlc method for the
‘analysis of re51dua1 stress dlstrlbutlons 1n fllament wound
rings. ‘ - 4
For . photoelastlc ana1y51s, the DbVlOUS requirement for
: ,the :naterlal is that it must be transparent. For f;bre'
‘composites clear'fibreglass and epoxy resin were seleoted by
Koiéht. Ihfiofder for the eompleted  structure to,  be.
'wttaosparehtJ it must be“void ‘free‘_and the index . of
réfractioo of fibre and matrix must oe'equalﬁ'
| ‘Koight-manufaotured'four sets of rings‘as.described in
the previous section : Microdeositometer ~ scanning ofA
”photographlc negatlves and photography were used. to gather
" the necessary photoelastlc data. ' Frlnge values across the

rlng seotlon were obtained at the- dark: and 1ight;fie1d

polariscope settings. “Fringe order magnitddeS'were.obtained
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w1th an epoxy resin ten311e bar "placed. in’ series w1th the

';rlng in the polarlscope and observ1ng the locatlon of the

black frlnges as the bar was loaded
Knlght establlshed a true zero order whlch comes from the
fact that a reS1dual frlnge brder exists ;n. a straight,

un1d1rect10na1 comp051te _materlal due to microstresses

~

between the fibre/matrix elements.’ 'The fibre and matrix

have a large difference in their thermal. expansion

eoefficients, thus, he believes that this residual to be
thermal cool-down stresses after'curing.

Due to the orlentatlon of the fibres in the rlngs, only

" two mater1a1 fringe . values are needed - axial and
. { )

transverse. Knight obtained these values by winding flat

plates ' using the same fibre/resin combination. These

tensile bars were wpund and elampedﬁ between“flat . steel
plates "'fo obtain-0.318 cm thickness and .cured. -

He separated the principle -§tre§ses, 'using = thé

Fa

photoelastic data to obtaiﬁ the actual residual stress

- ' ; g : ro
distribution. = The tangential and radial residual stress

distributions for his four rings were plotted with all the

i

"rings ‘giving inner surface tension with ‘outer surface

‘ compressieh:f 'He COncluded that this method of residual

stress determlnatlon prov1des a nondestructlve whole- fleld

~

view of the dlstrlbutlon but. the'_maln problems are
.fabrlcatlng . a suitable material (match of refractlve“

_1nd1ces) and accurately determlnlng the frlnge order ~ In
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v

terms - of . the’-‘ywheel Project th].s method was not . even
con51dered due to the requ1rements of transparent flbres and

the match of refractlve 1nd1ces

3

.. S . .

'2.3‘ " Theoretical evaluation of factors affectmg reS|duaI stress

In 1973 R.C. Reuter, Jr.Ll&], at Sandla Laboratories,
determined'tﬁeoretiqally the macroseoéic residual stresses
‘in hoop wound fibre giass”rings. He:aceomplished this by
analytieally ﬁodelling eaChl phaee of tﬁe .Eabrieation
.process His method gave a predlctlon of the flnal re51dual
stress profile’ w1thout destructlve testlng but the theory is
_restr;cted to "thin" shells. "Thln shells being defined as
having a minimum R/t ratio of_20., | Reuter seéarated‘.the '
-fabrlcatlon into distinctive phases . helng |

L a) fllament w1nd1ng,

'b) appllcatlon of autoclave pressure,

c) temperature 1ncrease to cure temperature,:f

1

d)-qayer migration,
e) cLoling to room temperature,
f) ﬁressure remqvai,
.g)°removal of the_mandrel.
For. each phase, constitutive relatiohships' for the
mandrel and each layer were writtep;in terms of‘total radial
‘load per unit axlal length and ~radial dlsplacement. To

'check hls-‘equatlons numerically, - Reuter presented his

reSulta with curves based on the propertiea; gedﬁefry and
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environmental parameters for the winding.. Those results

-

showed that by varying the winding ten51on, the final rad1a1
load 1nten51ty and thus, the residual stress proflle—could‘
be significantly reduced..l .

__;Io illustrate the eftect.gf va%iahie'windihg tension on
the residual stressesr Reuter manufactured and tested six.
ring specimens, Two had constant tension, twol with an

1ncrea51ng ‘tension and two had a decrea81ng ten51on proflle

These rings were cut from hoop wound cyllnders fabrlcated by

"w1nd1ng pre»preg tapes onto a 15,24 cm  diameter solid

alumlnum mandrel The two 1.27 com wide test rings were cut

from the central portion of the cylinder to avoid fhe}end

regions - Strain gauges were pos1tloned on the 1n51de “and

out51de Surfaces at four equally Spaced polar p051t10ns and ,~J

the ring was then cut. The straln data obtalned was 51mply

plotted as c1rcumferent1al straln at the 1nner and outer

surfaces; Reuter used his theﬁ&etlcal predlctlons to obtain:

the strain profiles across the rlngs but the re51dua1 stress

profile was not elaborated on. HlS analy51s, however does

show that the most dramatlc change in the stress profile is

- -
.

due to6 the mlgratlon phase

Two years 'after -Renter s work, in 1975, a  Japanese
. . 4 .

_research "team, consisting of E.” Shiratori, K. Ikegami, T.

Hattori' and K.. Shimazu ‘TIB,IG], were experimenting with

flbre relnforced composites applled to rotatlng dises. It

- was found that c1rcumferent1al cracks occurred 1n the dlSCS

)
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with ‘uniform thickness and uniform fibre volume when the

inner to outer radius ratio became .larger than 3@ certain

0

value. Or. examination, the cause was found. to' be due to

residﬁalt stresses in fthé disc. They beliéved that ' these
stresses deve_loped'.due to aﬁisotropic'shrinkage. iﬁ the
unidi;ectibnal fibfe réinforpgd pléétics dufiﬁé the.sefting‘
apd cooliqg processés: .It.was also ndtic;d'thét‘the craéks

occured at almost the same places in the same size discs.

Shiratori et al, investigated this anisotropic shrinkage -

1

.- and determined that it tonsisted . of two componefits. -

Firstly, the rchemiéal_ shrinkage when the resin sets and

secondly, the thermal shrinkage when the disc is cooled from

F

the moulding temperature to room temperature. .

Y

L]

The radial and circumferential residual stresses '‘were.,

determined from equations 2.14 and 2.15 below,
e K+1 of (~K+1) o

_ o —€ao)Er t oy T~ 1Y) gy nw o (—K—1)

- T Tt S o n(2.14)A_

1
l-%=

or

T

[

CAR T e

' | ‘ ~K+1 o o -
 (ero — cao) KE | (A8~ 1Y gy _ IL;:;L:l.,g—&—l)_.E (2.15)
= — 1 2K 7 (2K} _ K
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where "r—r/rl andA "71=fz/71 ;' w1th the pract:.cal total

strains glven in equatlons 2. 16 and 2 17 below,

rd

- Lo K+1
(fro"'ﬁeo) a "1 -1\ gy
&r = ———20 | [ 1= /Tgrtyp | | e ~-
1= AR R T R
' —K+1_1 ; e o N :
1+ \/VGrVrG ‘_1 ’Y—K_,—l + (vro = 1) | + €ro (2.16) R
E. _ (Erol - EGC;) _1_ - U 0 ’7{(+1 -1 'YK_]' ’ Co
S AC. Y A L B
‘ —K4+1 . 4\ : : - e
- ol gt |l T T v — 1 e 0 (2.17) o

The residual strains, ¢r and ep were obtained by subtracting
free shrifikige strains,- €, and ¢, from the total practical

strains e, and ¢, of equations 2.16 ‘and 2.17'reépectively

Yieiding equations 2.18 and 2.19 below,

er-'fr""Ero . ' : - S : 0

. ' : K+1 )
- e €9 ¥ . -
“ = —( ro—‘ 1 O){(l \/VSrUra)(’TQ;(_l)'TK !

K3

N -1

~K+ ' |
1V k-
(1+vaWd(l%ﬁr—“)7 Kl*%%a—n} _QJ&



o

€9R = Eaj:- €0 _ - o N
- |\K fr%"—I"- g L
' ‘ —K+41 _ R S .
(L) (_) R
éhiratori determined thét the-maximum values; o, ; and. oy .,
are along the inner surface and . near,the middle radius. -
circle of the dlSC,' respectively. - Thus, the . crack in the
ndlSC should occur at the position where the magnltude of
‘Uresidual stresses.satlsfles the fallure.condlt;lon of the
unidirectional fi)bre reinforced plas’tics. He was also able
to develop the equation for the maximum value of 'radiall

l
. residual stress as:

. ("f‘“'ﬂ T e o) T
| &6

| K 1_ :" (;(K! +[;£K1 L
+(;%£%;i) {“{_U(K+1 U} | —ﬁ (2.20)

(K+1)(r% -1)

Experiméntally,. Shiratori et al measured the residual
st_:rains i-n'-w"_t:‘ﬁfé moulded discs by cutting the discs ~after
strain gaugés were installed in the cilrcu_m‘fe;'ential -and
rad1al dlrectlon ‘at. various’ po:Lnts al—dng a 'diametric':ally

D e opposad 11ne They were.able to measure the free shrlnkage

straihs.and with them calcul ite the residual stresses

A _existing in the ring. While Reuter basically said that the



-fmanufacturlng process.

3z

migration of the fibres causes-the most chahge'ihfthe stress -

7prof11e, ‘Shiratori et al showed that the resin and thermal

©

shrlnkages were the cause of the re31dua1 stresses. Reuter

dld 1nclude temperature changes 1n }us 41nvest1gat10ns ‘but

made no mention’ of the chemlcal ~shr1nkage a5pect of the .

R



Chapter HI ; R.' ' '#;- o3

Y

FILAMENT WIND]NG OF FIBRE COMPOSITE RINGS

“a
X}

3.1 ‘lhtroducﬁonn

fhe'procees of filanent hinding a” etruoture basically

~

1nvolves the laying down onto a rotatlng mandrel, contlnuous
unldlrectlonal relnforcements of either wet impregnated bare
fibres = or pre—pregsr.- The h pPre-pregs are lfibres
preimpregnated with: a rthernosetting’ resin Systemc,in a
B-staged.(i.e.fpaffially cured)”format .Bare tibres on the.
other hand are typlcaliy wet‘wound w1th the re51n system

belng ap?}led durlng the manufacturlng stage. For high

_performance composrtes curing in both cases 1is usually
carried out at an elevated temperature |

The ba51c process ie subject to a broad- Spectrum of
deSIgn‘features; materlal comblnatlons and eou1pment In
. thie'chapter the chosen flbres .matrix system and equ1pment
':1nvolved as well as. the wlndlng process, for this study ~4are
descrlbed in detall o : _

should -be noted that thlS study was part of _the

overall Unlver51ty of Ottawa Flywheel Program and as Such a‘
number of the detalls presented in- the. chapter were the
results ‘of_'substantlal collaboratlve efforts of other
imzhbers of the group (J. Wong [17] A Mlyase f18] and D..
hLlndstrom [19])



3.2, . Filament winding materials.

©3.2.1 - Fihres

Ty

' As per decisions made in the Flywheel Program[ZO], the

two flbres chosen for- the flnal flywheels were s2- glass

'449AA 750 (666 7 Tex. ) rov1ng and Graf11 12K E/XAS carbonﬁ

\

(800 Tex,) tow (Flgure 3. 1). ‘The - term Tex refers to. the
welght of the flbre in grams for 1000 metres of the rov1ng}

‘:'or tow. Kevlar 49 was also evaluated in the earlrer part‘of
the study the results of whlch are presented in Chapter 4 of%
:thls, the31s ThlS fibre - was deemed - Unsultable since a
suitable flywheel_ design wrth this. flbre, could not. be
aceomélished within‘the.limitatiens of the design parameters .
[3]. - | | | |

For the full sealeh prototype carbon and S2-glass

composite rings,- two ‘rovings were used. _This dec1s1on

reSulted from matenlal tests on ‘rings fabrlcated with two
three and - four rov1ngs The outcome - of these éxperiments.

'provlded ev1dence that a decrease in the transverse ten511e'

‘strength of the rlngs occured W1th an 1ncrease in the number

\

of strands [20].
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‘,matrlces- [21], Shell Epon 825 .epoxy ‘resin wlth Paclflclm |

"

' E;ig_ ure 3.1: S2-glass . E/XAS carbon’ and Kevlar 49 fibre' .

S T spools..

3. 23 " Resin SYstern'w‘“_.-: | A R

After exten51ve materlals testing .on six su1tab1e epoxwataﬁ

© e

Anchor Ancamlne 1482 Hardener at 19 parts per hundred parts{

.. re51n (by welght) 'Wwas selected Th1s re51n system ‘is';a.ﬁ

thermosettlng type in that an élevated - temperature curé is
requlred At Toom temperature, the .epoxy has a v1scoS1ty of”h
3000 5000cp w1th a pot’ 11fe of 4-5 hours "It is generallyﬂ
recommended tb&t the v1sc051ty of the re51n system’ for weti

filament w1nd1ng be less-than IOOOCP”" To achleve this, a

' heated resin bath was USed as  described in. Sectlon 3 J.2.2.

Vlsc051ty tests ‘on the chosen re51n system showed that resin

' \\ .
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heated at a- constant 55 degrees centlgrade resulted 1n a el

;v1sc031ty of 125cp rlslng to 2000cp at the end of 3. 5 hours

7 . . =

depending _on-_the size of the: ring, at 100 déérees.,;

centigrade. o _.;-_ L ..
. 3.3 Filament winding'equ‘ipment and the winding process.

y

3,301 Mandrels

As mentlonedhbefore, the wetted rov1ngs are wound onto a

" rotating. mandrel A varlety;'of‘ mandrels were used to

fabrlcate rlngs for this study,'namely,' ' C ~

1) Tnln rlng mandrel

- LS

2) Radlally thick mandrel
_3) Prototype rlng mandrel

4) Full scale rlng mandrels Jﬁl' L :
. ; H ~ -
Ba31ca11y, the m11d steel mandrels con51sted of a central

-

‘core with two 51de‘plate&~)along with a removable shaft with

-

which it was 'rotated The de31gn of the mandrels also

#allowed for easy removal of ‘the fabrlcated r;ngsf_ The.

_various'sizes of the mandrels are shown 'in Figure 3‘2'

The surface of the steel has to be coated w1th a sultable

'release agent so that the cured rlngs can be removedt; A

- A .
sxllcone release-agent, DOW'Cornlng No.7, was used for this

7'purpose After all machlnlng was completed on. the mandrels

the 5111cone grease was applled The coated steel was then

r.

placed: in anloven at approxlmately 1705degrees Centigrade

C Lo . Ty | 9.

h[22]  The recommended cure schedule is: 1 to 4 hours,7f“

~

-
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for 12 to 14 hbufs. uAfter cooling, the excess silicone

grease wgs then removed leaving a thln layer on the steel

surfaces.\fAlthough commerc1a11y avallable aerosol release

agents such as'MIIIér—Stephenson MS—136‘dry :elease agent as

well ‘as in-house "liquid mixtures were evaluated, the  Dow

Corning No.7 compound provided the most consistent results

Pxs

from winding to winding._;This.finish‘waé.reapplied after

each ring was.manufattured to. provide consistency from ring

to fing.

7 . - . L te N ‘H . . ,..'

