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REPORT ABSTRACT

"~ Some cylindrically wound, carbon-carbon billets have had grouss fracture
of the circumferential bundles during thermal processing. One function of

the radial bundles is to reduce the stress that causes such fractures. An

analysis is presented to show the potential reduction of the stress in the
circumferential bundles during processing if the radial bundles remain

intact. A simple analysis shows that the stress in the rad:ial bundles is

even higher than that in the circumferentials;therefore, they are likely to
fail by either fracture or debonding. The radial bundles terminate at the
outer and inner radii; an analysis is made of the debonding from the local
shear near the ends of the radial bundles, Partial benefit of the radials
might be obtained if creep reduced the stress in them. An experimental
study on the creep of pitch-impregnated, uni-bundle specimens was conducted
and results are presented. Based on creep of the radials, a procedure is
presented to find an optimum time-temperature path to avoid failure of the
radial bundles and characteristic optimum paths are presented.;~Exact
optimum path shape cannot yet be proposed because the bond strength and
bundle strength at elevated temperatures as well as the creep behavior are

not yet known with sufficient accuracy.
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FORWARD

The text of this report consists of the masters thesis of Douglas Quan
plus additional work presented in four addenda. The addenda are referenced

in the body of the report. They give more detailed consideration of the

uncertainty in the measurement in this study of the linear parameter of

the creep equation, a discussion of the possible physical interpretation of
the values measured for the activation energy for creep of carbon-carbon
composites, analytical demonstrations of the effects that various creep
and strength parameters would have on the optimum time-temperature path to
avoid failure of the radial bundles, and some more detailed consideration

of the stress in the radfal bundles.
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ABSTRACT OF THE THESIS @

The Effects of Radial Yarns in
Three Dimensionally Reinforced Carbon-Carbon Composite

by

Douglas C. Quan
Master of Science in Engineering

University of California, Los Angeles, 1983

Professor George H. Sines, Chairman

Three-dimensional, cylindrically woven carbon/carbon
composite is particularly appealing for rocket nozzle appli-
cations due to its favorable geometrical, thermomechanical
and erosive properties. However, the performance of these
materials is degraded by the presence of various kinds of
in-process defects, such as pores, fiber buckles and cracks.
The inhomogeneity and anisotropy of three-dimensionally
woven carbon/carbon composite prevents accurate modeling of
the material using classical elasticity; therefore elaborate

! computer codes for the finite element analysis are often em-

ployed. Although expensive to develop and employ, these
programs are an indispensable tool for the analysis of
three-dimensionally woven composites. However, analytical :

treatments using simple mathematics can provide a feeling

for the physical state of the material which can be valuable

PR et

to the designer. The intent of this work is to present one .

such analysis using a simplified approach.
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Nomenclature

. C = circumfernce of billet
R = radius of billet
¢ = strain
o = stress
t = time
T = temperature
A = area
X = spacing
P = pressure
F = force
Subscripts
o = outer
i = inner

88 = circumferential surface, circumferential direction

rr = radial plane, radial direction

zz = axial plane, axial direction

t = tension

¢ = compression

8 = axial direction

t = transverse direction
£ = fiber

m = matrix
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Lptroduction

While fracture of the <circumferential vyarn during
heating in fabricaticn has received most of the attenticon, a
simple analysis can show damage tc the radial yarn is more
likely because of its higher stress. The well-being ¢f the
radial fiber is very 1important to the integrity c¢f the
billet as a whole. When the billet is heated, the cuter
radius will be forced outward; the radial vyarn wants to
prevent this from happening by locading itself in tension,

thereby relieving some of the load in the hoop yarns.

Unlike the hoop vyarn, the radial yarn is not
continuous. Both ends of the radial yarn intersect a free
surface, thus a zone of high shear must be established at
both ends of the yarn. If these shear stresses are greater
than the yarn/matrix interface shear strength, the fiber
bundle will tear away from the surrounding composite so that
the only tensile stress in the bundle are those resulting
from the frictional transfer between the vyarn and the
surrounding matrix. Sudden unlcading, such as debonding of
the radial vyarn, could lead to catastrophic failure of the
circumferential fiber bundle during processing; even gradual
unloading can lead to degradation of the coverall strength of

the finished billet.




A careful crack study has been made by Kuhansedgh and

Sines [1]. Scme of the findings ar: summarized as fcllcws:

(l) An extensive <crack Structure is seen in the
. . * - -
circumferential surface , which in sume cases tends  te

be pericdic; that is, cracks tend tc¢ cccur after ecch

five or six circumferential fiber bundles.

(2) There are a few cracks arcund scme ¢f the axia? fibers
but no extensive crack pattern is present arcund thesno

fibers.

(3) Most radial fibers were totally sirrcunded by well-
defined «cracks. Althcugh Sscme appearwd te have wel'-
defined cracks on conly three sides, the fcurth side may
also have been debunded and these cracks were

centinuous around the radial fiber tarcughout the

billet, Fig.l.

Point (3) seems to support codr claim that high stress
in the radial fiber bundle, causes the debonding. This is
because if the crack are caused c¢nly by shrinkaje the
distribution o¢f <crack should be quite even, since the
shrinking of the matrix material is assumed tc¢ be isctrepic.
The striking contrast in the finding between the leas*

stressed yarn, point (2) and the must severely stressed yarn

¥ Circumferential cracks are those in the surface
perpendicular to the radial direction. The surface contains
the circumferential and axial directions.




peint (3) suggested that stress level in the fiber must play

a rtole in crack formation.

It is the purpuse of this study to take advantage of
the creep process during the late graphitization cycles and

develeop a heating schedule so that fiber bundle debonding
will be minimized, thereby preserving the integrity and

minimizing micro-cracking which is not caused by shrinkage

of the matrix.




The Billet and its Fabricaticn

The NAVY-C4X1 billet is a three-dimensional,

N2

cylindrically woven carbon/carbon composite. The hillar i
manufactured by General Electric, wusing multiple ik
pressure impregnation process at 15 ksi with CP277-15V c¢al
tar pitch; which is supplied by the Allied Chemica’®
Corporation. The billet is woven by two different kinds of
yarns, HM-10000 yarn is used in the axial and
circumferential directions, and the HM-3000 vyarn in the
radial direction. 10000 and 3000 corresponds to the number
of filaments in each yarn; both yarns arc fahricated by the
Hercules Incorporated, Magnamite Graphite Fibers Division.
The variable fiber volume fractions are shown in Fig.?, and

the ©properties of the fiber and pitch materials are

presented in Table (1) and Table (2).

Processing of the hillet can be divided into two steps:
Automatic weaving and densification. Fig.3 shows the process

flow chart of the billet.

Automatic weaving of this three-dimensionally
reinforced, carbon/carbon compocsite billet consisted ~f
fabricating and assembly of yarn bundles of three orthongonal
directions (radial, axial, circumferential). The hillet is
then heated to a minimum temperature +f 350 & (862 F) hefore
the densification process begins. 1In the densification

process the billet was densified by subsegnuent impregnation,




carbonization, and graphitization steps using pitch
materials as the impregnant. During the carhonization stage
of the first cycle the matrix material became qraphitizable
carbon, forming mescphase during the heating treatment in
the range from 400 C (750 F) to 450 C (8B40 F). Mesophase
consists of large polycondensed aromatic compounds oriented

nearly parallel toc each other but still remaining in the

liquid state.