Figure 3.2: Steel mandrels used in producing the :composite

. rings. A sample rlng produced by each mandrel
is also shown

. '!"':"

a,

. ‘ . ‘ - Y oo .37‘

R
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.t5;3 2 . Fﬂament‘winder

’

The ‘flrst series of - thin rlngs ‘were manufactured on “a
modified metal lathe (Figure 3 3) but the maJorlty of the
'rlngs reported in‘ this study | were wound . .on - a
computer controlled fllameﬁt winoer-~ (Fugure 3;4); : Tne
varlous‘ components of the fllament wlnder, 1n sequentlai

order, ‘are descrlbed in the followlng sectlons

- Figure 3.3: 'Original‘metélllathemused-to wind thin"rings.

’
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. .

Figuré 3.4: Modified lathe used to mandfacture full‘scaie
. rings. ‘ ' ‘ o

r

3.3.2.1 , Fibre delivery.

'The fibre spools were set up on a support stand

consisting of spool holders and allowed to rotate in roller™
bearings (Figure 3.5). The mass of each full .spool of
'S2—glass is 7kg while that for carbon can be 2.5; 1.8 or¢0.?-

kg. Depending on the size of the ring being wound, a

combination of these sizes‘were used. This was important in

~the full scale rings in order to poSition any joints away

from a high Stress region.

. I
4
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-F'ig"ﬁr'e 3.5: Spool holders shown with, E/XAS carbon mounted.
- J ‘A similar set up was carried out for S2-glass.

3.3.2.2 Resin bath.'

) 7Th'e resin and hardener mixture was kept at a tem'perature

of approximately 55 degrees centlgrade us:.ng a heated water‘

bath (Flgure 3. 6), the temperature of wh:.ch was controlled

_w1th a Br1nkm3.nn Ic-2 rec1rcu1ator heater [23]. . A flnger.

arrangement spreads and flexes the rov:mgs as they pass
through- the bath -(Figure 3.7) in erder to improve .the
wetting of Eﬁe fibres. Before the 1mpregnated rovings leave
I:he'f"nath excess res:.n was removed by passing the fibres

through a set of rubber squeezers (Figure 3.8). This

device ‘was useful in providing some control on the - fibré -

———




the SZ%glass,rdvings.

v

volume fraction as ‘well as returning most ‘of the -excess

resin to the reservoir. Depending on which fibre was being

used, the amount of resin picked up vé;ied. It was observed

that the carbon tows picked up .substantially more resin

rPassing through thé bath7rubber squeezer aqsembly than did

Figure 3.6: Epoxy resin temperature controlled water bath.’

41

FY
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Figure 3.7: Finger arrangement used to .spreag fibres "in

resin bath..

Figure 3.8: Assembly “shdwing rubber
) excess resin. i

- -

-

squeezers

removing

'



3.3.2.3 'Ten5|on|ng of the rov1ngs | o |

<

 Unlike 1ndustr1al practlce and other researchers[9] who
ten51oned thelr flbres at the spool ten51on1ng Just before.‘
laying down onto the mandrel was settled on. By S0 d01ng,
more control ofi the;nten51on ‘being applled could ‘be
Lmaintained..‘ o S A : .
| Ihe',tensioning  system' consists 6t.;a Tmagnetic brake
‘connected to a sensot‘via‘a feedback loop (Eigure 3.9). The
nonitor/controller (Figuree3.10) is'a Magnetic Power Systems
- Inc., Magpower TRAC-l'tensiod.rea30ut and eontfolier.'with
" the sensor havinge a canacity of 450 Newtons. ~Although
‘ orlglnally designed for conveyor belt systems,'lt has proved
°* to be an accurate»and dependable piece of equ1pment -‘The
contrqllet was' - calibrated so that ~100% on the scale
fepresented 100t'Newton§ tension. .This allowed :quick;'and
easy control of the applied w1nd1ng ten51on inv terms\ of

Newtons per 1000 Tex of fibre rov1ng or tow.



Tensioning system. Tension
well as magnetic brake.

5

Lo .
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ensor is shown a



N .

Figure 3.10: Magnetic brake monitor/controller. Sééle\anﬁ e

i - . .associated switches can be clearly seen.

3.3.2.4 Filament winder modifications and control.

‘The previoué sections déscribed the bésic aspectsmofAthé
filament..windingl process; némeiy; fibres, resin 'system,
tensioning device and mandrels. These constituéﬁfg.ﬁere all
.mefged together wifh tﬁe ﬁse of the filament wigder;

Although seve;alJ largé companies design and prbduce e
custom: built filament winders (usually atl great ‘cogt),
modifications -to uéﬁ used metal 'lafhe were pérriéd out

- in—hoﬁse; ~ The finishéd ﬁroduct was essentially coﬁverted
into’ # five-axis filament winder! , ‘with fhe use 6f;.DC

Stepping motors. Although.only two axes were needed for the

£ilament winding of rings, a future‘réqdirement.neceésitated
! With Doug Lindstrom [24]. . S

/



modlfylng the lathe at that time [24] " The head Stockoas

_ " o
well as the tail stock were raised tOwaccommodate the larger
>, | -

dlameter of the full scale mandrels ‘Further modlflcatlons

: resulted in-the cross sllde\(support for the cuttlng tool)

belng replaced w1th 15.24 cm aluminium channel bolted to the

e

saddle The channel 1tse1f was 2.13m long and carrled all
. Y

2

athe. ancillary equlpment, including the resin bath. and

-tenslgolng,device (Figure 3.11).

N

'Figure'3yll:~ Aluminum cHannel . With resin. ba;h‘ and
. ~ tensioning device. : ‘

°

controlled the DC stepper motors via adxillary hardware w1th

in- house fllament w1ndlpg. programs2 (llstlngs of _ the

2 by Doug Lindstrom [19].

In the new fllament pinder an Appler IIE 'computer"
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programs are given in Appendioes A& B). The programs takes

' ) AN : .
into-account,'the‘rpm of the mandrel, the type of flbre, the .

total travel, and the traversé feed rate of the alumlnum
\

'chennerf Added 1nput for the program S1mp1y entalls the
number of double passes (two layeTs of w1nd1né) requlred for

the ring 1nvolved

. All controls for'the w1nder motors and ten51on1ng dev1ce'
were centrally located. in an 1nstrument cabinet '(Flgure.

3.12).- 'The ten51on1ng device was mounted high . on the:

cahinet,‘since‘oncehset, only monitoring of the readout was
'required..“ . <
During w1nd1ng, the operator can: monltor the locatlon .of

the -fibres, relative to the ax1a1 thlckness, as‘Well'as.the

current double pass on a monltor mounted on the winder:

(Figure 3.12). The temperature ~of the water. bath was

originally monitored with the aid of a thermometer but, at a .

‘later date, a dlgltal dlsplay (Analpglc AN2572 T type) was

1nsta11ed in the cablnet (F1gure 3. 12) , As mentloned 1n‘

,‘,>‘|_~ Wl

Section 3. 3.2. Z the carbon flbres pick 1u> a substant1a1

amount of reSin even with the squeezer at the exit of thei
bath. As add1t10na1 a551stance in- removal of thlS re51n, a
seoondary scraper was 1nstalled durlng E/XAS carbon W1nd1ng

(?igure'3.13)._ Inltlal tests w1th radlally thlck 2.54 cm .

axial rings showed that desxred‘flbre volume fractions of

(-

60-657% were realized. Howeverj tests on S2-glass rings

~showed the reverse with a ‘drop in the fibre volume‘fraotion

p
St

! 'J.‘\-.M
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_with the secondary Scrapef. Thus, duringfthe winding'of the

carbon. rings; this secondary scraper was continually"

utlllzed while: with the SZ glass rlngs scraplng was only e

done when an exce551ve amount of re51n bu11t up on. the

Surface.‘ S

Due to phy51cal size of the full scale carbon rlngs aiong‘
with‘ the avallable size of the -E/XAS carbon’ tow: spools,

' joining -of the tows was reduired To accomplish this, nylon'

-'glue-ﬁaé used, 'dlSpenSed from a BOSth 260 hot- melt glue

'gun. After trlal ‘and ‘error, 301nts apprdx1mate1y ‘1. 3 cm
‘ _ o
long were obtalned. The main concern here was that the'

' Jolnts may 1ntroduce or become a defect 1n the rlng, cau51ng

fpremature fallure at de51gn speeds. As an added precautlon, -

4

no' joint was ailowed to fall at the point of max1mum radlal
.stress‘-fapproiimateTy7 50% of fthe} radlal thlckness) butf'
—— 1nsteid was p031t10ned on. elther side, of that locatlon. In
g;manufaiturang the th1n rlngs, the length of time involved
‘ w1th‘actua1\w1nd1n5.was_approxlmately 15 mlnutes..'However,
“Wlth the fu 1 scale rings, this time 1ncreased to 8 hours
for the SZ glass and 12-14 hours for the E/XAS carbon.l The
'w1nd1ng system also had to be ‘constantly “monltoredl to
' prevent.any.problems that-ma§ introduce.flaws into the ring~-
Since the E/XAS carbon.is'brittletby nature, 1oose flbres

-

usually accumulated on the pulleys and to prevent Jammlng of

i’

,these pulleys any bulld up was qu1ck1y removed The'

epoxy/hardener mlxture produces fumes ‘Wwhen heated thus as a
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Figure 3.12: Control cabinet for filament winder.
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safety measure, fume hoods were 1nstalled over the wlndlng

apparatus as well as over the curing oven’ (Flgure 3.14 and <

Figure 3.15). ‘ L )

Figure 3.14: Fume hood over‘windingjefea;pl”

15
BN

3.3.3 Curlng of the' manufactured rmgs

———

u-

After - a winding was completed “the whole assembly was

g .

removed from the - W1nder and placed in the oven. Owing to

the large size of the full scale rlngs, a sultable oven was

.requ1red . A Gruenberg. Electric Company,‘Hbdel P230?M oven,

Ty

(Figure 3.15) proved to have theﬂ;diﬁénsioné required,
accommodating the largest of the maﬂdrels ﬁﬁ o -

After manufacture, the r1ng/mandre1 assembly was placed

in the oven at 120 degrees centlgrade and allowed to cure.

o
R
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-

Figure 3,15: Gruenberg Electrlc Company' oven used in curing
. " the comp051te rings.

This_cure‘schedule'is referred to ae:the‘standerd.cdre and
the Ieneph'oﬁ,time sPent.in the oveﬁ depended on- the eiee_of‘
the ring. “ The thin _fings wefe"usuallﬁ in ‘the oveh for
approxlmately one hour, whlle the radlally thlck rings were
cured for approxlmately tw1ce as long The full scale rlngs
were cured for approxlmately four to four and a half hours
due to their large s;ze. The flrst set of carbon thin rlngs
- - '
IWe:e“;given this: standard cure ‘and 'é;- flrst appeared
.adequate, however Wlth the radlally thick rlngs, material
tests proved that this method of cure was unsultable iin

terms of meetlng the de31gn requ1rements.‘ Flve dlfferent_

cure schedules were 1nvest1gated for the carbon rings, low
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temperature,” controlled heat-up, tho:stage; two-stage plus
post—cure as.well as the stahdard‘cure - The low temperature
:cure 1nvolved curlng the rlng at 68 degrees Centlgr}ae for
twenty hours The controlled heat-up requ1red that the oven
start cold and the temperature lncreased in stages up to 100
'degrees_Centlgrade. In a two- stage cure the manufactured.
-ring . is’ allowed ;to B-stage . at room temperature  for
'approx1mately forty>e1ght hours Wlth a subsequent cure at
100 degrees Centlgrade; The two-stage plus post?CUre has
the B stage and 100 degree qeotlgrade stage’ but ‘also cures
the' ring ‘at’ a temperature' of 150 degrees centlgrade

.

Depending on the size of the rlngs the length of rlme spent

'1n the oven at the f1na1 stage was varled The dlfferent
cures are further elaborated on in Chapter 4., From material
* tests carrled out on spe01mens from rlngs w1th the dlfferentl
cures, a two stage cure was selected [25] To "prevent any‘
-massrshifts‘of the fibre/resin struoture,lthe Tihgs_were
.rotated whiie in the oven at 3 rpm during théfB-staging and
subsequent cure. This = procedure ' also’ prevented« anyr
ekceSSiye,‘builo up of;-resin_ in one particufarl_location.
After removal from the oven the rings werelquite easy to.
remove from the' mandrels bwing.'to"the- shrinkage ‘whiehe
foccured durlng curing as well as the releasegcoatlng on the‘
mandrels.‘ The results of the tests carrled out on the rlngs
mahufactured wlth-the above methods will be_presentedeln.the )
'folloy;hg ohapter. u |

w



Chapter V. .
T RESIDUAL STRESS MEASUREMENT:JN'FIBRE,COMPOSfTE
RINGS.

4.1 Introduction.

'Wi‘th-the rapi‘.du‘sd'vance of technology a-myriad of new."
'materialsiate ceming to'the7foreftont. Some of these exotic
materieis'considered’ere fib;e composites. 'Increasing use
of ad#anced_;coﬁposites‘ are being made in many 'diverse‘
appligations:“tanging‘ from 'coﬁmercial Alircraft, - space

: vehlcles to a varlety of sporting goods. | With the decision
to use flbre composites for the Flywheel Program, it was

necessary to measure the re51dua1 stresses produced 1n the

rlngs

- 4.2  Strain _measurement on composite materials.
. H .. n

After ekamining the aﬁailghle‘literature.(Chepter 2) it
was decided- that ali messerements- for .deterﬁining the
re51dua}“stresses ;e be carrled out uSLng straln gauges
T However because comp031te ‘materials are normally not
‘ 1sotrop1c in - thelr mechan1ca1 propertles standard metalllc
" techriques can not be used ad hoc. Ba51ca11y it is due to

the orthotroplc nature of comp051tes that the use of straln

gauges should be carefully con51dered- This is eSpecially
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true in terms of gauge mlsallgnment and transverse
sensitiﬁitj Some analySLS of these factors was carrled out

and are’ elaborated on in the follow1n sections.

4.2.1  Errors due to strain gauge misalignment.

With conventional materials;_gaoge,alignment'is nofmally g
~carried out by first marking the surface with alignment

.ma:ks, “These impressions fare usually applied with a

relatively blunt tipped instrumeotjsuch as a'ballpoiﬁt pen

or the like. The gauge”is thenialigned using these ‘marks..
Tolerances on'the.order"Of plus or minusdl or 2 degrees can
. usually . be obtained. For most uses, this amount of

misalignment would probably produce negligible errors with

*

an isotropic material. However, with the orthotropic nature

of these composites, no such generalization'can be taken and
a search of the available literature was undertaken. One

kltpaper [26j was provided by-a straihpgauge manufacturer but -
the 1nformat10n ‘thereln was quite general in nature. A
second paper [27] was spec1f1ca11y comp051te orientated and
is reported here. .. . . L ./‘ﬂ '

M E Tuttle and H.F. Brlnson [27] 1nvest1gated the effect
of havlng varylng ambunts‘ of gauge mlsallgnment on
unidirectional comp051te orthotroplc plates Misalignment
. errors of —4,'72 2 and 4 degrees were used along with ‘a
constant‘.stress level a They determlned that ’ forv fibre

angles (Wlth rESpect to the gauge or;entatlon) ranglng from

. about 3 to 40 degrees,_ the | percentage error due -to

S JONED




'miséiignment was appreciable (Eigure_é,l): - Their results

also showed that at a fibre angle of eight degregé,ﬂthis

error was a maximum. .

o ; [

-6 31 90
?'berflngie idegrees)

PERCENT ERROR- IN STRAIM MEASURENENT

-~

Figure 4.1l: Percentage error. due to gauge misalignment[23]

.