Impregnation of carbon/carbon composite materials
started after the first cycle of carbonization and
graphitization in order to fill up the <cracks which were
generated during those steps. This step known as vacuum
impregnation, was carried out at 240 C (480 F) wunder a
pressure of 40 torr. The deqree of impreqnation depends upcn
the processing conditions such as pore size, pore size

distribution, and gas permeability.

High pressure carbonizaticn was the second stage of the
densification process. The billet was heated to /50 C (1200
F) where the material carbonized; some cracking due to this
phase <change resulted in a relatively stress-free material
at this step. The amount of cracking at this stage Iis
observed to be small compared to cracking in subsequent

steps.




The last step 1s graphitization, the hillet was
subjected to a uniform temperature rise up t¢ 27950 T (5000
F). At this stage some chemical and structural chanqges
occurred in the matrix. The densification process was
repeated four times, the latter three in order to replare
material volatilized during carbonization and graphitizaticn
as well as to fill the cracks occurring each time on cooling
from graphitization. The billet was then subjected t»

inspection and machininqg.

6
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I. Eitimatigq gi Stress iﬂ the Radial Bun@lg

The fcllowing analysis gives an estimation of the

relative magnitude of the stress in the radial bundle to
that of the circumferential bundle. For the purpose of

simplicity we assumed that the circumferential stress at the

outer and inner radius are equal and opposite.

which implies that ( 499 )0 = —( 499 )i = | 699 | From

studying the results obtained by (1] and (3], this found to
be an acceptable approximation. We also assumed that the
Young's mecdulus in the direction along the fiber's axis are

equal for both radial and circumferential bundles so that

CErr V5 = (Bgg )y

in moduli between these two types of fiber bundles in the

= E. Table (1) show that the difference

navy billet is about eight percent. Lastly the effect of the

axial bundles were not considered in this analysis.

The circumference of the billet is C = 2°w°R When the
billet 1is heated, the inner and outer circumferences of the
billet will be forced te change its dimensions, The outer
circumference just after a rapid heat up can be expressed
as:

cC =C + =
o o A ¢, C, * C €+ Cooﬁr (1-1)

where € is the mechanical strain.

e~ < s




where o« is the coefficient of thermal expansion, R is the
original

after a rapid heat up.

Similarly, the inner radius will be,

o 1
R, = 1 - 28 L onr |
i = Ry R AN
° < (1-4)
The mechanical strain in the radial directicn is
r . ' 1
< - |(RO - Ri) - (RO - Ri)l _
rr I R - K. l XAT
o i
- - (1-°)
+ R,
« - [ * Ri1 %0
rr lR - R.l E
O 13 (I—G)

This is the maximum mechanical strain that a radial bundle

will

radial and the boundaries circumferential bundles. Stress in

the radial bundle would be:

I CCTH R :
Srr ‘rr "rr ~ CrrfE ] R, - Ri] R

billet radius and R is the billet radius just

experience, 1if perfect bonding exists between the '

F. 3
2R, = 2wR_ + 2wr 1081 o oip oap
wR, = 2WR_ ] o T wR o
(I_'\\
r 1
R' = R '1 + Tee + T I
o o | E — 1
- - (I-})

E
46 (1-7)

i e




Since we have assumed Err = Ege aleng the fiber's axis,

loomuram ool

R + R.

= o o 1
Trr 86 {R_ - R. .
o 1 (I-8)

From the above analysis one can see that the stress in the
radial bundles is always greater than that of the
circumferential bundles. For a billet with short radial
fiber or small RO-Ri relative to the billet circumference
will result in very high radial stress, which agrees with

physical intuition.

* Addendum IV further discusses the approximations made in
this analysis. It also gives the results of a second-
order approximate analysis made by Julius Jortner,




r—-———-—-————-———-——-—-— -

I-A The Restraining Effect of the Radial Bundle

The effect of the radial bundle on the hillet's
circumferential bundles can be demcnstrated by modifying the
computer model developed by Kuhansedqh and Sines fl1. In 111
the billet was modeled as an assembly of concentric thin
walled <cylinders. Alternate cylinders have different
properties; one set models the fiber, the other the matrix.
The number of cylinders modeling the fibers are equa! tc the
number of layers of circumferential wrap. The Navy billet
used in this study has 59 cylinders ( numbered from 1 toc 59
). The odd numbers are for the fiber cylinders and the even

numbers the matrix cylinders. Each cylinder can be expresseqd

in a general form.

‘RTZ: nel nr?\ R:‘I 1 rn;n i L
Rin,nen) @) OF = -l."-_nE:]P("’l'"‘ Leh [‘—n_r_; ’ !nuﬁylpm’m” ltnblf;| et
(IA-1)
where n=1,2,3,... 59
When n = odd Ex = modulus of fiber
1 E_ = modulus f matrix
Y
n = even Ex = modulus ¢ f matrix
Ey = modulus of fiber
The mcdel Also assumed that the properties f the (iher

and the matrix cylinders will not chanqe with temperatnre

10




-

and the concentric cylinders are initally in stress-~free

cuntact.

A change in temperature causes the cylinders' diameters
toe change, and thereby introduce inter-cylindrical pressure
P throughout the billet radii. These inter-

(n,n+1)
cylindrical pressures can be obtained by solving a
simultaneous set o¢f equations which takes the form of
equaticen ( IA-1 ), these pressures can then be used to

calculate the value ¢f the billet's hoop fiber stress with

the radial effect omitted Fig.4.

The restraining effect of the radial fiber can be

modeled by applying a hydrostatic pressure at the inner and

cuter surfaces of the cylindrical walls. The magnitude of
the hydrostatic pressure is equal to the traction induced by

the highly stressed radial fiber on a characteristic area

Fig.5. Stress on the radial fiber and its cross secticnal
area is assumed to be constant aleng 1its 1length, but the
characteristic area decreases as you move towards the center
of the billet; one should immediately realize that the
hydrostatic pressure acting on the inner surface is greater

than the pressure at the outer surface. Neote that these

hydrostatic pressures represent the restraining effect of
the radial bundles on the hoop bundles, therefore we can

only consider the amocunt of stress that has successfully

transferred to the hoop bundle in calculating the

11




hydrostatic pressures. In this work the 1lcad ‘transfer

efficiency was assumed te¢ be 0.50, it is a reascnablo
assumption ccnsidering the amcunt of debonding and ~racks
which is so commonly feound arcund a fiber which intersects a

free surface.

To calculate these restraining pressures the corigina’l
billet mcdel (with ne radial effect) was atilized to {(ind

the stress of its hoop fibers. Knowing these stresses one

can then calculate the change in billet radius just after a
rapid temperature increase. Now a fictiticus radial fiber i
superimpesed onte the billet with 1its ends fixed t¢ the
outer and inner most hoop fibers, cne can then estimats the
radial stress induced by the radius change. Reca'’, an

assumption has been made that only 50% o¢f the stress was

successfully transferred and working to keep the billet frenm
expanding, therefore the force 1in the radial hundle |is

multiply by a facter of 0.5. divide these force by their

characteristic area and the results are the hydrostatic
pressures. See appendix for detail mathematical

illustrations.