1 4.2.2 Errors due to transverse sensitivity in. strain gauges.

The gauge factor for a stfain"gapge is usually determined

with' a set method [23]. The manufgctu;er defines this

P STV

- -

factor as : .

AR/R
6: N

L]

5, = when ¢, =-0.285¢, - (4.1)

It is obtained by mounting a gauge on a stggl'épeC;men,of

Pdissén's ratio of 0.285 and then subjecting the specimen to

~a uniaxial stress of 0:. Actually, according to Dove and

Adams [12], only one manufacturer gives the value of Vv as

0.285 that being' Bgldwin-Lima-Hamilton__Corporatibh [29].
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waevér, it is safe tao assumé that all tﬁénufacturers, use
“metal Spec1mens for which v is approxlmately 0 3. If'this

gauge factor is used for any other mater1al the results

would be in error. - The magnitude of said error could vary

-

Ufrom 1n51gn1f1cant to apprec1able.

The effect‘of taking the transverse sen51t1v1ty,1(} into

-

con51derat10n can now be discussadt Materials othe; than'
.6etéls, specifiﬁallj-)composite construction,  bff¢r a new
rénée of problemé régarding transvérse ' Sehsitivity

Whltney, Danlel ~and Plpes [28] 1nvest1gated this phenomenon
with regards Fo-,comp051tes. " They determin%d “that the-
_transverée' sensitivity can be used with the fappafént;'

-%trains' "obtain the true stralns along two mﬁtuélly

perpendlcular dlrectlons Wlth the equations:

€0 = T2 (6~ Ke)) 7T (4.3)
> .

_ wheré: .
Ehé9== éétual strains  _‘ S . B N ’
5;6;== apparent gtrdins

L = transverse sensitivify (Z),_-
Vo = Poisson}s ;atio =-D.285ﬂ

- This' same-information was also ‘found in a short publication

distributed by the Micro-Measurements Corporation [30].

-
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-
o

Further information was' also gathered" regarding' this

[

.transverse effect w1th comp051te materlals [31, 32] They

I

~determ1ned that the transverse sen51t1v1ty correctlon only
becomes con31derab1e 1f the - straln to be measured is small

compared to that'_ln the .perpendlcular dlrectlon. "Both

theofetical and expérimental studies were carried ‘out and

-

are reported in Section 4,4.2oand Appendix I.

-

4.3 Residual stress measurement in thin. rings.
4.3.1 Residual.-stress measurement |n thin rings by dimensional
change.’

One of the simplest methods used to obtain the residual’

stress\in‘a:filament wound‘composite ring is by the use of a

dimensional change This could either 1nvolve measuring a

change in dlameter or an overlapplng of the ends when the

rlng was radlally cut (Flgure 2 1 on. page 10). As

prev1ously dlscussed in Chapter 2 the method used by the

.

Naval Ordnance Laboratory could be considered-a dlmenSLOnal_

change method —[4]t In. the rlng K both radial and

Sl

c1rcumferent1a1 stresses ‘are developed durlng manufactufe,

~

however, for the Flywheel Program the radlal component was

of .particular interest due-to the ‘usually low transverse

'strength of the composite rlng.

As an .initial serles of tests to obtain some experience

: w1th experlmental\\?ethods, five rlﬁgs (26. 67cm IDxZ 54cm

w1dex0 Gcm tthk), were wound u31ng 1100 Tex E glass flbres

Sl
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1bres and tnatrlx in

-‘each of. the f1ve cases remalned the same while' the w1nd1ng

ten31on was 1ntentlona11y varled Thls/data is presented in

.Table 4. 1 in, terms of total load on the strand . and two'

'normallzed values;- the Tex value 1s used for manufacturlng

whlle the- stress value is used for calculatlon purposes

'fTable{#Ll:'iWinding Teasion Parameters for E-glass Rings.

|- Ring- i : - Winding‘Tensionf
. Numbe¥ Newtons (N). . N/lOOOTex 1 MPa.
vs-1 | . 4.1 4,010 el 10098
vs-2 8,93 .| g.ir yﬁf‘~w;'zz.221_
vs-4 - 17.85 | 16.23 ok ] 44,43
vs-6 | ..26.78 . | 2%.35° " i, 66,65 -
vs-8 | 35.71 S 32.46. . 7 | 88.87

U31ng Prosen s [4] method theicircumferehtial residual

stress 1n theSe rlngs was calculated _ Dued to the very

nature of the manufacturlng process; 1.e dlfferent w1nd1ng
lften31ons each rlng produced varled in thlckness After the
rrngs were cut w1tt: a water cooled dlamond saw (nghland
(?z?k Model lOTSB Flgure 4 2), theupamount"of overlap
ﬁproduced was recorded | e B

From each rlng, a c1rcumferent1al sectlon approxlmately 5. em
. , ?v-.‘_ N

was removed and used to determlne the flbre volume fractlonV

7

’.of the' rlngs . The: process« to. determlne f;bre -volume

fractlon is descrlbed in Appendlx C

In the equatlons preV1ously dlscussed the thlckness of‘>

“‘the comp051te was’ requ1red The method to determlne thls‘

W
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:u:the rlng The trac1n§s were”

[ e ’ . : . - a
.

thlckness 1nvolved magnlfylng the cross sectlon by a factor

_of 10 u51ng a prOJectlon mlcroscope (Photoelastlc " Inc

*

Model 051), trac1ng the magnlfled 1mage onto a hlgh quality

-traclng paper ThlS process was repeated for at least four

¢locatlons on the rlng in order to determine an- average for

‘each trac1ng, a reference ‘areal was drawn, - cut out.,and

welghed Since thls mlnlmlzes the effect of there bﬁing any_‘

g

density dlfferences at dlfferent locatlons. in. the - _paper.

l‘Knowlng the total welght ‘of the tracing and the welght and -

area of the reference area, the total area of theutrac1ng;
'waS‘determlned. The length of the tracing was® known thus .

with the area calculated before the ring _tﬁ;ckness' was

resolved.

With the volﬁme. fraction known the composite's

c1rcumferent1a1 Young s.modulus was calculated from in- house
experlments [18] and the average c1rcumferent1a1 resrdual
 stress over"the:acrossr sectlon was determlnedr "Final
experimentaloresuits are'Shown tabulated in Tableié 2.

‘ As.canabefseen,,results for VS 1 (Table 4 1 on page 59),

were not lncluded as 1t was very dlfflCUlt to control the .
ten51on on the strand durlng manufacture at thlS 4 4 Newton

" setting. This is due.to the fact‘that the minimum tension

v

that can be applied is 8 Newtons.
-Varying the wjnding:tension for each ring was done.to

determine if any relationship exists—betWeen the resulting

n ‘cut out and welghed O - .
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+

62 .-

Average Circumferential Residual Stress Results®’
for Thin S2-glass Composité Rings.

RN o .
'/Fv. . . B '. . ) ’ - .
RING MEAN WINDING OVERLAP - | * FIBRE .| YOUNG'S | AVERAGE
Na. * THICKNESS- . TENSION_ . VOLUME,. | MODULUS | RESIDUAL
- . T 2 FRACTION E STRESS
o 2, : s - |
(mm} - (MPa. ) ~{mm) (%) (MPa.) | (MPa.) -
vs-2 2.54 - 0.14 22.22 .26.51 62.2 46,51 18.96-
vs-4 2,48 - 0.19 By, 43 - 46.04 - 65.4° 48.00 au.12
VS-6 +2.29 0.10 | 66.65 L ul2us - 67.7 | *ug.6r - [.o23.79
vs-8 2,29 0.19 88.87 55.56 68.0 u9.81° | 29.07

residual .stress and the

_shoyn.in-Figure-4L3.-

winding tension. This ‘result is

PRI
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4.3-.‘2 : Residual stress m'easurement in -thin rings with strain ‘gauges.!

: In the prev:.ous sectlon, ‘methods -involving diﬁiénsional

measurements and est;.rnates of ring thlckness were used to

-

' det:ermlne the res:.dual stress -Qne aspect apparent from the

‘resultS' .was the d:.ff:.culty in determinihg the actual

mounted strain gauges to measure the stra:Ln released in the

,r:l.ng when 1t was cut. These researchers made no mentlon of

thlckness of the rlng i.e. -excludlng excess matrlx on the

surface Several researchers [2 9] made use of Surface

.the sur-face_ cond:.t:.on ,of . thelr rings for strain .gauge-

Y

attachment For the Flywheel .Project, the outer surface

produced on the Ting was unacceptable ‘for any straln gauge

A\

attachment : Due to the type of . mandrel used, the. 1nner .

surface of the ring was moulded and as Such acceptable for

gauges. It was WTLe to mount gauges on the 1n51de and

rgutsi'de of the Ting, opp051te- to ‘each other  permitting

Lo . -

compar:l.son of the two ‘r,esults As uell . as’ verlfylng .the
. ~v=n‘-$—“ ..\w'\ '—"‘"_' .

AR ML wr,

| computer program _ OVERLAP as llsted in Appendlx H. o

.

: to< uneven contour problems. After careful delJ.beratzlI n 'a'

B

One method of obtalnlng the requ1red smooth outer surface

was. by manually sandlngd the locat:l.on but thlS 15 susceptl 1e ﬁ

- '

new method .was ut:ll:.zed resultlng in’ a': smooth surfare

“,;-‘produced durlng curlng of . the r:.ng Thls requlred ‘ﬂ!hat L

B -after wzndzng the rlng, exterlor mold pleces ‘be attached to

\ . a

the mandrel 1n c;ontact with thP wound compos'

"
LIS

. N - B
- . . . - . fe . d .
. o . . s K ) . . 'y
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(to take advantage of its non- stlck quallty) and p051tloned'

. w1th a sprlng c11p arrangement as shown in Flgure 4 4.
€ - After removal from the-oven, the newly moulded surface
T - ! ¢
was examlned and surface vo;ds were' detected It was -also-

,

determined from fifteenlmeasurements of the thlckness at the

pad+ locations,  as indicatedfin Figure 4.5, that an uneven

thickness had resulted. " The average thicknesses for three

rlngs fabrlcated w1th the same procedures and materlals were>
o ‘":-1 683 + 0.089 mm, 1.701  O. 064" mm and’ 1. 716 10.084 " mm.

Changlng the type of pad was deemed necessary and hew. ones

made of mlld steel were manufactured (Flgure 4 6) .These

- new pads wereﬁevaluated on a new series of rlngs fabrlcated

for determlnlng the expan51on coeff1c1ents of dlfferent

flbre comp051te materlals (Section 4.3.3. 2). 'Tﬁe pads were

4 . L\—) .
coated wlth a release agent before use, 1n ‘a 51m11ar fashlon s
) <% . . .‘ RN
to the mandrels of Sectlon 3.3,1; -'The : thlckness

PR measurements for the f1rst four SZ glass rlngs manufactured

‘were 9.600 % 0.083 mm,” 9.580 % 0:005 mm, ' 9.600 fl0.009‘mm -
~and 9 810 + O. 0l7 mm ~ Compared to the prev1ous rlngs,_tﬁef. B
. thlckness was’ more conSLStent as well as belng free from any - .
.;f surfaCe VOldS Another p01ntfof concern- was ‘the . pos51b111ty

of the pads radlally deformlng the flbres . On examlnlng.the

[

rlng in cross Sectlon no such ev1dence was apparent (Flgure

Loy, o . :
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'Side view of the thin rings. -
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Pads used to produce a smooth outer surface."

Teflon (top) and steel (below)
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. Typ1ca1 moﬁlded
surface . showing no "radial deformatlon of
fibres. ' C ’
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- 4.3.3 " Evaluation of factars affecting residual stress <

. P S es

7
-

v LY

4.3.3.1 llnt‘ll'oduction; o . .

&

In the previous ' chapter, ‘the” process . used in

-

ménufaéfﬁring the composit'é- zjing's' ‘'was described. In the

v

course of produc:.ng these rings, res:.dual stfesses are

. -'develom, in’ part to the applled w1nd1ng tens:.on, - as

welxl as the subsequent cure. The resin system chosen for’

&

,._manufactur,ing ‘of the thin’ composite. rings: requaired an

elevated témperature'c,t._lre _of approximately 1.5 hours at 100

degrees Cent:j.gfa.;ig,‘ During the winding stage, the fil;rgé

‘are laid down under' tension and with cure this tension

becomes locked in result_ing in one component. of the residual -

-

'stress in the ring. Residual stresses due to thermal cool

down, resin cure shrinkage, and fibre migration are also

produced. In the following sections, a study was undertaken

to determine the magnitude of residual stresses in thin
fibre composite Tings contributed by Veach'f'arcto:‘r at each

stage. - ‘ g

.
‘ ca

4.3.3,2 . R:ng thermal ,expansmn coefflments

In order to evaluate the resmdual stresses due to thermal

cool down from cure to room-temperatdre, it waSnnecessary;tO'

e v M .
determlne the'_c:.rcumferentl.al and rad:u.al coeffi‘cilents of

. thermal expans:mn, a, a_nc_l‘, a,‘respectlvely; for the" riﬁgé..

" 'Ia the llterq.ture ['_1,33'],; wide _wvariations = of the

‘o

' coefficients of the thermal c"e”:-';p?.hs“ién exist depending on thé

.

<
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tyﬁ%'of fibre/resinfsyste~%empioyed Thus Czt was necessaryj
to determlne the expan51on coeff1c1ents of the partlcular
system that ‘was used for the flywheel program.

1F1ve 52- glass, four E/XAS carbon and four Kevlar 49 thln'

flbre comp051te rlngs were fabrlcated The wlndlng‘ten51on'”

- was varled between . 10 and 35N11000Tex for the 1nd1v1dual‘

rings w1th1n each comp051te system. As mentloned in section

3

74.3;2 steel pads were emPloyed. in’ thlS series of rlngs

—

thus prov1d1ng the _requ1red‘ surface for appllcatlon of

straln gauges. ‘_Two gauges T(Micro ' Measurements No.d
EA-06- SOOBH 120) were mounted in the flbre dlrectlon on the

outer and 1nner Surfaces of the rlng opp031te jone - another

A typlcal moulded surface with' outer straln gauge mounted is

oo :..F ‘ ‘ . v
shownm in Flgure 4.8. - A ‘modlfled_ version of the
Micro—MeaSurements method ° (gauge on -reference mater1a1

-

mounted on steel 1nstead of tltanlum 5111cate) for measurlng

,Lthermal expan51on coeff1c1ents [34] was used thus xeduc1ng

the effect of the - straln gauge and cement . °An'additiona1
- : - "m..
strain gauge‘from the same lot number was mounted on ‘a piece

of. 1018 steel plate and connected in"""a"half bridge‘

arrangement with the straln gauges on the ring. . A Vlshay'
o

- P-350A Strain. Indlcator as well as an Automatlon Industrles h

Sw1tch and Balance un1t M.del No Sle,,ewere:.used‘ to"

prov1de these connectlons (Flgure 4.9y, T

ate were "post cured for

‘fgrade;'thus:insuring that the ..



1
-
-
.
e
BRI N

. . » g -
, : . 70 N
5 r : - . - me " ) '_h\’fl
- . : o, T T oo e .
Figure 4.8: Typical moulded surface with strain _..gaugé‘.. R
o © . attached. o el
\\Q -
, .
N—n-'
. % ’
- . Y e . SN .
.+ Figure 4.9: Strain indicator with.switch and*balance unit. -
) ° ' ) e - ' ' ° ’ ‘ N N ' ' ot . -J‘
ot B - ) . ! = ' . K - . ‘
A S n . . S
a ' .‘f_,
' : ., . D e w
- . ! . ! - A ’ bt -@( .
‘@' A - T + ’



| 71
ring and gauge cement would be fully cured anmove the

. _ e
'f1na1 test temperature A thermocouple was placed An the

middle df the cross- sectlon of a- rlng of the 556; fibre‘
&

_ comp051te type to determlne the amount of time. for the ring

) ¢

to reach a predetermlned temperature The whole arrangement

(two rlngs/steel plate) was then ‘heated in- a BLUE M 0ven

ﬁ(Model POMS?OC 1) in 1ncrements of approxlmately 10 degrees
"centlgrade to a 1nax1mum of 93 degrees Centlgrade - After

_each temperature had reached equ111br1um the thermal straln

- -

'3read;ngs were recorded For each rlng a graph of]thermal

) straln versus temperature change above room temperature was

i”prepared ‘(Appendlx D). From the slopes of the Fomputed

[ | . .
/llnear regress:.on analy51s relatlonshlps values- of inside

. L |

-hoop straln, €, , -and out51de hoop str 'n, fAfao', ‘] “for‘a
- particular change i'n'temperature were det:erm1ned and

-_subsequently substltuted 1nto equatlons 4 57and 4. 6 below,

i r

developed by J. Wong [Tﬁ]\ S ~;;_K re; I

. b al

. ‘ | o 1-C K 1 1 T '"ilh?f
EG.,‘— I — K2 (ag—ar)(K'—Ug) 1—C‘ QK —_(ag—ar)(K'i'Ug) .

Lo 1= cK-1 (aa - a,)(u, - 1) O:g(], - K*) ;;‘ SR ’
s .——-—-1 oK ; * "o + e . (4.5){

i

aT

O

: Jo-K-r. - ‘
fao_‘#'i-:{;{(l e ve)ll—%—,-x—c*f"(%)-~—(aa-ar)(xwe)

: ooy
1-CK-1 K (ag—a )(ua-—l) ag(l—K") LR
a 1-C3%K ¢ (b)+ : --ra.-, + a v N (46)

- .
RN - ‘ : . "
Pl LA . o N
r ‘}d . R ) a - a
., ) . . . .
. e, e

A
s

g

b



= eircumferentiaI, and . rad1a1; dlrectlons, aa‘ cand  ar
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-

The calculatlons were carrled out W1th a compute program

.tltled THEMOCOE 'agaln developed by. J Wong [44], which
_51mu1taneously solved the two.equatlons. ThlS ylelded the

'-ﬂe two unknown thermal ’ expan51on ' coeff1c1ents r.iﬁ " the

k]

'orespectlvely .+ Theé {computer program 'THEMOCOE' is listed in"

Appendlx E while theﬂﬁéiues‘ere presented in Table-4{3 
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v —

"'4 3.3.3 : .Thermal Feaidual "st‘resses

U51ng the two, coeff1c1ents prev1ously determlned the

c1rcumferent1al and. - maxlmum' rad1a1 thermal re51dua1;'-

stresses, am-and aﬂ~resPect1vely, for the 1n51de and out51de‘

- L)

surface due to a unlform temperature change'and—hydrostatic

-

external - loading' were calculated ‘These equatlons: are’

o .
!...

'presented here as equations 4 7 and 4.8 and were evaluated

“u31ng computer program THEMOSUP developed by J. WOng [44]p

a llstlng of wh1ch appears in Appendlx F.

b : a

B 'E:-(Ké;Vg)(aa—ar)T[l_C—K_i (')k_l |

T T (-t (1-K?) | 1-C-3K

Aa

| 1~CcK-1 K- N I 1 t K;l“.,'l
tew Q) *1]“‘P°[1—_sz(z) o

+,1—02K(E) | } BEL

B =) e a)T[ 1Kl e\ R

S e o Tmewk\e) /0
U iLgK kel ] Sl K
S G (E) KPG[T::W( ) -

»

— KP,

RS Y'Y _K;l':'

'A_An assumed temperature change of ~77 degrees Centlgrade (100

§ ~degrees Centlgrade cure~ to \room temperature) was- used

Although thlrteen rlngs are llsted 1n Table 4 3 on page 73

T

L.

—_—

o) troem() o |en

l“ lfgfz'g_r;: 1 - r‘_x_l , :
1-C?*K\a/ 1-C2K\b) (478‘-

ol
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only those w1th avallable aa‘and a, values were ~used 1nj

calculatlng the thermal, re51dual stresses

S

‘4.3.3.4 Residual stress-duefto wﬁﬁainé'tension

The effect of w1nd1ng tension was estlmated u51ng the

-"

results of L1u and Chamls [35] These ,tﬁo- researehers"

L

ba51ca11y developed equatlons which estlmated the residual

o stress 1n a fllament wound rlng as‘a functlon of w1nd1ng

“eta

Aten51on- only and d1d not_ take 1nto' con51derat10n other

-from the mandrel were determlned [44] o O

varlables in the fllament w1nd1ng process U51ng a computer
program (' FTENSION' by J WOng [44] llsted 1n Appendlx G)

whiéh eneompasses_equatlons 4.9 and 4,10, the radlal'and

;
‘ !

3&rcumferentia1 LESldual 'stresses of a fllpment wound

" : \
comp051te ‘rlng, ‘due to w1nd1ng ten51on and after removal |

o= _*[(s)"‘“. (]

-.bﬁ"1f(")[a{(br |

|3
S
=
+

.

w
——
il
T
.

=

R

os) = (1) ‘f(r)'[ (b)“;ﬁ(a)“] B :

N\

f4:~ zxapxdxlf@ ) K+1 T'th ; ; B
ﬁ_f”‘i‘; T czx.__bnx' ;« 1 (4.10)
y . o !

>




. e

where, -~ .. T

4.3.3.5 ° Total e'xperimental residual' stre'ss'"

.thermal experlmentS,,,the:. rlngs were cut rad:l.ally WDlCh

.were thus determlned and are’ presented 1n Table 4. 4

fe KTp) o L ~
/ﬁpzx+abzx P : T

‘ a,,; = 1ns:|.de radlus of mandrel
o — out51de radlus of mandrel

c= outs:.de radlus of compos:.te. - R e T

U31ng the gauges already appl:.ed onto the rlngs " for’ the

resulted 1n two sets of experzmental‘ values 'be:.ng obtalned -

Cring- overlap and 1ns:.de stra:l.n readlngs. The data was used

in- equatlons 2 8, 2. 9 and 2 10 _as descr:t.bed 1n Sectlon
2.3.2, in conjunctlon w1th ‘a"' .c'omputer program tltled

"OVERI..AP'A’,‘ a llstlng of whlch appears in’ Appendlx H :Thel.'

total c1rcumferent1al (1ns1de and outside surfaces) as. well

.as the ‘maximum’ radlal res:.dual stresses, for the two methods

&

v -
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Table 4.4: Total- (Experlmental) Re51dua1 Stressas in Thin
a L Compos:.t:e Rlngs. . . IR
. . ] k-
. Strain Reading. : 'ci‘r'climf'e'rent}al . Cire umferential
- From Radial Cut ] -Resfdual Stress {MPa) .| Residial Stress {MpPa)
7 Ring Overlap . {x10-6) % From Overlap - From Strain Read.ing -
Number | (cm.) . Outside '.’Ins}de_;-__ Outside Inside : Outside - Inside .
- - i R . ‘ _
sR-10 | 0.88 . 335 . {4 -369 ‘9.2 - 9.5 AT 1.8
sk-15 . | 1.30 374 -386 | -1i0- ws ] e e
sR-20 1.2z | 386 -5403 “1u.8 15.2 “in.8 ey
sk-30 | 1.80" | " uve 523 ~22.6 23.3 ~25.4 0 ey
. . ) < " o - " '
SR-35 | .1.90 516 -535. | ~2u.9 25.6 ~27.0 218
CrR=-10 | 1.357 407 “hzo | -u6.6 07,9 -53.8 544
cr-20. | 1.s2 kg ~459 | -ug.y 50.8 . =58.0 %0l
cr-30 | 1.82 u9s ;526 | -67.8 69.8 -73.0 i
cR=35 | 1.85 - 571 -587 ~64. 8 66.8 ENEN) Py 1
kR=10 | 1.15 . -4h3 =33.9 |} -3u.9:. .1 -33.6 TP
. KR-20 2.15. 550 T =563 -44.n “us. 6 -5 n- ng, o
kR-30 | 2.10 578 .. . -7,k wg.r | e -
KR=35_ ] 1.82 - 5407 .. ~h58 418 - 2.9 Wai 49,7
. . . R - A e , " N A
l.;. " T »
Notes: * - Insufficient data - seé:"r‘abl"eku.g, = .
— _ ‘ ;
: .
b -
'D‘ . » 3
» ! - ' N
* ‘N.-. . v . - \ ”
. - S
Sy . - . 'l,‘ b
. . . &
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7

'tes;n flow/fibre mlgratlon.

. L A e : Y
e ' ) ' L
4.3%5 Residual stress due to resin’ shrinkage and resin flow/fibre
1- < migration. .
The various residual stresses, namely thé'cifcumferential
outside 04,, circumferential .inside7 os,, * and - the maximum -
radiel'stress'annaz, for the w1nd1ng ten31on and thermal .copl

- down terms, as well as the total experlmental results are

:“ofesentéd in Table 4 5, Table 4 6 and Table 4.7. i The

c1rcumferent1a1 reSLdual stress components are plotted io;
Flgure 4.10, Figure 4.11, and Flgure 4.12, while the radial
residual stress components ere' plotted in Fféure 4?13.
Figure 4.14, rand .Figure 4. 15

The re51dua1 stresses due to both reSLn-shrlnkage durlng
curlng ‘and ‘resin flow/flbre mlgratlon and other factors have

-

. been estlmated as the Total experlmental re51dual stress

\.

less the W1nd1ng tension and thermal cooldown components as
: \\' ‘ .
shown_ln the flgures mentioned above. It .was determ;nedj-

that th$>1argest constltuents of the re51dual stress were‘

for the unknown factors 1nc1udlng the resin shrlnkage andA

o
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: _4.4 - " Residual 'stress-'measurement in thick composite. -rinjﬁ.

" A

T4.4.0° Re5|dual straln measurembnt in radlally thiCk composrte rlngs

P —

- The composlte rlngs of the prev1ous sectlon.were on the

order of 0. 25/cm thlck w1th an;axlal th1ckness‘€f 2 54 cm.

P .
g -

‘As detalled in Chapter.J-'radlally thlck rlngs were - wound
with the same ax1a1 thlckness and lnner dlameter ‘but with an i

lncreased rad1a1 thickness varylng from 4, 2 to 8.1 cm. Theﬁl

“
¥

results of tests carrled out on these rlngs would glve

1nd1catlons relatlng 51ze effect ‘to re51dua1 stress g ThlS‘

Alnvestlgatlon was necessary since the f1na1 de51gns for the

full size flywheels were between 7.5 to-9 0 cm rad&allyn.”

thlck ‘with an ax1a1 thlckness of 7.5 to 8 9 cm. _Further:fs

(

 tests' -.onr‘ rlngs wlth the - 1ncreased a.x1a.1 th1ckness’_ .are .

-

ﬂdisaussed’inuSECtion'4,453,

Elék’leﬁwsz‘gla‘ss y and ‘nine E/KAS ) carbon rin5BS V'W;ér'e

]

evaluated for- re51dua1‘ stress No Kevlar 49 rlngs were‘

produced slnce "this materlkl was not - con31dered for adyanced

.

flywheel.de51gns[20].' For.all but four of the rings (three

'ézfglasé and one E/XAS carbon) data was obtained with strain

_gauges7ahd byurng_diameter change. For thosa'four;‘the.
data was measured only in terms of a diameter change. Table

4.8 sumparizes the manufacturing_parame;ers-ss well as the

method of obtaining the data. Details ofgthe‘predictionlof

residual stresses from these various inputs can be found in
T ) ' R | .

Section 4.3.3.5.
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. . . . ) . - L‘:‘ ‘_V T
oo ~.A" _l [ . 89
Table 4.8 Manufacturlng Parameters For . Radially Thick -
- o Rlngs;_ -y oA ‘ B
— — — 7 - ~7 -
Ring Fibre' | Winding Tension -Dath._é/ﬁﬁre 1
Number Type Newtons/lOOOTEX : - .71 ‘Schedule
{ 82-TK-3-35 ' .| = S2-glass Constant '35 . 1 | Standard ’
:52-TK-4-VAR(i} S2-glass Incre351ng "5-55 1 Standard.
S2-TK-5-VAR(d) . S2-glass - | Decreasing 55-35.{ "2 | Standard
 S2-TK-6-VAR(d) 'S2-glass Decreasing 55-30 i+ 2 | Standard’
' S2-TK-7-VAR(i) S2-glass Increa51ng 30-55 | 2 Standard
$2-TK-8-35 .| S2-g¥ass Constant 35 2 | Standard’
| §2-TK-10-25. . S2-glass ° Constant -25. 2 | Standard
- §2-TK-16-25 - | S2-glass Constant 25 .2 .| Standard
| §2-TK-17-25 | S2-glass Constant 25 2| Standard -
'82-TK-24-25 ' | . S2-glass Constant 25 “1 } Standard
82-TK-26-15" ' S2-glass ‘Constant 15. 2 | Standard
XAS-TK-2-25 E/XAS carbon | . Constant 25 L 2 | Standard:
XAS-TK-3-25 * |E/XAS carbon Constant' 25 - - 2 | Two Stage
. KAS-TK-4-25 |E/XAS' carbon Constant’, 25 .2 | Low Temp.
XAS-TK-5-25 |E7XAS carbon Constant 25 2 1 Low Temp..
| KAS-TK-6-25 [E/XAS carbon Constant 25 ‘2 [Controlled
'\ - R TN . SN o Heat- -Up .
XAS-TK-10-25 |[E/XAS carBbon Constant 25 . 2. 1 Two Stage-
XAS-TK-12-25 |E/XAS carbon | Constant. 25 | 2 |.Two Stagé
" o R Y B . |*‘Postcure’
iS-TK-18-25 |E/XAS carbon" Constantmzs . .2 | Two Stage
S T T T et S |+ Postcure
XA%—TK-ZS-ZS E/XAS carbon u‘Constant 25 s 1 | Two Stage
Notes for"DATA column -
‘ 3
1 Data ‘obtained by 'overlap method'.
2. Data obtained by strain gauges as _
" 'well as diameter change methods. .
t .




" 82- glass rlngs were carrled out Wlth thlS method ?lThe';

'3;¢amount of overlap was dlfflcult to measure 31nce theae S

- 7th1n ones From thlS 1n1ti 1 experlence w1th these twoA

i, (Mlcro Measurements, EA 06- SOOBH 120) were attached .on the'f

-1n31de2fsurface' of1'the rlngs, iﬁ,_the"c1rcumferent1al

e . N
4,19, Figure 4.21, Figure 4.23.

<

As the overlap method was prev1ously emplayedﬁon the thlﬁ

,rlngs 1n1t1a1 experlments on. the flrst two rad;ally thlck“ ;'

i PN
Ty .