The effect of these pressures can be seen by

substituting them inte the billet model., The results are
plotted on Fig.6. This plot has cver estimated the

effectiveness of the radial bundlice from a real billet, This

is because the radial stress which was ased (e calculate the

12




hydrostatic pressures was computed from a billet where the
maximum pessible amount of expansion was allowed. In  actual
case  internal fricticnal forces, anisctropy stresses and

stuffing stresses will prevent the hoop fiber from expanding

this much. Nevertheless the usefulness of a strong and well
bonded radial fiber 1is reviewed. In this model, the

presence of the radial fibers eliminated the entire

compressive stress region and decreased the stress level of
the outer portion ¢f the billet by mcre then 20%. The sharp

drops in stress level that you see in this plet is due to

the model's extreme sensitivity to the variation of fiber

volume fracticn Fig.2,

In an actual billet a strong and well-bonded radial

yarn 1is expected to help to reduce scme of the processing
anomalies. A smaller compressive 2zcne can reduce mini-

buckling at the inside diameter, lower tension at the cuter

diameter can reduce the chance of cracks formation in the rz

plane. One would expect a flatter and smcother hoop stress
distribution for the actual billet. In this analysis it was

found that 58% ¢f the hoop fibers have a stress value 1/3 of

that in the radial fibers and 42% of the the hoop fibers
have a stress value 1/2 of that in the radial fibers. These

figures again reinforced our claim that the radial vyarn is

the most highly stressed bundles in the billet and its

well-being is crucial to the integrity of the billet as a

whole.

13




II1. Fiber/Matrix Displacement Mismatch Analysis

Property mismatch between the fiber and matrix causing

thermal stresses could lead to the ultimate failure «f the

cylindrically woven carbon/carben compusites dur ing
fabrication. Adhesive failure at the radial fiber ¢r failur~
of the fiber itself is expected tc take piace befcre any
other mode of failure. This is because the radial yarns are

the most highly stressed, and regicons ¢f high shear stress

are created at the free ends because «f property mismatch.

Imagine a billet compesed of equally spaced fibers with
matrix in between, as shown in Fig.7. When heated, the

fibers and matrix will expand, but the matrix will try to

expand more because of its higher coefficient ¢f expansiocon.

This mismatch will result in high shear stress at the
fibers' ends. If the stress 1level exceeded the bhond

strength of the interface, debonding will 1initiate. Using

some physical intuition, one can realize that the debcnded
portion of the matrix will try to flatten itself cut, which

translates inte «creating a pulling force on the matrix

around the matrix-~fiber interface Fig.8. 1If this situation ;
were to occur, the usefulness of the radial yarn in terms c¢f

load carrying capacity is reduced by the debonding.

The fiber-matrix displacement mismatch can be analyzed,

utilizing a model very similar te the c¢ne discussed earlier

14




in this section, Fiqg.7.

Balance of force exist hetween the fiber and the matrix

during the heatinqg up process is expressed by,

momom (I1-1)

The difference in mechanical strain 1is 1induced by the

mismatch in coefficient of expansion:

M M
Mo Mo (- (T - T
£ m F b (11-2)

where T, is the initial temperature

Let S be the shear force between the interacting surfaces,

and has a dimension of force per unit length.

m (I1-3)
where k1 is a constant and U is displacement.

The same shear force can be written in terms of displacement

of the fiber, or displacement of the matrix, which results

from their respective strain.

M

A(AeFeaz)

S =
—dax

(I1-4)

If Af and Ef are constant,

15




M
dzuf
= A.F
S = AR )
: (T1-5"
so that
2, M
afuy g
3 " ACE
q £Fe
X (TT-%)

At the interface, the shear force acting on the fiber is
equal but opposite in magnitude to the shear force acting ..n

the matrix,

2 M
d Um _ S
2 7 A_E
dx m- m (T1-7)
The difference in strain is:
2 M
d“ (@ _-u_)
m £ _ , 1 1 f v ™ T T3
2 B (A S ) kl l(Um'UE‘+(Um'Uf)]
dx f°f m m (TT-9)

Since the thermally induced displacement is constant alony

the length of the fiber, we can rewrite equation (TI-2) as:

2 M T
d” (Up-Ug) "+ (Up-Ug) = (Ll )k lf”M_UMHUT_UT)'l
a2 ReFe RE Sl ™" on g %TT_O)

Let (Um—Uf)M+(Um-Uf)T be D, the total displacement mismat~h

)
and (I£EE+XﬁE;)kI he @A constant K. Then  woe port )

differential equation of the form,

14




an 2. _
d—-,5. - KD =0
X (I1-10)
. . . 2 .2 .
The characteristic equation is X\ -K“=0, which can he
factored into (N-K) (\N+K) = 0. The rcots are x1=K \7=—K.

Since the roots are real and distinct, the solution is

D = Cler + C?e-Kx
i (II-11)
For K=-K we can write
D = klcosh Kx + kzsinh Kx
(I1-12)
k, = c,+c kK, = ¢c,=-C
1 me (11-13)
In obtaining the above solution, we use
cosh Kx = ;(er+e_Kx)
) (IT-14)
sinh Kx = %(er-e'Kx)
(I1-15)
The boundary conditions are:
u(o) =0
and
L d M M
u'(s) = (U -U.) = (ot -oxxo)AT
2 dx'"m O f m f (11-16)
for U(0)=0

17




0=cl+c32 cl=—c2
L
for U'(7)=(«m-af)£g
Kx -Kx
(ocm-cxf)AT = ¢ ;Ke "-c,Xe
(TL-Y7)
= clK(er+e Kx)
= 2c1K cosh Kx
(x_—ot AT
cy = ~—m7ﬁ§——— cosh Kx
- (TI-12)
D = Cl(er-e—Kx)
= clz sinh Kx
. (mm—«f)AF sinh Kx _ (am-mf)ﬁy Tanh K
- K cosh Kx h K %
(TI-19

Note that the total displacement mismatch, N is zero at
the center and is maximum at the ends, equation (17-19).

Large mismatch means great shear stress at the ends, which

encourages the initiation of adhesive failure.
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I[ITl. Critical Tensile Stress

In the previous section, it was shown that the property
mismatch between the fiher and the matrix create2s a
displacement mismatch. For the fcllowing analysis
everything surrounding a radial fiber will be considered
matrix. This assumption can be argued by lcoking at an unit
cell of the material, Fig.9. The elastic modulus of the
axial and circumferential fibers are low along the radial
direction. At elevated temperature, the transverse modulus
of the fibers are wvery close to that of the matrix,
reference [4}. In the 1light of this approximation, the
assumption that the radial fiber is completely surrcunded by
matrix for stress analysis of the radial fiber along the

radial direction will be valid.

The shear stress induced by the displacement mismatch
caused by the difference in thermal expansion coefficient is
analcgqous to the shear stress induced by displacement
mismatch caused by the difference in elastic modulus. The
latter problem has been treated by Cox, [51, using the so
called “"shear 1lag analysis". In this model a mechanical
stress is applied on the 1infinite resin parallel to the
embedded yarn. In the region of the yarn ends the strain of
the fiber will be 1less than the average strain 1in the
matrix. The deformation field in the matrix has been

sketched in Fiq.10. Cox shown that the tensile stress along
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this yarn is given by:

[ Lo |
l-cosh p(ﬁd—x)!

m 1
cosh jpd
(T77-1)
1
]
2G 2
where 3 = . m -
Efr‘ln(?)j
(YIT-7.
2L is the interfiber spacing
r 1is the radius of the fiber
d 1is the length of the fiber
and the shear stress at the interface is give hy:
1
{ Y5 1
| Gm j“sinh P (xd-x)
v = E_€ ——
f m L 1
2Ef 1n(?) cosh 7ﬁd
(YIT-2)

The ratio of maximum interface shear stress at the fiher
ends to maximum tensile stress in the fiber can He

calculated by equations (II-1) -~ (I1-3), and is found to be:

1
( Y5
"max l Gm 14 1
- = coth 534
Taf)max l?Ef ln(g)] o
(1171-4)
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If the maximum shear stress that an interface can withstand
can be cstimated, either experimentally or analytically,
then we can calculate the tensile stress in the fibher bundle
using equation (III-4). Knowing this critical stress value,
Gf we can then tailor our heating schedule so¢ that the
stress 1in the radial fiber will never exceed this critical
value, thereby minimizing micro-cracks that are caused by
adhesive failure due to displacement mismatch during the

heating up process.

It should be noted that the analysis used here is not
exact. Finite element analysis and experimental studies
suggested that it underestimates the shear stress

concentration at the ends of the fiber hy ahbout a factor

two. One should always adjust the results from equation

({I11-3) by a facter of at least twoc for application, (481.

21
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IV. Heating Rate - Strain Mismatch Apprcach

During the manufacturing of the billet, the material is
subjected to a series of heating and ccoliny cycles. The
significance of shrinkage cracks caused by the contracticon
of matrix material during cooling is undeniable. Many neople
have overlocked the possibility that micrc-cracks «can bhe
generated by displacement mismatch between the fiver and

matrix during heating up for reasons that has heen Ailg~usseqd

in previous sections,

Recall it has Yeen mentioned in section TII that the
mechanical strain mismatch can be expressed in terms ¢
thermal expansion cocefficient mismatzch;

d€¢ = (ot _-ox)AT
m "f (Tv-1)

Then the strain rate is

gé = (“m.“f)g%

(1V-2)
The assumption has been made that the billet was subhjected
to a rapid heating process, so that no significant creen ~an
take place during the heat up. The tensile stress 1in the
yarn at this point will therefore independent of time. By
the same token the balancing compressive stress in the
matrix must also be time independent. An excessively qui-k
heating rate is undesirable, since it would lead t:i adhesive

failure at the fiber matrix interface. A controlled heating




rate must be used in order to allow creep to partially
balance out the strain caused by the mismatch. Assuming

creep only take place in the yarn, the strain mismatch which

is to be relieved by the creep of the fiber can be equated

to the general creep equation;

* -
%{- = Afeo )" exp(ﬁ\

(IV-3)
o = is the critical tensile stress in which a fiber
can withstand withcut debonding tc occur
A = material constant
n = stress exponent
M = activation energy
R = gas constant
T = temperature
If x, E, AH, A and n are all temperature independent,
*n
ar _ Ale) _ exp f:éEY
(IV=-4)
S ;}
t = ————— exp [#] aT
A(e) " T,
(IV-5)

If all the parameters are known, then the rate of
temperature change can be found with the tensile stress in
the fiber holding at a desirable constant value. The
integral of equation (IV-5) will have to be evaluated

numerically. The resulting plots will take the shape shown

23




schematically in Fig.lla, with the stress vs. time curve

holding constant as shown in Fig.l1lbh,.




V. Heating Rate - Stress Relaxation Approcach

When a billet is heated to a elevated temperature, one
would expect the highly stressed radial fiber will try to
stretch more along the radial direction than the hoop fiber
would allow. If a strong bond exists between the radial and
circumferential fiber, this will be analogous to the classic
model of stress relaxation where the stress in a heated

fixed ends rod is being relaxed due to creep.

Assume that the only meaningful creep action is
performed by the radial yarn. Recall the unit cell of Figq.9,
where the assumption was made that 25% of the cell is radial
fiber and the remaining 75% has properties similar to matrix
along the radial direction. If balance of force exit

between the matrix and fiber.

*
A o = A_c
m m £°f (V-1)
*
where Am = effective area of matrix.
0.75 oo = 0,25 cf

m (V-2)

oy = 3
m £ (V-3)

. Since the stress term in the creep equation behaves in a

power law fashion, this makes the matrix in the radial

direction relatively insensitive to creep.
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For the creep of the radial fiber, use the Aaenera?

creep equation:

de¢ n «Cﬁ
= Ao ex
JT P RT et

where € = creep strain.

Since the creep curve of carhon fihrrs are linear, therefcr-
it 1is appropriate to apply the steady creep approximation -

elastic analogy.

1 do n -/\H
T gt - Ao exp v = 0
(=11
integrating bhoth sides gives

1-n
o -

= AFEt exp sl + <
-n RT (V=51

Use the initial <condition to evaluate the inteqraticn

constant

At t=0, o = oe
where O, = stress cause by elastic strain during rapid heat

up, before any significant creep has taken place.

¢ is found to be

(v-")

Substituting back into eqn (V-f)

.
-




.

1-n (rl—n
z = AFt exp ALl + &
1= RT 1-n (v-q)
l-n _ Y—n
o = (1-n)AEt exp ,Q! + o
¢ (V-9)
Note that
o, = E<¢
) ° (V-10)
where ¢, = elastic strain
1
o = {(l-n)AEt exp %%g + (Eoé)l-n}[-n
(Vv-11)

A, n, E, A\H are to be determined by experiment. For carhon
fibers, n has a wvalue qgreater than one. Equation (V-1
describe the stress in a fiber at any time t for a given

temperature T.

The purpose of regulating the stress 1in the radial
fiber is tc avoid having the stress exceed a critical stress
value Gf. The temperature versus time and the corresponding
stress versus time plot will have shape such as those shown
in Fig.12. This heating schedule may be more practical in

actual manufacturing practice; unlike the previous method in

which the temperature controller has to follow the exact
path described by equation (IV-5), this approach allows an

approximation to that path.
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The stress during the rapid heat up fenq., a-H f

Fiqg.12b) can be calculated quite easily, because the
assumption has been made that during the heating prccess n-
creep will cccur. Therefore stress is caused by both elasti-
and thermal strain. When the stress value reaches point 4,
the <c¢ritical stress value, temperature should hold constant
( such as b'-c'at Fig.12a ) so that stress can bhe relaxed
(points b-c¢ in Fig.12b) before further heating. The holAdiqg
time has to be decided by the user depends ocn the ‘tynn of

fiber. The holding time should not be tso long for chvinus

economic reasons.
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I. The Creep Behavior of an 1Impreqgnated Graphite Fiber

Bundle

The obhjective of this study is tc determine the stress
dependence n and the activaticn enerqy A H terms of the well

known empirical creep equation,

(VI-1)

of an impreqgnated graphite fiber bundle.

The graphite fiber used in this study 1is Magnamite
graphite fiber type HM-3000 which 1is a continuous hiqgh
modulus, PAN-based fiber with 3000 filament-count tows. The
impregnant used is the CP277-15V coal tar pitch manufactured

by the Allied Chemical Corporation.