-ﬁ larger rlngs dld not exhlblt as great an overlap as did’ the

Rl .
', r-‘. - S L

I

A . "

-

Fa o —

'directidu, So that ‘the- change im straln could be measuned

I . o

:when the rlng was cut. As- a secondary Set oﬁ measurements,w

. »
! et . *
i - . v

_.fthe-diameter.change, was-alsp taken.' Readlngs from the ring

v

sectiohing'experimentsiare given in'Table 4.9.

The straln readlngs were used as 1nput for the 'OVERLAP'

-

computer program in a Inanner 51m11ar to the thln rlngs

'Thls program-generated the re51dua1 stress profxles for the

rlngs 1n the c1rcumferent1a1 dlrectlon and are presentei>for ‘ ';'
selectlve comparlsons as Flgure 4. 16 Flgure 4.18, Fﬂgure ;ﬁ\\

4.20, Figure 4-22g;§nd Flgu#e 4.24; whlle the profllestfor'
. [ ' : - ' °

¢

7 the radial directious'.are %hown in,  Figure '4-17;? Figure

k_\‘-\and.-F:.Lg‘ure 4.25,

e ) Y 11;
frlngs,,a more reflned method was 1mp1emented Straln gauges '
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Table 4.9:. Data Used for 'OVERLAP' Program. - -
Ring - | Annular | Initial | Final Over | Inside
No. . Thickness| Diameter | Diameter {Lap Strain
. : (Pre-Cut) [(Post Cut) :
(cm.) (cm.) (em.) | (em.) | (x1078)|
$2-TK-3-35.  |'" 6.65 26.71 26.59 0.35 e
S2-TK-4=<VAR(i)| 4.15 ~26.71 |.26.59 0.36 *
' §2-TK-5-VAR(d)| 5.00 26.71 26.55 0.49 " - 800
S2-TK-6-VAR(d){ 6.40 26.71 26.57 0.44. 800
. 82-TK-7-VAR(d)| 5.30 26.71 | 26.62 - |0.26 |. 500
52-TK-8-35 3.19 12726.71 26.62 [0.29 720
§2-TK-10-25 5.45 1 26.71 26.60 0.34 718
$2-TK-16-25 5.45 26.72 26,59 © 10.37# 704
§2-TK-17-25 " 8.00 - 26.72 26.60 0.35 836
$2-TK-24-25 .9.21 26.70 26.60 - [0.31 *
. §2-TK-26-15 8.33 26.72- 26.60° |0.38 +.920... |-
XAS-TK-2-25 6.20 . 26.73 26.61 0.37 . 718
b XAS-TK-3-25 5#95 - [{:26.73 " 26.60 0.38 709
“I XAS-TK-4-25 6.05 6.73 | 26.66" 0.20 422
XAS-TK-5-25 - 6.20 26.73" "1 "26.65 0.23 | 434
XAS-TK-6-25 | 6.70 26.74 | 26.62 |0.37 _|_ 708
.| XAS-TK-10-25 7.62 - 26.74 26.62 0.38- 792
| XAS~TK-12-25 7.60 : 26.73 26.53 0.63 - 1285
~XAS-TK-18-25 7.74 26.73 26.55 0.60 1180 - |
( XAS-TK-25-25 8.61 26.72 26.60 10.40 |
Note: * - No gauges mounted. '
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Figure 4.22: Gircumferential residual stress as a function -
i +  of ring thickness and cure  schedule.
(radially thick E/XAS carbon composite rings).
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thick composite Hngs.

In .

order to

determine’

if 0/90°

rosétte

gauges

" Theoretical determination of transverse sensitivity on radially

1
=

were

required for the'comparison*df expefimentai and predicted

studles were performed

congSlte

carbon (XAS TK 2- 25)_
'straln gaug
c1rcumferentlal st:

Flgure 4, 26 and Flgure 4,27 .-

rings,

an SZ—glass

' mounfed on - the

2

radlal re51dua1 stralns (Sectlon 4.4 3), initial theoretlcaIJ

These tests were carrled out on two

. %

B

(SZ-TK—8-35)"

inner

surface;

and

radial

‘an E/XAS

With information from circumferential

and

n proflles were generated as shown in

U51ng-the maximum value for -

tadial component. and_ the'”équivalént circumferential
. ) " - . .
reading, the effect of transverse sensgtiﬁity_ was then
evainated’using equations+ 4,2 and 4.3, ‘The results are
tabulated in Table 4.10.with the calculations shown in
Appendix I.
.Table 4.10: Transverse Sensitivity Effects on S2-glass andg
= E/KAS Carbon Comp081te Rings.
Ring . . Radial Strain Circumferential Strain_
Number . Computer with . Computer with
= ' Prediction | Fransverse. |[*Prediction | Transverse
Sensitivity |- Sensitivity .
$2-TK-8-35 | 226.40 - 225,84 -206.21-"| -205.54
XAS-TK-2-25| 904.09 905.06 -19.55 & -15.95

-

Minimal effect of the transverse sensitivity led to the

use of Single

strain "gauges

transversely mounted on the

radiallj{thick composite rings along with a circumfetentinl

iy
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'upon exper1menta1 data genera;t/- durlng the radial cut

® . '- .

, gaﬁge on the inner surface (Figure -4.28). This was later

conf:.rmed exper:l.mentally, 'as part of the Flywheel Pr.ogram,"-

"us:.ng 0/90° rosette gauges mounted on an S$2- glass E/XAé?

carbon biannular ring (App’_endlx_ I).

Figpure 4.28: Typlcal ‘gauge attachment on the radially thick

COHIPOSltE rlngs. v

4.4.3 Comparison of experimenta[' and predicted. radial residual’

strains.’

. The.‘_afdrémentioned cornput:é"r program ‘calculates the

circumferential and radial’ residual Sstress‘ profile@ based.

t

technique, Aé an attempt to' exper:.mentally ver:.fy the

.radial results, strain gauges were mounted transversely on

"

the side face qf'selected rings as mentioned in;the previous

-
a

13

l" u | i ) ’ . ° ‘ . - . 1%5

\
al .
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.

.section._ahd‘ﬁshoWn in Figure _4.28} These | radial strain -

readlngs -taken' when the rings -  were radially - cut - were

compared to the values produced by computer predlctlon. 0f
\

major 1nterest was the radial straln proflle which exhibits

T

a. parabollc proflle ‘as prevxously shown 1n Flgure 4 27 on

_page 104. Since the radially mounted- strain gauges measure

the average strain over ~their pgauge lengths, it was

necessary to determine an average strain from the computer

'predictioﬁT' By graphicélly “producing the strain profile

(Figure 4;29)‘generated.py-the ‘computer and_superimposing

- the location of the strain gauge, an average reading was

obtained . ThlS was carrled out by measuring the area of, the-

proflle co:s;:d by the ~gauge and d1v1d1ng it by the gaugq
: length( of

e strain gauge. 'Measuring -the -areas’ was

perfo;med by use ‘of weight medéureMents, similar to the -
optical mEthOd“PreViQU51Y mentigned (Section 4.3.1) and
checked . with a planlmeter (SALMOIRAGH Mode1 o236) The

results from these measurements are tabul;ted in Table 4.11

and presented in Figuxe 4}30. .

T




o S . - 107
550 — ‘ ' ' -
. ! o -
- , RADIALLY THICK E/XAS CARBON RING . «
] o 25N/1000TEX WINDING TENSION

LOW TEMPERATURE CURE .
b _— ~ RADIAL RESIDUAL STRAIN PROFILE

RADIAL RESIDUAL STRAIN (x10-6)

|« Strain . Gauge location —»

-

fe,

T - T — - T -_“_‘r — T v T T Tr——— r r = S T ¥ r— ¥ i + T

15 . 16 ' 7 LR

| . . RADIUS IN CENTIMETRES o

Figure 4.29: Strain profile generated ‘by the computer.
' T - SBtrain gauge . location - superimposed gnto

profile. T S :

- ‘ . ’ ¥ : CE -

-
o



-y,

~ Y
. b
-

Table 4.11: Comparigéﬁ -~ of Predicted and Expeflmenfal
o : Residyal Transverse Strains in Radially. Thlck
Com 51te Rings. :

* Ring No. Residual Strain (x1078 )| Difference
T ok From Strain | From Area .
Fig.4.30 | Spé®imen - | Gauge Calculation| (%) .
1 XAS-TK-2-25 | 924 885.0 4,22
2 XAS-TK-3-25 815 ' 854.0 - 4.78
3 XAS-TK-4-25, 450. ‘ .515.0 - 14.40
4 XAS-TK-5-25 505 . 536.2 - “6.20 -
5 XAS-TK-6-25 . 857 925.2 7.96 ..
6 XAS-TK~10-25 1084 |- 1116.9 - 3,03
7 XAS-TK-12-25 |. 1807 - 1802.0 0.28
8 . | XAS-TK-18-25 1750 : 1651.0 " 5.66
9. §2-TK-10-25 206 _ 163.3. 220.75
10 - 82-TK-16-25" 169 |. 134.0 20.71
1% »82-TK~17-25 - 276 1 216.8 21.47
‘ - .
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4.4.4 Residual strain measurement in axially/radially thick’ rings.s -

In the ﬁrevious section,'sany'rsdially fhic} SZ—glass ésd?;
; E/XAS cafbph cqmposite rings ‘weré eﬁaluated, for’ residual
stress.',Howsvér, full sise components sf the leﬁheels‘}réh 

) L S ,
much thicker in the axial direction and thus, it was

'necessary-ts- manufacture snd test fullz size rings. Th;
results of such would give'indicatioss.as to the magnitudes
of the re51dua1 stresses existing in these. larger rlngs

DUy to the hlgh ~cost’ and effort requ1ﬁ%d,<30n1y three
composite rings were mage for destructive. teStiﬁé: - one
S2-glass and'fwo E/XAS carbon. Table 4.12 givss ths overall

‘dimensions of these rings.

Table 4.12: Dimensions fdr Asially/Radially Thick Rings.

‘Ring No. - | Inside © Radial |' - Axial -

: Dlameter- Thickness .| Thickness
| _ {em.)~ | (em.) ~~._.fem.)
§2-ATK-13-25 31.83 "o 6.43 | 8197
XAS-ATR-1-25 | 26.72 | 7.89 | 7.90
XAS-ATK-3-25 |  42.63 9.8  |. 8.89

&
ThelSZ-gfass ring wss¢not'iﬁstrumented with gaugés, hodssér,
the diameter change was recorded when'the ring was cut . . Ihe
two E/XAS carbon rings on the ofher hand were strain gauged
with rlng number XAS-ATK-1-25 belng partlcularly heav11y
1nstrumented This ring was the flrst wlndlng of such an

'axlally large ring and thus it was dec1ded to mount a 1arge‘

-

l--inumber of strain gauges. Flgure 4.31 shows the locatlonlgf‘



- : ) B % SRR

£ S o 111
. , . . 11

these strain gauges on.the'ringﬂwith the strain readings

resulting ffém cutting the fing;iiStgd in Table_é.Iiiﬁ

Table 4.13: Strain Readings for Ring XAS-ATK-1-25.

i - i . . .
Strain Gaugé’ _ Residual Strain
: ' (x107%)

° o 770
: 770
762
-658 .
876
S I 490
4 7 . 520

o

T
| N wro

-

Figure 4.31: Axially radially thick ring (XAS-ATK-1-25)
. ~with gauges mounted. :

' - o S
As before, transverse: -gauges. were . mounted . to

- experimentally verify ° the computer's prediction of the
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" radial sprain_(Gauges 5, 6 and 7);‘ Fe average of the thfee
'6ircumfefential.,gauges (1, 2 and f3) ‘was_used .in the.
{OVERLAP"prﬁgraﬁ to prediqt the-cifcumferantiai and rﬁdial
residuél stresg profiles. Gauge 'No, '4 was mounted ts
determine the’ e%feéf, of"suqh. a iarge ‘axial thickness .as
compared to the 2.54 cm axial EHIER rings. This gauéé'also;
provéd ~useful in reléying informationl regarding' the
transverse éensitivity effect‘on.the éauges. _Béééd'on the
resulfs of XAs-ATK;1525, a new.riﬁg, with a larger inner“
diameter and cross-section representatlve of the full size

rings, was fabricated (XAS -ATK-3-25). However,"in thlS

case,-iz}y’three gauges were mounted, two circumferentially

on the inside surface and one transversely as before (Figure -

4,32).
'When the ring was cut, the strain readings were recorded

as shown in Table 4.14, ~ = ST L

‘Table 4.14: Strain Réadings for Ring XAS-ATK-3-25,

Strain Gauge - | Residual Strain

1. }730-‘
2 L 798
3 ; 796

Note : Gauge 1 transversely mounted.
¢ Gauges 2 & 3 c1rcumferent1aL1y mounted

"As w1th the 2 54 cm aX1a1 thlck rlngs thé- side modnébd

gauges prov1ded 1nformat10n on the radlal straln proflle

&\The cqmparlson of the experlmental and predlcted results for

—_—
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Ring-XAS-ATK-3f25'with gauges mbﬁnted.

the radial strains of the radially/axially thick E/XAS

carbon':ihgs-are given_in'Table 4.15 and Figure 4,33, -

Table 4.15: Residual Strain Profile from'Transverse‘G&Uges.”
iable 3.1 on =

Ring No. v Residual Strain d 3
e Gauge] © (x1078 )’ B Difference
‘Figure Specimen No. '|From Strain| From Area . -
4,33 Gauge Calculation (%)
1 XAS-ATK-1-25 5 876.0 1032.5 17.8
2 .XAS-ATK-1-25 6 490,0 . 670.0 36.7
3 XAS-ATK-1-25| 7 520.0 ~ 590.0 13.5 .
4 1 - 980.0

XAS-ATK-3-25

"730.0

34.2

LN
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_ schedule For the thin carbon rlng (CR 25) 1t was assumed

‘ i% _ N 115

4.4.5 v Radlal resuﬂual stress versus radia th:ckness

In order to determlne the relatlonshlp between re31duai

stress and rlng rad1a1 thlckness requlred for the des1gn

program, the reSults for flve E/XAS carbon rlngs, namely one.
thln'rlng, three radlallyvthlck rlngs and one full scale‘“

ting were ' examined. These-rings were all wound with the

same winding ‘tension, -had vapproxlmately- the same -sinner

dlameter and were all cured w1th the same_two stage ‘cure - ¢

~

that the standard cure was equlvalent to the two stage cure
in the larger rings (Flgure 4, 19 on page 98). Table 4.16
presents this data while Flgure 4734 , glves the pletted

results. The amount °f-°V¢?1?P prqdueed when the ring was

‘cut varied -depending on the relative thickness of the rings.

 Figure' 4.35 presents the overlap results with respect to the

thiéknessvbf'the‘ting.

Table 4.16: Radial Re51dua1 Stress in E/XAS Carbon Rlngs as'
o a. Functioen of Radial Thickness.

Ring = "Ring - Annular Residual Stress (MPa.)
Number . +Type ' | Thickness: Strain Diameter
e o ' o .Gauge Change
-t (em.). | -8
- GR- 25 ‘ . Th - 0.572 - 0.66
XAS-TK-3-25 . RT "~ | ~5.949~ .. 7.50 C6.97
XAS-TK-10-25 'RT . | . 7.620° . 9.83 9:13
- XAS-ATK-1-25 FS - 7.899 9.66 - 9.55"
, 1XAs—TK~25—25 "RT | . 8.63%T - $ 1 . 11.43

‘NOTE: Th - Thin ring. =
RT - Radially thick rlng.