VI-A Specimen Preparation

Before the specimen can be tested in the hiqgh
temperature creep furnace, a series of task will have to go
intc preparing the specimens. A half inch diameter loop was
formed at both ends of the dry yarn bundle and was secured
with twelve knobs distributed over a two inch section,
Fig.13. Cotton sewing tread was used for making the knobs,
they should be strong enough to prevent any slipping while
being pulled at both ends. The dry yarn measures 16 inches

from end to end and is now ready for impregnation,

29




The 15V coal tar pitch was pretreated at 300C under a

nitrogen atmcsphere for about five hours before it was used
in the actual impregnation ¢f the fiber. The reascn fcr this
pretreat process was to drive out scme of the undesirable
chemicals such as sulfur, ash and hydrcgen which made up the
pitch. A typical ccal tar pitch has a carbon content ¢f ¢3¢,
a hydrogen content ¢f 5.5%, a sulfur content of 1.45% and an

ash content of 0.05%. These chemicals are highly vclatile at

high temperature therefore, using untreated pitch as

impregnant can cause problems such as the buildina up ¢ £
sulfur and ash particles causing the blcckaie <€ the
nitrogen gas exit tubing and the blcating ¢f the impregnated

yarn during the later calcinaticn process.

The graphite fiber bundles were impregnated in
pairs,they were 1laid 1into a 18 x .75 x .5 inch trench cut
ocut from a rectangular cross-sectioned aluminum. A highly
sanded wooden stick was placed at each ends through the
hoops of the fiber bundles Fig.l14. The functicn c¢f the
sticks was to keep the ends of the fibers above the pitch
and for stretching the bundles when it was being raised from
the resin bath. The trench was then filled with pretreated
15V pitch powder and was heated on a hot plate. The pitch
melts at around 110C and the bundles were allowed to sit in

the resin bath for about 2.5 hours to ensure qgoecd wetting

throughout.
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After the fibers were raised from the bath they were
put onto a calcination fixture Fig.15. The fixture was made
out of fire bricks at both ends with two graphite rods in
between. Notice the pivoting mechanism at the left hand
side of Fig.15, it was desiqgned to keep the fiber striqht at
all time during calcination without causing any creep to
occur because of the 1light weight of the material. The
entire setup was then put into a tube furnace Fig.l6 for

calcination.

The instrument used in the <calcination process are
shown in Fig.17 and 18. Before the furnace was turned on,
nitrogen was allowed intc the alumina tube at high flow rate
to drive air out. Twenty minutes 1later the furnace was
turned on and held at about 30C to allow the heating and
sensing elements to stablized. The nitrogen flow rate was
then decreased to about two bubbles per second at the water
trap and the programmable Honeywell/Brown temperature
controller was turned on. Below 300C the heatinqg rate was
100C/hr.; :from 300C to 750C which 1is the critical
temperature range the heating rate was about 15C/hr.; from
750C to 900C the heating rate was about 50C/hr. The heating
history of each pair of fiber bundles was recorded on a
plotter for 1later reference. At about 900C the furnace was

turned off and allow to <c¢ool to room temperature with

nitrogen flowing at all time to insure minimal oxidation.
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VI-B Creep Experiment: Instrumentaticns and methcdclegy

The creep experiment was performed at a facility in the

Aerospace Corporation's Material Science Labcratcry. The
instrumentations used are shown in Fig.19 ana 20, The
calcined fiber bundle was held in place inside the "iah
temperature creep furnace by two mechanisms shown in Fig.??,

These clamping mechanisms were machined cut froem 2 very fine

grained graphite. One end of the fiber was fixed and tae

other end unrestrained. the unrestrained end was ccnnected

to a weight which passed cver a smcoth pulley. A linear
variable digital transducer (LVDT) is alsc connected t¢ this

free end, any yarn displacement would be detected hy the

LVDT. The signal sent out by the LVDT will then be measured
by a digital volt meter (DVM) and recorded in vcltage by a

HP9815 computer. The computer was s¢ programmed that a
reading was taken every three minutes and forty-five

seconds. When the computer takes a reading, a glitch maker

which was connected to the computer and a twoe channel chart
recorder would make a spike on the chart at that instant

which aids in 1later data 1interpretations. The furnace

current was controlled manually below 1500C and was then
switched over to computer menitoring over 1500C. Below

1500C the temperature was measured by A manual cptical

pyrometer, at above 1500C the temperature was measured by a

IRCON Infrared pyrometer which was connected tce the same twe

channel chart recorder. which means that the chart reccrder
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will not start reccording temperature readings until the
furnaced reached 1500C. Since significant creep usually take
place at temperature above 2200C for this material, nao

important data is lost from such an arrangement.

The stress dependence of the creep rate was determined
by a change-c¢f-stress method in which the structural changes
which usually take place during creep is minimized. In this
unispecimen method each specimen was strained at a selected
temperature under an argon atmesphere and stressed until the
creep curve was well established, at which time the stress

was changed suddenly to ancther value while holding the
temperature constant. The ratic of the creep strain rate
immediately after the stress change to that just before |is
compared to the ratio of stress after the change to that
immediately before tco determine the stress dependence of the
creep rate, The stress dependence was found tco take the
following form:

1n <2/€1

n = In 0’270'1
(VI-2)

where ¢, and ¢, are the creep rates immediately after and

immediately before the change, and o, and oy are the

r4

respective stresses. Since the structure immediately before

and after the stress change was essentially the same, the

structural differences that normally complicates analyses of

the stress dependence of the creep rate does not exists.
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The same line of reasoning is applied to determine the
activation energqy of the impregnated bundle., This time wn
change the temperature while holding other variables, stress
and structure constant. Knowing the temperature diffarence
and the creep rate at respective temperatures, the
activation energy is found to be in the follewing form:

R T
Aﬂ=v}—:{*[ln ¢, - 1n ‘1}
(VI -2

The scattering of AH and n values is expected despite
the outmost care that has gone into preparing and testinqg
the specimens. A best fitted value will have to be chosen
for each of the two parameters, they are in turn used to
determine the material parameter A of the general creep

equation (V-4).
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expressed as

where N=11 is the number of divisions. It was found rthat
this total average strain rate differs from the creep rate
calculate only from the highest temperature rejion by less
then one percent. This shows that usingd the s5ix inches
uniform hot zone to he the gauge length is a very qccd

approximation.

The activation enerqy A of the yarn was determined by
the unispecimen chanje of temperiture technique which han
already been discussed earlier. The resnlts are showy in
Fig.24 through 29. The data points in the ‘igqures werno
fitted with a straiqht 1line using the method of linear
regression. The slopes of these lines are proportional to
the activation enerqy of the impreqnated vyarns. The
numerical results of the activation energy are in
surprisingly goocd agreement. The mean value for AH is &1,.6#

kcal/mole with a standard diviation of only 2.2 kcal/male.*

The stress dependence n of the vyarn were ‘o ho

determined by the unispecimen change of stress methad, hut
was forced to change the plan when unexpected problems

arose. The first disadvantage of the unisprcimen changer of

stress method is the changing of the ntress,  especially a

*The physical interprctations of the activation cnergy are
presented in Addendum II.
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VI-C Creep Experiment: Results

The creep rate of an impregnated HM-3000 fiber was
obtained by converting the rate of vocltage change reccrded
by the HP9815 computer into elongation rate in mm/hr. All
the temperature data points obtained during a temperature
raise were neqglected, this is because elongaticn recorded
during this period were resulted mainly from thermal
expansion of the fiber. Only those datas pcints which were
recorded after the furnace temperature has stabhlized were
selected. Assumption has been made that all of the creep
occurred at the six inches uniform hot zone located at the
center portion of the three feet 1long furnace. Analysis
performed by Feldman [7], proved that this is a very qgood

. . *
approximation.

In the analysis the temperature distribution o¢f the
furnace was assumed to be hyperbolic Fig.22,. Because of
symmetry of the distribution only one side of the furnace
will have to be analyized, The furnace was then
hypothetically divided into ten sections along 1its 1length,
and the fibers were allowed to creep independently with
respect to the average temperature at their own specific
location. A creep strain versus locaticn curve can then be
plotted, and the results are shown in Fig.?3., When the
average creep rate at each section are summed numerically,

the result is the total averaje <creep strain and can bhe

* Addendum I presents further discussion of the gage length
and the calculation of the pre-exponential factor A of
Equation (VI-1).
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temperature in the excess of 2300 C. At this temperature any
change in lcad can triqqger failure even if it was performed
by a wvery steady hand. Ancther problem associated with the
changinqg of weiqht is that when a lcad is added or taken off
from a fiber, the fiber will shift to the right or to the
left depends on which action was undertaken. The sudden

shift of a fiber will interrupt the delicately focused IRCON

infrared pyrometer which controls the furnace current. 1If a
cold spot 1is -exposed to the pyrometer the furnace current
will shoot up suddenly and vise versa. It will take a 1long
time for the furnace to stabilized and even more difficult
to get it back to the exact temperature as it was hefore the

load <change. The most curious phencmenon was that after a

fiber was hot stretched at a certain 1load no creep was
detected at that same temperature even when the lcad was
increased by 300%. It was noticed that «creeping reassumed
when temperature is raised aboved the previous hot
stretching temperature, but at a rate much 1lower than
expected as shown in Fig.28 and 29. All these factors made
it very difficult to use the unispecimen change of stress

method to determine the stress Adependence.

An alternate method was to compare the creep rates at
the same temperature for two constant load trails. One can
argue that the unispecimen method may be is very important
for working with materials like highly-oriented

polycrystalline graphite, but not necessary so for testing
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fibers. Since all the specimens used were made from the sare
roll cof fiber, prceperties homogeneity is assured.

Variations can only came from the impregnaticn anl

calcination preccedures. Every cffort has been made t¢ ensure
that the specimens' preparaticn preccedures were as uniform

as possible. Random testing has confirmed that the matrix

weight fracticns were about 65% ¢n various specimens. In the
light that we have exactly identical dry fibers, reascnably

uniform impregnation/calcinaticn procedures and alsc the

fact that nearly mcst of the lcad were carried by the fiber,

one can conclude that this method is valid.

The calculated values for the stress dependence are

listed on table(3), and found tc¢ be varied from 1.2 tc 2.1.

After careful eliminations of bad data, a mean n value «cof
1.41 with a standard deviation of .13 was found. This

suggested that an impregnated HM 3000 fiber has scme viscous

behavicr, for which the creep rate is nearly proporticnal to
| the applied stress. The stress dependence of wviscous creep

material is one.
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Ccenclusion

The findings of the crack study performed by Kuhansedgh
and Sines [1) hinted that the level of stress in the fiber

bundle may have something tc do with the <crack pattern

observed. The assumption that the radial fiber is the mcst
severely stressed fiber is confirmed by a simple analysis.

The usefulness of a strong and well bonded radial fiber in

reducing processing anomalies was reviewed by modifying the

computer model developed in [1). Note that the billet will

benefit from the radial fiber only if the radial fiber 1is

streng and well bonded. If the radial fiber debonds during
processing, its effectiveness in relieving hocp stress is

minimal and would be eccnemically unfounded to weave in the

radial yarns to begin with. In the light of this problem two
different methods were devised, namely, the fiber/matrix

displacement mismatch apprcach and the stress relaxaticn

approach. The aim o¢f these twc metheds were to develcep a
heating schedule which takes advantage ¢f the <c¢reep acticn

of the fiber as a stress relieving agent, to keep the radial

fiber from debonding thereby preserving its intended

usefulness to the billet. Two impocrtant parameters of the

general creep equation, the activation energy and stress )

dependence for an impregnated HM 3000 fiber bundle were
determined by experiment, they tock up a wvalune of R1.68

kcal/mcle and 1.41 respectively.

* Further analysis and discussion of the optimum time-temp-
erature path are presented in Addendum II1.
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Fig.1 Picture showing a (1110 plane cut from the vig e v = th tillet
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HOOP FISER MATRIX POCKET

Fig.5 Diagram Showing A Characteristic Area on the Billet's
Cylindrical Surface
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Fig.10 a.

Shear stress Tensile stress

Stress

at interface ,.
in fibre
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Diagrammatic representation of deformation around a
discontinuous fiber embeded in a matrix subject to a
tensile load parallel to the iiber.

Stress distribution at the interface and in the fiber,
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Fig.1la A typical T vs. t plot ;
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Fig.11b A typical stress vs. t plot
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Fig.12b A typical stress vs. t plot
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Fig.i3 The overlap preparation of the specimen
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Fig.14 The

impregnation fixture
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Fig.15 The calcination fixture
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Fig.16 The calcination fixture loaded with specimen ready for
the tube furnace
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Fig.17 Instrumentation used in the calcination process
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Fig.19 High temperature furnace used in the creep experiment
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Fig.19 High temperature furnace used in the creep experiment
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Fig.21 Specimen clamping mechanisms used in the creep experiment
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Fig.22 Hyperthetical temperature distribution of the creep furnace
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Fig.23 Normalized creep rate vs. location in the creep furnace
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PROPERTY HM- 3000 HM- 10,000
Density ( 1b/in) 0,067 0.066
Strength impreg. (ksi) 350 355

. 6 6
EA ( psi) 54 x 10 50 x 10
Er ( psi) 1.5 x 10° 3.4 x 108
TP : )
Diameter ( pum) 7.2 7.5
ap { /°F) . 1.39 x 107°
ar ( /OF) * 7.5 x 1078

Table 1 Conditioned properties of fibers used in this study at
room temperature from their manufacturer's data
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CRE T S R Y [ES O T

Property Cool tar pitch

277CP - 15v
Density ( gr/cc) 1.35
cooking value( %) 48.2
Benzene
Insolubles( %) 12-18
Quinoline
Insolubles(%) 4-8
Ash(%) 0.23

Table 2 Properties of 277CP-15V coal tar pitch matrix from their
manufacturer's data
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T(C) n Ny ns ng
2199.7 1,86 - _1.23 -
2380.0 1.92 - 1.50 -
2529.5 2.03 1.29 1.29 1,29
2680,2 2.16 1.30 1.53 1,66
2829.6 2.14 1.30 1.36 1.70

Table 3 Stress dependence values of HM 3000 fiber bundies
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Appendix

Calculate the Restraining HydroStatic Pressures

Using the original billet model, one can solve for the

interfacial pressure with no radial effect, With these

informations one can find the hoop stress in the inner and

outer most fiber,

f i 1
s - 1P ~Pa,np R
N W £ ]

i

and

o = 4
o
£
o

f - 1
1%s8,59) " Pso,5001 Fo
. 1

where Ri ' Ro . tf. R tf are the inside and cutside radius
i o)
of the billet and fiber thickness at the inside and cutside

locations respectively.