- FS - Full scale ring.
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Figure 4.34: Radial residual stress as a function of . rlng
) thlckness for E/XAS carbon r:.ngs .
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Figure 4.35: Overlap produced‘ as a 'funCEion Jof - ring

thlckness



oL

5.2 Expernnentaltechnlques

P

. _'.‘_Chapter Vo s

DISGUSSION.

5.1 Introduction.

In high speed fibre composite?flywheels, other than the
stresses 1nduced by the - centr1fuga1 1oad1ng, ‘the re51dual:
stresses developed by the very nature of the manufacturln%

process are of 51gn1f1cant 1mportance “If residual stresses

are not 1nc1uded in the orlglnal de31gn analyszs they may'

0

' lead to premature failure of the comp051te rlngs as well as

mass Shlfts durlng spin testlng of fu11 51ze flywheels, as

Hfspeculated by Steele '[38] - Thus,”lt was the 1ntent1o1 of -
o this’ 'work to %tudy re51dua1 stresses in flbre comp031te
R rlngs,a 1n termsi of the. mechanlsms lnvolved and major

: manufacturing parameters Such as w1nd1ng ten510n and cure‘

a

:sohedules.l.x'au _ DT e

' In‘-determlalng ‘the resldual ' stresses’,. most of‘ the .

informationh thﬁ ?gathered .from _radially- thick or -

'aiially/radially -thick"composite 'riﬁgss';jInh§order. to

>

_.manufacture rlngs to the proportlons requlred a‘great deal

of prellmlnary work was necessary ' The maJorlty of the

researchers 1n thls fleld manufactured rlngs of much smaller



‘dimemsionaﬁ‘ The-filament'winding procesa itse1} had_to'be
mtallored for the: flbre/re51n system employed to prdﬁuée
spec:.mens acceptable for ‘testing. Problems such as ‘f;;Lbre
.buckllng, fibre volume fractlon'control aﬁaﬂlow transversea

'W:‘grrengths of the flnlshed products were overcome

.7 As . mentloned, .most of the data for re51dua1 ~stress

:Aetermination .waé determined from the radlallyﬂ thick
'comp081te rlngs and the llterature search established the.
_egperlmental lnethod. Ihe 'radial cut with straln gauge
»_;metﬁee rappeareda to bel the ene_.mdst preferred by’ other
‘résearchérs in the fieldu | -
luGeherally, “"the information .obtainee : ﬁhQWed .tﬁat.
experimeu&alurepeatability was very.good; eveu tﬁeugﬁ for
eempositesi thié is_ntypically considered diffieult,ité'

o ‘ : « - . .

' .aEhieve The . rebeataﬁility Was‘ cohfirmedf particularly in
the radrally thlck rlng tests for two SZ glass and two sets.
:of two E/XAS. carbon comp051te rlngs Each serles‘of rlngsﬁi

.;were manufactured under varylng cond1t1ons but allfhad thefa

: same. w1nd1ng tension and were tested under approx1mate1y the.
. - -

-

same condltlons. The’SZ glass comp091te rlngs, (52 TK 10-25
& S2-TK-16- 25), were cured wlth the standard cure schedule,‘
‘whlle two E/XAS carbon comp051te rings, (XASfTKw4f25 :&"

'XAS TK-5- -25) had a® 1ow temperature cure. The" -final two
A oy - -
r‘E/XAS carbon composite. rlngs (XAS—%%-IZ—ZS‘& XAS-~TK-18-25),

were cured_w1th a two stage cure and then'ﬁﬁgt-cured;_rThese
different cure, schedules were explained in Section '3.3.3.

=y
o
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ﬁ%en tested the rings E;oduced comparable results, w1th1n
each set J.n terms of straln readlngs (Table 4.9). qﬁThey.
"also exhlblted 51m11ar re51dua1 stress proflles both in the
c1rcumferent1a1 as well as radial, dlrectlons (Flgures 4 20l
4.21, 4.22 and 4,23). For the two 52 glass comp051te rlngs
the‘maximum relative dlfference, for peak éalues was odly‘
2.1%. . Rings' XAS TK-4-25 and XAS “TK-5-25 produced 4 6%
relatlve dlfference while XAS-TK-12725 and XAS-TK-18-25. had

a-7 7% relatlve dlfference.-

' Before d1scu551ng spec1flc ‘results, it‘is necessary to.
o
also comment on the various experlmental methods utlllzed in

L

- this work.“ There _were effectively only three types of

'composite rings maﬁufactured, thin{‘radially.thick; and full

scale w1th two flbre types - 52~g1ass and Grafil 12K E/XAS

-

céEbon Kevlar 49 flbre was only used on thin rings and
during ‘the 1n1t1a1 stages ‘of. this work. Ba51ca11y two
methods were. employed in gathering the experlmental data -
radlalfcut.WLth overlap measurement. and ‘radials cut wlth
circdmferentialmstrain gaugef. For the first set.of'tﬁin
composite rings (V$-2 to V5-8 in Table 4.2) only the 'radial
cutzluith. overlap- measurement" method. was used and
spec1f1ca11y Prosen s method' [(4]. The residual stressjﬁ
results were only average c1rcumferent1a1 values .but -the

experlments did glve an idea as to magnltudes expected wrth"

‘the fibre/resin® system used in the’ Flywheel Program This

.-1n1t1a££ana1ys1s showed that a relatlonshlp ex1sted between
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‘the w1nd1ng terision and ‘the re51dual stress in that a four
: fold increase in the winding tension (22 _to 88 MPa )
,produced a 53% increase in the'residual stress . (18.96 to
29.07_ MPa. ). ﬁith‘ the experience gained‘ trom the .thin
rings, a. hew series of rings were evaluated (as descrlbed in.

\Section 4.3, 3 2), for determlnlng the thermal expan51on
_ coeff1c1ents for three eomp031te types In thls .caSe
'-radlal cut methods were utlllzed for these rlngs, but the_.
'stresses~ were 'evaluated ‘using equatlons 2 8 S to 2 10 6£'
Seotion ‘2.3.2.‘ The results for the_ c1rcumferent1a1 and
:radlal residual stresses for both methods were presented in .
Table 4.4 and showed. that data from the overlap measurements

‘were comparable tolthose'produced from the,straln_gauges;,"e
.grabhical | representatlon ;of ‘the comparison' ofl- the:
expeérimental methods for determlnlng the radial re51dua1_

“stress .is shown..in Figure 5.1 with .the 45 degree line
_indieatihg 100% agreementﬁ\ N | -
- When' the th1n Tings were radially cut the ends would
overkap as ‘was shown in Flgure 2.1. Thls was phy81ca11y
‘imposslhle in the radially thiek‘rings moreover the overlap
produced by the. thln rings ranged from 2 7 cm. to a hlgh of
@5 6 cm. The radlally thlck*rlngs on the other hand showed

‘ overlap values below 0. 7 cm. . 1nc1udlng th full scale

composmte rlngs, as shown in Flgure 4.35 on page 117 This

small overlap was 1n1t1a11y observed in the first radlally'{

;thlck comp051te rlng to be:tested (SZ-TK—3-35). The 1n1t1a1_¥-

‘e

-9
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‘diameter_ was measured and -wheﬁ radially Cut,_'the'_fiﬁal-

il

diameter was taken. By so doing a change in diameter was

established’ ~and then _eonverted into an oveflap._ ‘The

residual .stresses could .be determined after substitution -

into the, appropriate equations as previously'mentioned.
-+ Due to the difficulty in accﬁrateiy measuring = small-

overlaps and betause of the success achieved with the second

L

-

'set of thin ‘rings, strain gauges were mounted on the' inner .
‘_surface of ‘these radially thlck riﬁgs The diameter’

. measurements, for the overlap_ calpulatlons, were also taken ..

[

and the residual stresses calculated as before.- Table 5.1

tabulates the"readingSa teken ‘for fthe -radially fthidk
composite ringé while- Figure 5.2 éreéents the comparisoh in
a graphical fashion. Again the 45 degree 1;ne'oh the figure

iﬁdicates 100% agreement . o | v

For the thick rings,: the average .error for "the. pwo

.-methods was 6 23% while for the thin rings it was 5 73%. In

“the;latter case the . largest error (204) occured with the

. . s _

Kevlar 49 rings.(KR-IO, KR—ZO)& KR-35). This may be due to
i

the dlfflculty in measurlng the amount of overlap since a

large degree of fraylng occured from the cutting process.

—

However, as_menthned earller, Kevlar 49 ‘WaS ;emoved from

. further analysis.

'As an example of the accuracy of the diameter change

method, ‘an 0.001 inch' (0.0025 cm) error iR the diameter

reading produced aﬂZ%‘efror in_ﬁhe radial. residual stress

. - ‘-‘. PR ‘ . . 123

L
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 Table 5.1: Radial. Residial Stress Comparison for Thick’
' Composite Rings. : : T

I

Ring . Residual Stress {MPa.)| pifference
Number | Diameter |[Strain Gauge Lo L
: Ea Method . Method (%)
$2-TK-5-VAR (i) 3.43 3.85 5.6
S2-TK-6-VAR(d) 4.4k 3..90 “13.7
S2-TK-7-VAR(1) 2.013 2.17 6.4
52-TK-8-35 3.97 4.12 . 3.6
52-TK-10-25 2.75 3.11 11.6 .

‘| 82-TK-16-25 3.01 . 3.05 - 1.4
'8§2-TK-17-25 478 4,75 -0.7
XAS-TK-2-25 7.18 ‘7.80 8.1
XAS-TK-3-25 6.98 .. 7.49 6.9
XAS-TK-4-25 3.71 4051 17..8
XAS-TK-5-25 4,43 4,72 - 6.1
XAS-TK-6-25 7.82 ‘. 8.10 3.4 . ]

| XAS5-TK-10-25 : 9.13 -~ 9.83 7.1
XAS-TK-12-25 - 15.01 15.93 '5.8
XAS-TK-18-25 14.50 14.79 2.0°
XAS-ATK-1-25 - 9.55 9.71 1.7
XAS-ATK-3-25 8.27 8.63 4.1
results. ~ This' was taken as  being typical for the

experimental overlap data for the radially thick fingéland
within acceptable levels. From the foregoing it can be
inferred that‘the"overfap/diameter change' method 'is’ as

accurate as that of the 'rédial cut strain gauge’' method.
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5.3 - Experifnental verification.
As far as experimentally verifyirg the results’, - two

' techniqueé were investigatéd; depending on the type of rings

manufactured.

Forﬁ tﬁin Eomposfge ‘rings,_ (less than 1. ch..'fadiallf.
thickj, putsidefgaugeS—ﬁ;re ;§plied. -This wés possiblé AUe
to steel éads apﬁlied during curing of ‘the manufaégured
: ;iﬁgg 'Wﬁich‘ produced a smooth ~surface as described, in
‘Section .4;3:2. bn_ the - other hand, the radially thick
composité rings, (larger théﬁ ].‘ém. }ﬁdialiy'thick), the

outer surface was mnot similarly prepared and instead

transverse gauges were mounted on selected rings. In both

. . L ' VY R/ ® .
cases the experimental data was compared to that obtained

from the 'OVERLAP" computer program..
With the thin rings, the circumferehtial strain‘reieased
at the immer surface was the input data.. The computer

. ~ _ ‘
program predicted the outer circumferential strain and this

-
+ '

was compared to that measured with the outer stréin g;uge.
Table 5.2 tabulates thislcomputer aﬁd expéfimental'déta'with
. the feia&ive error observed.

As can be feadily séén, no error was larger th#n 3% and
in fact the avérage‘was calcil_é.ted at 0.95'1'_"0.9_7%. These
results' were conside&ed to be well within aqceptabié'limits
and initiall& verified the 'OVERLAP"computer programl':Wiih
thé abofeidata checkea Qith experimeptallinputs, the-wradial
cut with strain gauge' method was deemied satisfiétﬁ;jlaﬁdl‘
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Table 5.2: Comparison of ‘:Prédictéd énd_g‘ﬁgperimeﬁtélxl

" Strains. - ;. .
Ring Strain Reading | Strain Reading Difference.
Number ‘From Radial Cut | Computer Prediction .
i (x107° ). . (x107%) (%)

Inside Outside | © Qutside -
SR-15 : -386 374 L 375 0.3,
‘SR-30 - -523 © 496 _ - 508 2.4
'SR-35 | <535 . 516 520 0.7
CR-10 420 - 407 408 0.7
CR-20 =459 449 446 0.6 .
CR-30 _ -526 - 498 s 511 2.6
KR-10 -443 = o L ®
KR-20 -563 - 550 547 . o 0.5
KR-35 -558 540 - 542 B - 0.3

| NOTE:- * - Gauge failure:.

was chosen forfﬁ%aéﬁfing”the‘fesidual:st%ess in*thé&thinl
composite ringsf- | . |
©  As méntiohed,_tﬁe rad;allyltﬁick cémposité ringé‘wereinotl
iﬂsfrumented . with étrain gauges on the outer ‘surface.
;nstead gaugés‘were mounted in the uSd;I#ﬁannér on the inner
gﬁfface“and aﬁbther- oﬁ the siae face, tgénSVErse‘ to the
" fibres. This trénsvefse gauge provided direct indicationlof
the radia1‘res%dua1 straiﬁ existing ‘in the composite ring
and ‘c,ﬁul_d be compared to that genefaﬁgd by the "OVERLAP'
cbmputer;prqgram; Seétion 4,4.3 explaiqgﬁ_ghe way in which
the'data_was comﬁaredﬂwhilé Table 4.11 preéented the data
wifh the relative différénce. T The values for ‘the ,E/XAS
¢arbon composite rings showed much closer correlation to the
computer resﬁlts‘than did ;he S52-glass value;l The a%erage-
.error-wés 5.8% and 20.9%7fo: the E/XAS Carbon and S2-glass

respecfively. Although appeériﬁg_ high, the erfbf in the

£y
il
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v 52 glass comp051te rlngs are based on 51gn1f1cant1y Smallerq

"transverse gauge stralns (200 vs 1800 ue ). The largeat

error for the E/XAS carbon. comp051te rings was 14.4% for i

rlng XAS-TK—4-25 " This ring Qas ‘cured w1th a low
temperature cure and not the f1na1 cure schedule settled on.
"There may also have been. some other factor such, as -
malfunctlon of the gauge; since a 51m11ar rlng, XAS TK 5- 25
was also _cured wrth the low temperatUree cure. and it'a

' relative error was only 6.2%. These results were: ‘shown in a.

graphlcal fashlo% in Figure 4.30. For the axlally/radlally o

thick composite rlngs only two E/XAS carbon composite rlngsl.
‘wWere .1nstrumfnted w1th " strain gauges (XAS ATK 1z 25 ‘&'l
. XAS- ATK 3- 25) Again the- comparlson of the radial re51dua1'
}straln was' made and an average'"error of 25, 6%, was
ueteruinedfl ‘The computer predlcted a hlgher value, ih each
case, cohpared.to that of the strain gauge. The transverse'
strain gauge.readiugs”werE'compared to those of the‘radlaﬂly
thick composite rings and were seen' to be of:.similar
magnitudes (Tables 4.11 and 4.15).”»This may indicate .that
w1th the axlally/radlally thlck comp051te rings, transverse
gauges are‘ not as _sultable as with the ~rad1a11y\“{h1ck '
'comp031tes chever,dthe c1rcumferent1ally mounted gauges
are as- accurate as those of the raaially thick.-comuositel
rlngs as was evldenced from Elgure 5. 2 Thia in eﬁfect

verlfled that “the transverse gauges are more suitable for

the radially thick rlngs whlle the c1rcumferent1a11y ‘mounted
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‘gauges . are valid for fadially es well as .axially/radially’

-

 th1Ck comp051te rlngs.