The inside and outside circumferential strain are

o'i 1,
€, = .
b (Bpg ‘
. 1
i and J
; .
c
€ = 2
e} (Ef)a
The billet radius immediately after a rapid heat up is,




Appendix

Calculate the Restraining Hydrostatic Pressures

Using the original billet model, one can sclve for the

interfacial pressure with no radial effect. With these

informations one can find the hoop stress in the inner and

outer most fiber,

rP - D 1R-
o N B FRY - (1,2f "i

3
1
and
f _ 1
o - 15¢58,59) " P(s9,600) %o
(o) o t =
£
(0]

’ tf ’ tf are the inside and cutside radius

where Ri ’ R0 )
i o)

of the billet and fiber thickness at the inside and ocutside

locations respectively.

The inside and outside circumferential strain are

.
€ = (Pl
“£) 3
and
[0}
€ = (PO)
“£°3

The billet radius immediately after a rapid heat up is,
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tf. = 0.035 in

1
tg = 0.14 in

Q
(Ef)a=25x106 psi at 5000 F
*p = 1.39x10°°/ F
AT = 4000 F
Ap = 9.43x10” % in?
A = 0.004 in’

C.

1
A = 0.007 in?
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Addendum 1

Creep Parameter — The Linear Factor A

by

George Sines and Pascal Gotsis

One objective of the study was to determine the parameters in the creep
equation for an impregnated graphite fiber bundle. The creep equation (VI-1)

given on page 29 is

Q% = Ac"exp (-AH/RT)

.

Values of n are given in Table III and discussed on page 38. Values of AH
were found from Figures 24 through 29 and discussed on page 36. The value for

A requires special comnsideration.

In Figures 24 through 29, the ordinate is the natural logarithm of the
displacement rate in millimeters/hr. The specimen is of uniform cross—section
without a reduction in area iz the gage length so the effective gage length
must be estimated. It has been estimated from the temperature profile in the
furnace that the effective gage length is 152 mm (6 inches). The data point
for 2700°C on Figure 24 will be used for an estimate of A because it is on the

best-fit straight line for the five data points and is a data point.

In obtaining a value of A, uncertainty exists or how to calculate the

stress. Should the net fiber area be used on the gross area of the

impregnated bundle? Both are meaningful.




Using the nominal net area of the bundle given by the supplier,

1.83 x 1074 inz, and the load of 273 grams (0.6018 1b) the stress is
3.18 x 103 psi. Using the mean value of n = 1.41, the mean value of 61.7
kcal/mol for the activation emergy T = 2973°K, and a creep rate

-3 . -1 _ -3 L. -1
4.76 x 10 © hr ', we have A =1.76 x 10 (where creep rate is in hr and
stress in psi). However, when we use the gross area of the impregnated
bundle, which, admittedly, was somewhat irregular in diameter because of the
pitch, taking an average diameter of 0.040 in, the stress is only 478 psi.

Now we have an A = 25.5 x 10_3.

In our ongoing studies we will soon determine the effect of excess pitch
on the creep rate. If it is negligible, then it would be appropriate to use

the in situ cross—sectional area of the fiber bundle.
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Addendum 11

Comments on Activation Energy for Creep

by

George Sines

The creep tests were conducted on uni-directional specimens in which the
PAN based fibers, 'Hercules Magnamite'' HM 3000, were graphitized by the
supplier. The specimen was impregnated with coal tar pitch and carbonized
according to the procedure outlined on pages 29-31. Thus, the state of the
bundle would be representative of the first cycle of graphitization of the
billet. The measured activation energy of 61.7 kcal/mol for the bunmdle in
this state may not be representative of the bundle in later cycles of
impregnation, carbonization, and graphitization, in which the matrix consist
primarily of graphite. Fully graphitized specimens are being prepared to
determine the effect of degree of graphitization of the matrix on the creep of

the bundle.

Values measured by Feldman [II-I] on dry bundles of meso-pitch fibers of
two kinds are 66 and 109 kcal/mol. His data for impregnated bundles were too
scattered to yield an activation energy. An even wider range have been

measured for polycrystalline carbon graphite, 60-239 kcal/mol [II-2].




Two activation energies may be active in the creep of graphites——that
for the carbon—carbon bond of 85.3 kcal/mol and that for lattice diffusion of
163 kcal/mol [II-2]. Measurement of activation energy may also be distorted

by the large transient creep that occurs in graphite.

Atom movement occurs in the graphitization of carbon as well as in
creep. Two peaks have been observed at 100 and 200 kcal/mole in the
graphitization of carbon [II-3]. They are thought to correspond to the same
two mechanisms postulated for creep——carbon bond formation and lattice

diffusion.

Pyrolytic graphite, because its atomic structure is similar to that of
graphite fibers and to that of the matrix sheaf, could have a creep activation
energy similar to that of a graphitized bundle. Values have been measured

from 100 to 114 kcal/mol [II-4].

The creep behavior and the strength of multi-cycled, impregnated,
graphitized bundles in cylindrically wound billets might be influenced by
hot-working incurred by the thermal stresses during processing. Pyrolytic
graphite has had its strength increased from an initial value of 26 to a final
value of 87 ksi at 2200°C after it had been plastically deformed at 2750°C

[I1-4].

These uncertainties complicate the development of optimum processing to
avoid failure of cylindrically wound billets because of the strong dependence
of the analysis on the activation energy for creep. We hope to obtain better

values on bundles processed in a manner simulating the billet processing.
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Addendem 111

Considerations for Optimum Processing

by

George Sines and Pascal Gotsis

In our study of crack morphology of cylindrically wound, carbon-carbon
billets, it appeared that the radial fibers had cracked free from the matrix
[Text ref. 1]. There are reports that in some billets, when this debonding
did not occur, the radial fibers fractured. In private communictaions [II-1],
[II-2) it has been stated that the radials, even though they are debonded, may
help prevent gross fracture of the billet. It is thought the high diametral
expansion of the radials puts presure on the debonded interface so that the
radials assume load through friction, thereby reducing the temnsion in the
outer circumferential fibers. This has never been confirmed. We plan to test

this hypothesis in our proposed experimental program.

To give a qualitative understanding of the shape of the optimum time—
temperature heating path to avoid radial fiber-bond failure or fiber fracture,
we treat a simplified worse case. Consider a cartesian lay—up in which the
fibers under consideration are a minority so that their stress does not
appreciably retard thermal strain of the composite in their longitudinal
direction. To avoid fracture of the fibers or their debonding, the difference
between the thermal strain of the fibers and the cqmposite must be less than
the critical elastic strain to cause failure plus the creep strain of the

fibers.
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G . (t)
(a_ - ap)T(t) g—";-*-ﬁ + [ & at
F (o)

This equation is solved in the text on page 23 and the symbols are
defined there. (a“l is the transverse coefficient of the composite in which

direction there are very few fibers)

t = [(a.l = ag)/A c:rit] T}.exy[AB/RT]dT

[}

The integral does not exist in closed form but had to be evaluated
numerically by the IMSL subroutine library of the IBM 3033 computer. the
initial heating to To without creep which causes a fiber stress of S.rit’
which has some margin of safety, can follow any path. It is at this

temperature the calculated path starts.

The material parameters used in the calculation are:

[-]
"

5.45 x 105 (oc)7?