The results from the radlally transversely mounted straln

i
Lgeuges‘_were of concern, due to _the _qﬁfeot of transve;se
sensitivitya fn'SeCtion 4.4.2 this:ﬁetger wes investigéted
fusing computer generated ,values; : first'-indicet;ons .were -
-thatf the. tréﬁSverSe Sensitivity iof the‘ gauées_ produced

A

m1n1mal effect on: The radlal straln gauge readlngs. The

§

experlmental conflrmatlon was obtalned from 0/90° rosette”"‘

'gauges mohnted on a biannular comp051te rlng (Appendlx I)

n N

The calculatlons showed that the errors as a percentage of
the actual —strain along. the gauge axls were _—2.614 and‘

—0,164. These values conflrmed that‘slngle and not rosette-

—

gauges;oould be employed in determining the radial residual

A

strain in the‘radially.thick-composite rings.

5.4 Effect of variables on the residual stress.

}One of the inte'ntion._s of_ this work ‘was to attempt ta
‘undenstand the nature of the-festdualistpeSSes existing‘inl
the éonposite.%rings. ',From the literature, t[14], it ‘wes
determinedf:tnat.'the ,tétal- residual stress was made up . of-

- 'several components.. To this end, experlments were carrled
out'on a series of thin rings, (Sectlon 4. 3. 3${‘separat1ng
the stresses into a- 'w1nd1ng ten51on component ‘a thermal

.

component and - a ‘resin shrlnkage/flbre mlgratlon component .

_._-—- -

The flrst factor con51dered was the thermal componentrof;the

I . .
. . . -
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3

re51dua1 stress ‘and in order to obtaln thls lnformatlon

therma.l expanS'lon coeff1c1ents were required. The results

of  these tests were shown in Table. 4.3. The avergge‘

‘circumferential thermal expansion coefficient for SZ—gl_ass‘

composite rings ' was detetmined as  3.2x 107%/°C  and

‘\

269x10_6/°C for the transverSe value . For E/XAS carbon..

.composa.te r:.ngs , —L1x 10—6/°C and 32. 3 X 10'6/°C were obta:med

for the "c1rcumferentlal -and transverse ' coefficients,’

. .« respectively. The Kevlar 49 composite ring resUlts were

'coefficiev—s/ of  —4.7x10" 6/° - c1rcumferent1a11y : arjd

535x10‘6/°c transversely. Examlnlng the literature [39 33] .

,'typlcal values for carbon compos:.t:es are -—1.8}( 10.6/ C and

3379 x 10 '3/° R c1rcumferentlally and . transversely,

respecti’vely ~ Circumferential SZ-glaSs _ values of

3.5 x 10 /-?C and 28x 10"8/ C transversely were reported Wlth

Kevlar 49 a c1rcumferent1al coeff1c1ent of 4x10'5/°C w1th a

transverse value . of 72)(10'6/" C  were - found. _' These

EY

coeffic-i' ts had to be determlned s:ane 1n the literature

the particular flbre/re31n system employed was not reported
jmoreover the spread in the values- of the coeff1c1entsﬂ1n the

 literature necessitated ap 'and @, to be calculated. 4

o

f\n.?'ith:theSe-‘f’ooefficien’ts measured, they’ were inserted” into
.a domputer_ program* and .t:he thermal -residual stresses

calculated. As presented Ln Table 4.4 the c1rcumferent1a1

L

and radlal re31dua1 stresses showed d].fferent trends for the

dlfferent materlals ‘The S§2- glass compos:.te rings produced
4 0 R ‘ :
% 'THERMOSUP' by J. Wong [17].
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a decre331ng thermal stress proflle w1th 1ncrea81ng w1nd1ng

tens1on whlle both the E/XAS carbon and Kevlar 49 comp031te

rings showed increasing trends (Flgures‘ 4 10 to 4.15).4

-Moreover, both the E/XAS carboﬁ and - Kevlar 49 thermal

magnltudes whlle the 52 glass values were approx1mate1y 7SA
RN
1ower.“-Tne magnltudes of the thermal re51dual stresses also

-

indieatéd that these stresses were only a'small fraction of

the_total residual stresses existing in the rings (Tables_

4.5, 4.6 and 4 7) For the 01rcumferent1a1 values thist

repreSented 5- 19Z,of the total stresses wh11e radlally the

——

value was 8- ZZA of .the total The 1argest dlfferences
(18.5- 22 3A) occured w1th the Kevlar 49 composites and as
mentioned - earlier these rlngs. were 5removed “from final

analysis.

el t

' The second factor evaluated was the residual stresses due

-

to the“aoplied winding'teﬁsioh#(Seetion 4.3.3.4). The trend

shown with the thin"rings was that with an increase in the

w1nd1ng ten51on the residual stresses increased but - in a

*

negatlve fashlon fflgures 4.10 to 4. 15) . Thus, in a sense
i

thls was beneficial as this would lower the overall residual

-~

stress in the.compdsite rings The c1rcumferent1al values

'were also noted to be two order of magnltudes larger than

¥

the transverse values. However the transverse strength of

131

'
"

Qv

the mcomp051te- fs 'also ‘substantlally' lower than the

ciroumferential.‘ Typical ‘values ‘as al,percentage ~of the

e

w

‘residual stress values generally exhibited the . ‘same -

e



.. total reS1dual stress. '
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Il

'hcircunferential strength were determlned as . Z for the
-Sz-glass and 'E/XAS carbon w1th 0 5% for the Kevlar 49
'comp051tes (Table l 1) It was also noted that ‘the overallfb

re51dua1 stress st111 1ncreased Wlth an . 1ncrease in. wlndlng B

ten51on ThlS is due to the fact that ‘the y{hdlng ten51on“ a

”:component 1s not large enough to 51gn1f1cantly affect thef?"

. Wlth'two factors evaluated the other unknown components CRRT

1nc1ud1ng the resin cure and resrn shr1nkage/f1bre mlgratlon

v

was approx1mated by finding the dlfference between the totalh

stress and the two prev1ously determlned components (Tables

4. 5 to 4, 7) It was belleved that the f1na1 components do

Sy -
represent these unknown factors and as’ Such appear ‘o form a:

‘substantlal part of 'the total re31dua1 stresses--; The
"results are shown 1n Flgures 4, 10 to 4. 15 and contlnue theh

trend of 1ncrea51ngere51dual stress with 1ncrea51ng w1nd1ng@--f

tension.. The only other ‘researcher who reported sxmllar

fwork was R C. Reuter Jr. [14] at’ Sandla Laborato buth

no- comparlson with -his’ results were p0551ble ;Slnce.ﬁnoi'

re51dua1 stress data‘was'reported However he d1d present-

&

data indicatinéhthat the - flbre mlgratlon_phase produced the”

most dramatic. change‘ln the re51dual stress profllea

-

"The full scale compos1te rlngs for the flywheels have.a"

radlal thlckness of approxlmately 9 cm." Thus, the small . '

rlngs_ previously dlscussed were predomlnantly: for the

measuring technlques and evaluating the _components of



S

residual stress WJ.th the radlally thlck compos:l_te ’rlngs‘

several varlables were 1nvest1gated that - being -effect_of\

'winding tension-, of ring thickness and of cure"cycle.

An 1ncrease in w1nd:|.ng tension produced a decrease in the !

1)

; res:.dual stresses in the rad:l.ally thick: composite rlngs

Th:l.s was shown in - Figures 4.16 and 4.17 for _t:wg_,,ﬁ__‘_sz-.glas.s‘
p .

rlngs of approxlmately the same. d:mensx.ons 'Ar‘407¢. increase

in the applled w1nd1ng tension resulted in a 134 decrease in

-

the res:L-dual stresses. | Further 1nvest.1gaj:lon was carried
out by . varylng the w1nd1ng tenS:Lon on a Serles of four
52 glass compos:.te rlngs Instead of keeplng a. ‘_confstant,
tenslon,‘ 1ncrea51ng as well as decreas:.ng scheduie&s were.
implen.lented._ The results are shma(n in Flgures 4.18 and. 4 19

and again, as® expected, ‘the reéﬁlts showed that" the

increasing tension schedule decreaseéd the residual stress

- . .

" while the converse was true for a decreasing schedule. 1It.

*

N \

the effect '6f the resin shrinkage end fibre migration tbas\

more pronounced due to the larger mass of the composite. .

Also the t'r.ansﬁerse"' ccefficient 'uf therma_l' ‘expansion would
heve- a much greater effect on t-he'se‘.llarger composite rings
than it would .on the thinl composite 'rings _The final
tens:l.on schedule chosen was dependant on such factors as

fibre ‘t_)uckl:.ng', transverse tensile stre’ngth;and void: shape.

L. The resin ‘gs'tem used in - manufacturing the fibre

A i
-

< ‘composite rings required an elevated temperature for a

R ) i . N -

N

-‘55';3'3

‘was sPeculated that in these radially .thick composite rings

-
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proper cure. By rev1ew1ng the llterature [14 40] it'was

N e, -

noted that other researchers were concerned with the, curlng
stage of the manufacturing process. Dick [40] suggested .
that a room-temperature cure resin:system orla controlled
stepped cure program are Lwo methods whlch can be used to-
control the cure- related thermal stresses. The former was
out of the questron,1w1th _the latter. given ‘serious
considerationl This'concern came ahout due to tensile tesfs,
of specimenshfron'filament wound rings. The $2-glass T nes
were cured w1th the standard cure and strength tests showed
qu1te acceptable ‘results However, the  E/XAS .carbon
comp051te spec1mens on the other hand showed reSultS below

PO -
levels necessary tg\iiﬂgsfy the de51gn requ1rements.

As dlscussed in Sectlon 3.3.3 several -different cures

N

“fiere evaluated on the E/XAS carbon compoS1tes . They were
the ‘standard—"B-stage‘ plus standard (two-stage), _1ow‘
temperature, __controlled heat—up and two-stage plus

post-cure. Re31dual stress experlments ‘were ‘carried out to

V.evaluate these dlfferent"cures and . the results- were

presenited in Figures 4 22 and 4. 23 .. The highest'residual

stress was produced from the two stage plus - post cure cure
cycle with the lowest belng the low temperature Cure. cycle

Mid- way between were the three others, standard, controlled

heat-up“'and.-Brst e plus standard cures . The"post-cured :

-

comp051te rlngs were approx1mateLy four times greater in

»terms of the radlal re51dua1 stress than the Low Temperature'

B
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‘ones. As noted earlier, the other composite rings were

" midway between the low temperature and the two-stage plus

post-ciire., It is interesting to note that the final cure

temperatare for this grohp Qii;jpproximatelj 100xC. This

prov;ded ev1dence that the thermal cooldown was’ ‘the dominant:

Hfactor in the flnal resxdual stress result The final cure_

,schedule -chosen (two stage) 'was based on the void

- . . ~

-distribution, the  ‘residual stress and the transverse tensile

properties of the composite [20]. Micro—photographs of

sPecihensyTrom a radia11y5thick S2-glass ring showed that

‘the void shape was 'quasiQCircular and fairly evenly

_ ,d1str1buted5 ' However,' E/XAS carbon cdmposite ring

spec1mens (XAS TK 1-69) showed voids to be elongated in the

winding dlrectlon (normal to the ;radlal d1rect10n) and

concentrated between tows. This observed shape seemed to be.

detrimental to.thetradial tensile,strehgthhof the composite..

In terms of the transverse tensile strengths'of'the'various-‘
cure -schedulesV' tensile tests were- carried out?®. These
tests were ‘conducted for three E/XAS carbon comp051te rlngs

all - manufactured. under 'identical wihding- parameters but
cured with dsfferent cgre scheeules.‘ The resuits are given:
in Table 5.3 and show that the cure schedule has a
significant effect on transverse tensi;e'strength withfther

two-stage cure possessing theqhighest transverse strength.

s by Aklra Mlyase [18]

6 by Akira Mlyase [18]

]
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Table 5.3: E/XAS Carbon' Comp051te (Radlally Thlck Rlng :
. Transverse Tensile Test Results.

Ring Ultimate Tensile | - Cure
Number ‘ Strength - Schedule
: (MPa.) : Do
XAS-TK-2-25 - 29.8 = 1.4 Standard
XAS-TK-3-25 43.7 + 1.4 Two-Stage -
XAS-TK-4-25 ©37.3 £ 1.4 Low Temperature

The results of the foregoing confirmed that the selected

cure schedule was to be the two-stage (B-stage plus7standard

‘cure) cure. cycle ‘since this produced acceptable residual

stress levels and transverse tensile strength values.
4Along with the two effects covered, w1nd1ng tension and
cure, the relative” size of the full scale comp051te rings

was of concern. The thin rings were all manufactured to the

_same dlmen51ons and as such no trend ‘as regards to thickness

gl e

‘'was established. In the radially thick rings, however, a

trend of inctessing residual stress w%th‘increasing redialt“
thlckness was 'observed In Figures 4.20 and 4.21 this
result 1s ‘shown for four S2-glass composlte rlngs
For‘-Flgure 4.21, the results showed that a relative
increase in thickness ef‘14% producéd_hn_indrease in the
maximum radial residual stress of 53% (Rings $2-TK-10-25 and
SZITK 17 - 25)- rIn a 51m11ar fashlon a 20% increase in-l

thlckness produced a 624 increase in the maximum’ radial

_ re31dual stress (Rlngs SZ TK 10-25 and 52 TK-24-~ 25)

As stated earller, the E/XAS carbon comp051te rlngs were

cured - under different conditions than the s2- glass

N

4
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‘cqmposifés It was aésuﬁed that this factor‘wouid'affectul
the f1na1 result regardlng the ~residual streés‘ and _tbe
‘thickness. If, however, Flgure 4 25 is ekﬁmihed' it was
found _inibiéll& that 'the ‘g;me holds true for the 1E/XAS )
.carbsn.composite rings:_ On qloser ekamination it appears’
‘that the residﬁal -Stress is not. as. sensitive toA the
thickﬁess'variafions as.is thé*Snglass. A 9% incré;sé in
“”the radlal thickness produced a 31% increase 1n the - rad1al
residual stress (Rings XAS-TK-3-25 and XAS TK- 10 25) whlle a
144 1ncrease 1n¥Fhe radlal dlmen51on produced a 43% increase
in. the maximum radial re31dpal strgss (Rings XAS-IK-3-25 and
 XAS-TK-25-25). Th%ﬁl same: 14%‘ increase ‘ih the SZ—glaés
‘Ficdmposité"rings ‘produced "a 53% increase in the. maximﬁm'
fad%al rgsiduai stress. ‘However,.lE/XAS carbdn composite
- maximum radial residual sgfé333reéults.were dbubie-thoSe of
the S2-glass. -

The effect;of thickness én the residual stress waé élso
investigated in the -full scale _composite rings.5‘ As
mentioned in Sectlon 4.4.4, the high cost and effont.-
réqtired precluded any large numﬁér of specimens ,to_ be;l.

/Panufactufed. By ~ comparing a radially. thick" wiqh an
| axiallﬁ/radially' thick composite fing (XAS—TK—lOFZS and
XAS-ATK-l-ZS) it waé 5observéd thatl the 'radial residual
stress ~was of _approximatéiy  the same..mhgnitude.f? The
'dimension$$and residual stresses of th; composifehriﬁgs are

given in Table 5.4.



‘JfTeble 5.4:

Dimensions

and"

 Radial

Residual

— s
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Stress
Comparisons for E/XAS”Earbon Composite Rings. '
Ring Inner Radial Axial ‘ Radiai
Number ,Diameter Thlckness Thickness |Residual Stress
o _ {em.) {em) {em.) " ( MPa.)
XAS-TK-10-25 | 26.73 7.62 .| 2.s4 9.8
XAS-ATK-1-25 | 26.72 7.89 - 7.90 9.7
XAS-ATK-3-25 42.63: 9.8%4 -8.89 - 8.6
As can be seen from Table 5.4 on’ page 137 the iuﬁér

'diameters of the first two rings were essenriallf the same.

but

different radial

{each had thlcknesses

slightly

Furthermore, the axie} dimension of ‘the axlally/radlally.

- thick composite ring_was appreximetely_threeltimes that of

.the Eadially thick ring but had a very*‘similar maximuam

- radial residual stress. This information showed that the
residual stress was insensitive to an increase in the axial

' thickness

.“

As far as the radlal thlckness is concerned one further

E/XAS' carbon composite. ring = was manufactured and
(destructivelf teeted‘ (XAS-ATK43{25). ”Co%pared to the
Previous - fuii,'scale,‘composite ring, dXASLATK-l-ZS, ell'
dimeusions' were increaSed=’as‘ sﬁbwn“ iu _Table 5.4. The

resultlng radlal re51dua1 stress .was determlned ‘to be 8.6

MPa., a value 12% smaller ‘than’ XAS- ATK 1-25. * No real
‘comparlson can be made between these two rings since a

number of Varlables were changed,

5‘

however it is believed
that the 1nner:dlameter may be a controlling factor iﬁ'the

residual stressichange. This full scale composite ring was
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representative 'of ‘the _prototype . rings in -the ' completed

flywheel and as such indicated the amount of residual.stress‘

to betexpected with similar rings manufactured under "the:

same conditions.

The only full scale SZ-gIaSs composite ring hanufactured

for destructive testing was SZ—ATK;13f25 with dimensions as

.given in Tablé 4.12 on page 110 The most striking point

noticed was = that the radial residual stress. was

significantly lower as compared to'that of the E/XAS carbon

s

.carbon comp051te value, but again comgarlsons are hard to"

composite rings.. .In fadt the S2-glass maximum” radial
- N . ]

“reSidual: stress of 2.2"MPa. was only 22% of the E/XAS

make since two - dlfferent cures were performed The fact

.|
remalns, however, that the destructlve testlng of these

rings provided,the necessary residual stress information and

were used in the design of‘the.full scale flywheels dfgthe'f

Flywheel Program -The residual stress 'iﬁformation 'also;.

ensured a closer correlatlon w1th the predlcted values and

‘the spin test evaluatlons. .

‘Not onlxgls thegradlal residual stress insensitive to an

increase in axial ' thickness, but further 1nvest1gat10n

| =
revealed that 1t was also 11near wlth respect to the radlal

thlckness. ThlS fact was presented in' Flgure 4.34 arid

_iﬁcluded the full range of rings tested, from the smallest

to “the 'largeSt‘ again 'basically ‘confirming _the earlier

results of Flgure '4.25 where-an increase in radial thickness

produced an increase in the re51dua1 stress.

[



by the following points: .
L _ )

achieved in the composite rings.

"B-staging'then curing at 100 degrees ceéntigrade.

s
/

e

Chapter VI

. CONCLUSIONS ‘AND RECOMMENDATIONS.

N

The '§ignificant features of.this work. can be summarized

Due  to the manufacturing - techniques .developed,

consistency and repeatability of the results were

RO T H I

"The ,"radial cup‘with overlap measurement’ method was

- - <! A ' [) . ) s .
" shown to b& as accurate as the 'radial cut with strain

gauges' ﬁethod.'.7

Both the 'radial cut with overlap méasuremeht'.method

_and the 'radial cut with strain gauges' method, used

to determine the residual stresses, were found to

confirm the- computer predictions.

The important manufacturing variable of windihgf

tensiormn, for the thick rings, was’ evaluated.

éxperimentally and showed that an increaSe in the

winding tension prodiiced ‘a’ decrease in the residual

 stress. - . -
For the’ E/XAS carbon composite rings  the ré514ual

. stress increased with increased final cure temperature

and that the most appropiate cure . was that of

p—

- 140 - .



'thxn rlngs.

Thelfollowing”recommendations should be noted, -

‘141

'The -*"unknown wvariables including  the ‘resin

shrinkageyfibre'migfation component eppeared to be'a"

.51gn1f1cant portlon of the total re31dual stresses in

'YThe computer predlctlons of re51dua1 stralns generated
q$f~the _computer program OVERLAP showed good

| agreement ‘with transversely mounted strain gauges ‘on

the radlally thlck rlngs.

For rlngs of 31m11ar inner dlameters and manufacturlng

parameters, the radial residual ‘stress increases

linearly with radial thickness.
. // . .. . . Lo .
The radial residual stress 1is insensitive’ to an

increase in the: axial thickness of the composite

rings; s . . S

Further ’'investigation into the unknown and resin

" shrinkage/fibre migration components of the  residual

stress ° should be .carried ' out - with aims “of

nley

l"iexperimenta11y"determining tne'magnitude‘

More thorough evaluatlon of the effect of size, in

terms of the radial and.. ax1a1 dlmen51ons on the

residual stresses in-thick composite rings should be

.undertaken..

) ‘ ..,‘z_ ' . .
Further inVestigation should be carried out for

axlally/radlally thlck composite rlngs to account for

the poorer agreement (as compared with the thin rings)

.o



[

142

-

between tHe experiméntal results and the theoretical

predictions, . . .
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Appendlx A
F[LAMENT WINDING PROGRAM FOR THICK R[NG .

WINDING

This program"‘FLYWHEEET was developed by”DothLindstrom in‘
1983 [19] ‘and controls the fllament w1nder fdf manufactuxel

of |, the fllament wound’ radlal and a¥1ally/rad1a11y thick

~

rings.

-

10"REM RING WINDING ROUTINE - S
20 REM PRESS ANY KEY TO PAUSE MOTORS . '
30 REM PRESS R TO RESTART MOTORS

40 HOME

50 . PRINT "RING- WINDING PROGRAM" '
60 ~PRINT "" v
70 PRINT "PRESS ANY KEY TO PAUSE MOTORS"
80 PRINT "" :

90 PRINT :"PLEASE INPUT FOLLOWING DATA"

95. PRINT "

.96, PRINT ""

97 PRINT ""

105 PRINT "INPUT. RF": INPUT RF: REM
" TRAVERSE PULSE RATE . o
108 (PRINT "INPUT EE"‘ INPUT EE: REM o :
TRAVERSE TRAVEL R I
111" PRINT "INPUT DP": INPUT DP: REM o
NO. OF DOUBLE PASSES

120 DR = 2000: REM DECELERATION RATE

125 BS = 250: REM BASE SPEED

127 TT = .1: REM TIME INCREMENT '
'+ 141 MR = 1540 REM MANDREL PULSE RATE

142 GOSUB 8000
150. PR#L1l: IN# 1
151 PRINT "W,30"
152 PRINT "D,O,HBS" ,_NDRH ,Y"
169 PRINT "s,1,"MR",F,0"

. 170 FOR J = 1 TO DP

© 220 PRINT "S,3,"RF",F,"EE"
230 GOSUB' 50000 = -

’

~
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J" -y

235,
280"
290
295..
300
305
. 306 .
310
320
‘5000
5010
5014

. 5020
5022
5024

5025
5057

5200

T

5205
- 5210

5214

5220
5222
5224

- 5225

5257

- 7000

7005
7010
7020

. 7030
7100
7110

7120
7130
7140
7150

7160

7165
7170

7180 .

7190
7200

7210
7220
8000
8005

8010
8020

" <8030
8040

8050
8060

8150

I

PRINT "F 3" '
PRINT "S,4,"RF", F "EE" -
GOSUB 5200

PRINT "F,4&"

NEXT J

GOSUB 9000

PRINT “F,0"

PR# O: IN# O

PRINT "END"

REM CHECK -SWITCH MOTOR ROUTINE 1
PRINT "M,3"
INPUT A, B

PR# 0: PRINT "FORWARD";"";J;"  ";B

GOSUB 7000

PR# 1 --

IF A = 1 THEN GOTO 5010

RETURN . ‘

REM CHECK SWITCH MOTOR ROUTINE 2
X = FRE (0)

"PRINT "M,4"

INPUT A,B

PR# O: PRINT "REVERS‘E" ARSI BB "B

LIRS

GOSUB 7000
PR# 1 - -
IF A = 1 THEN GQTO 5210
RETURN -

I+ 1 '

X = PEEK ( - 16384)

IF X > 127 THEN GOTO 7100
IF X < 10° THEN GOTO 7000

GOTO 7210

PR# O

PRINT "HALT MODE"

PRINT ""

PRINT """ : . -
PRINT "PRESS .R TO RESTART"
PR# 1 | i

GOSUB 9000

PR# O

INPUT AS ‘

IF A$ = "R" THEN GOTO 7200
GOTO 7170 = .

"GOSUB 9300

I=-1=20 E

‘RETURN -

GOTO 8005 -

DIM RT(75): DIM MM(75)
REM SET UP DECREMENT TABLES
NM = INT (18000 / DR)

" FOR SP l TO NM . .

MM(SP) - TT * DR * SP

IF MM(SP) > BS GOTO 8150
MM(SP) =

" NEXT - SP



8170
9000
9010
9020
9025
9030

- 9050

9055
9060
9070

9080.

" 9090
9095
9300
9305
9310
9320
9322
9325
9330
9340
9345
19350
9360

9380

9385
9390

‘P:-

T

RETURN .
REM DECELERATION MODE
FOR QR = 1 TO NM

IF MM(QR) < = BS GOTO '9030

GOTO 9055
QF = QR -

QR = NM
" NEXT QR

FOR QR = 1 TO QF
PRINT " 1 .'m(QR)II " "
NEXT QR ,

: PRINT "P,0™

RETURN

REM ACCELERATION MODE
PR# 1

FOR QR = 1 TO NM -

IF MM(QR) > BS GOTO 9330
QP =\ - QR

QR =

"NEXT QR

PRINT "R,0"
QP = QP + & - :
FRO*JP = QP TO 1 STEP - 1

PRINT "A,1,"MM(JP)""
- NEXT JP -.

PRINT. "A , 1 , HMR" "
RETURN
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Appendi_x B
DATA PROGRAM FOR FILAMENT WINDER PROGRAM

This program '"FLYWHEEL DATA', develop_e'd,by Doug Lindstrom in
1983 [19], provides the inputs for the ,Filament Winder
Program of.A'ppendix A. ' " .

10 HOME

1000 REM ‘

1010 PRINT "INPUT FEED RATE (INCH/MIN. )"
1020 INPUT FR .
1030 - GOSUB 2000:RF = R

. 1040 -PRINT "INPUT TOTAL TRAVEL (INCHES)"

- 1050 © INPUT TR :

1060 GOSUB 2200:EE = EP:ME = ML
1070 INT "INPUT ‘NO. OF DOUBLE PASSES"
1080 INPUT. DP | - _

1090 " HOME : :

1100 PRINT "FEED RATE =";FR;" INCH/MIN N
1110 PRINT "TRAVEL =";TR; " INCH. "

1120 PRINT "NO. OF DOUBLE PASSES =" ;DP
1130 PRINT "" . .

- 1140 PRINT "" L __‘ [

1130 PRINT "TYPE 1 IF CORRECT" i
1160 PRINT-"TYPE 2 IF ERROR"

~ 1170 " GET 6§ = -

1180 IF G$ = "1" THEN GOTO 1200

1190 1IF G$ = "2".THEN”GOTO 1000 - -7
1200 GOTO 3000 | SR
2000 REM FEED RATE ROUTINE

2010 FF = 64 -

2020 R.= FF * FR

2030° RETURN - )

2200 REM .TRAVEL ROUTINE °

© 2210—"TF. = 3840
2230 NP = TF * TR .
2240 ML ‘= INT (NP / 65535)
2250 EP = NP - ML * 65535

% 2260 RETURN - c

3000  HOME
3010 PRINT "ENTER THIS DATA IN NEXT PROGRAM
3021 ~ PRINT "

]
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Lid

3022

3023,

3024
3030

3040

3050
3055
3060
3070

13080

3090

4000

4005

4010

'PRINT

PRINT
PRINT
PRINT

PRINT

PRINT
PRINT
PRINT

PRINT

PRINT
PRINT

- PRINT

PRINT

PRINT

\

L1R1)
e

e

"RF= ";RF’

"EE= ";EE
"DP=. = ";DP
"ME= " ME

e
Ty

"PRESS RESET"

"

"TYPE RUN FLYWHEEL"

"THEN PRESS RETURN"
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£ Appendix C '
. DETERMINATION OF. FIBRE VOLUME FRACTION IN -
FILAMENT WOUND FIBRE COMPOSITE RINGS. :

'As d:l.scussed in, the rext, " thrée different fibre types,

.." a ’:,

. were examlned s2- glass, E/XAS carbon éndpreﬁietff49f R

*Depending on the fibre type, a varlety of technloues wereg
”employed for determlnlng the flbre volume fractlon as well'
as the‘ v01d fractlon Jof the comp051tes - In__all_ cases

" several values were requ;red - the density of the-composite;

‘both measured andﬁtaicuiated the flbre and matrix den51ty:- :

.. and the welght fractlons of “the flbre and matr:r.x These
;were then used w1th the necessary equatlons to determlne the
‘real fibre volume fractlon as well as the assoc1ated voids.

'Table c:1 llStS the varlables as used

r

Agaln depending on thew flbre type,‘ e;-variety of
‘technlques were employed for determxnlng the weight percent
.of the resin. For the E- glass and SZ glass comp051tes, the B

ffwelght percents were found u31ng 'ASTM D2584, Ign;tloo Loes.
‘A'of Cured Relnforced Resins [36], while acid dlgestion of the h
'epoxy re51n was  the method used for both the E/XAS carbon
5»

'and Kevlar‘ 49 comp051tes Sulphurlc acid and ,hydrogend

peroxide or 70% ‘nitric acid solution were the digestion

". ‘l . ‘ . ,‘ - _. 15'5 _ | - . -
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Table C.1: Variables Used in Volume Fraction Equations.
' Jle@me Fraction:  - Weight Fraction Density
(%) T e : -
LV | Wee o | e
 Vm W, : - Pm
Ve 4
'subscripts:"' A Appareﬂt (1gnor1ng v01ds)
‘ R  .Real.
D - from matrlx dlssolutlon method
Density:  .pm - Measured density. . -
' - S P¢ - .calculated: frbm matmsix
w0 dissolution mgthod.
- — S _
 §2-glass = 2.49 gjcc. _—
'E/XAS carbon o = 1.82.g/cc . o
_‘Ancamlne 1487IEpon 8”5 =-1.2\gﬁ9cj_w .
agents for the carbon compOSLtes Qlth the Welght fractlons

known a volume fractlon can ;be determlned frcm -equatlon

(D1).

Wf/Pf o
Wf/pf+Wm/Prn ;

*ﬂ}b (Dl).

"The above equatlon is not the true flbre volume fractlon in

that 1t does not take 1nt0 conslderatlon the v01d content of,

the-compqslte. V01d c