7

7.72 2 1077 (o)t

E=16.2 x 105 psi
n=1.41

A=1.,81x 10'_3 (stress in psijcreep rate in

hr )

A was determined for the best fit to the data of Figure 24. The stress

was based on net fiber area.
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In Figure 111-1 the path is given for o = 130 ksi and To = 1715°K.

crit
To avoid failure, one hour must be taken to raise the temperature the first
increment of 200°K. After 1.1 hours, the temperature can be raised at a very

rapid rate, not needing more than an additional 0.02 hr to reach any

temperature of interest for graphitization.

In Figure III-2 for o, = 100 ksi, the initial temperature is 1319°9K,

rit
and 2.2 x 102 hr is needed to raise the temperature 200°K without failure.
However, only an additional 15 hr are needed to raise the temperature an

additional 1500°K.

In Figure III-3 for Ocrit = 140°K, the total time, after reaching a

TB = 1847°K, is less than 0.4 hr to reach 30009,

These calculations for cartesian lay-up are very conservative when
compared to the behavior of a cylindrical lay-up in which the transverse
(radial) strain is greatly constrained by the circumferential fibers.

However, they do illustrate the extreme sensitvity of the time-temperature
path to the failure strength of the radial fibers, They also show the need to

slowly raise the temperature in the initial period after Tb has been reached.

These calculations are applicable to cartesian lay—-up. The constraint
of the transverse fibers would have to modify the thermal strain

k (an - af) in the initial equation.

[} s
crit

where the constraint factor k would have to be found from micromechanics. In
this simple illustration the material properties were considered to be

constant. More accurate analysis would have them dependent on temperature.
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III-1 Private Communication — Julius Jortmer, 1982

II1-2 Private Communication - Steven Evangelides, 1982
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ADDENDUM TV

Stresses in the Radial Bundles -~ Further Considerations
by

George Sines

The model used for the first-order approximation compared the axial

strains in the circumferential bundles at the inner and outer diameters of

the billet to the average axial strain of a radial bundle attached to these

extreme circumferential bundles. (Eq. I-8, page 9) Tt was demonstrated that
the stress in the radial bundles exceeds that in the circumferential
bundles when the billet is heated.

This model neglected the local interaction of the radial bundles with
the thermal strain of the composite. Julius Jortner recently made a second-

order approximation* which gives

E} - 6 (Ro - Ri)
B_* c * c B
€ -
9 €q + Cag a)AT
Where EE average axial mechanical strain in a radial bundle.
r
Be* axial tensile mechanical strain in a circumferential bundle
0
at the outer radius Ro' (It is assumed to be approximately
equal in magnitute to the compressive strain in the
? circumferential bundle at the inner radius Ri)'
ce* mechanical circumferential strain in the composite at R
A
a coefficient of thermal expansion of the composite in the .
' 0

circumferent ial direction.

* To appear in a forthcoming report by Jortner Rescarch to the ONR.
(L.H. Peebles, Jr., ONR monitor.)




o axial coefficient of thermal expansion of the bundle.

Notice that this analysis also predicts that the strain (stress) in
the radial bundles is always higher than the peak strain (stress) in the
circumferential bundles.

Both models are limited to giving the average of the axial mechanical
strain in the radial bundles; it will be seen that the peak strain in the
radial bundles will be even higher: The radial composite stress (or strain)
which occurs upon heating is compressive and it is zero at the outer and
at the inner radii and has a roughly parabolic shape with the peak near the
middle of the radial thickness (Reference 1, Figure 23). Shear interaction
of the radial bundles with this compressive composite strain would decrease
the axial tensile strain in the bundles in the middle and would therefore
increase it near the outer and inner radii in order to maintain the same
average strain. Thus the axial tensile stress in the radial bundles would
be higher near the outer and inner radii and higher than the average
predicted by both of the above analyses., (Jortner considers the above in
a quantitative way in the draft of his report in preparation,)

Many billets have a layered structure where the number of radial
fibers is increased at the outer radius in an attempt to make the radial
bundle density more constant, Neither analyses considers this effect or

the coincident effect of termination of some fibers at the layer interfaces.
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ATLANTIC RESEARCH CORPORATION Frankle R. S. Mexandria ] 2314
AVCO Corporation Laskaris 1. Lowel} mA 01851
AVCD Corporation Rolincik P. ¥ilsington ] 01887
AVCD Systess Division Taverna rt Wilaington L") 01887
B.F. GOODRICH RuD CENTER Stover E. Brecksville (0] 44191
BATTELLE COLUMBUS LABORATORIES Jelinek Frank J. Loluabus Ohio 43201
CALIFORNIA RESEARCH & TECHMOLOGY, INC.  Kreyenhagen K. N, Chatsworth ] 13
DEFENSE NUCLEAR ABGENCY Xohler | 8 Washington | ¥ 20305
DEFENSE TECHNICAL INFORMATION CENTER I Alexandria va 22384
DEPARTMENT OF THE MAVY Crone 'R Bashington x 2030
EFFECTS TECHMOLDGY, INC. Mler LB Santa Barbara ca 93105
EFFECTS TECMMOLOBY, INC. Grahas ». Santa Barbara CA 93105
EXXOM ENTERPRISES, INC. Riggs b. Fountain Inn SC po[1]]
FIBER MATERIALS, INC. Lander Lt Piddeford L 3 04005
FIBER MATERIALS, 1N, WeAllister L. Biddeford L 3 04003
6A Technologies Engle Glen B. San Diego cA 92138
SEMERAL ELECTRIC COMPANY Franke Robert Cincinnati (] 45215
BEMERAL ELECTRIC COMPANY Hall Kenneth J, Philadelphia PA 19101
SENERAL ELECTRIC SPACE DIVISION -RSO Sebhardt B Philadelphia ] 19104
HAVEE Pegg R Santa Fe Springs (X)) 90470
WERCULES CORPORATION Christensen P. fagna gt 84044
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ONR DISTRIBUTION (CARDON-CARBON)

ORGANIZATION LASTNANE FIRSTMANE cIry STATE 11PCODE
Riice Dyson L. Gardena CA 90249
11T Research Institute Larsen . C. Chicago Nlinois 60616
JET PROPULSION LABORATORY Kisael N Pasadena €A 91103
JORTMER RESEARCH & ENGINEERING, INC. Jortner dulius Costa Nesa V] 92628
KAISER Fischer . San Leandro V] usn
LANRENCE LIVERMORE LABORATORIES Maisoni A Liversore ca 94330
LOCKHEED WISSILES & SPACE COMPANY, INC. Pinoli Pat C. Palo Alto cA 94304
LOCKHEED MISSILES AND SPACE COMPANY Osaka ¥, Sunnyvale ¥ ] 94088
NARTIN MARIETTA AEROSPACE Koo F. i, Orlando FL 32855
NASSACHUSETTS INSTITUTE OF TECHNOLOBY  Uhlaean D. R. Casbridge L] 02139
NATERIALS SCIENCES CORPORATION Kibler I d. Springhouse PA 19477
MATERIALS SCIENCES CORPORATION Rosen B. Walter Springhouse ] i
MCDONNELL DOUBLAS ASTRONAUTICS CO. breszczuk L. 8. Huntington Beach CA 92647
MCDONNELL DOUGLAS ASTRONAUTICS €O. Penton A P. Huntington Beach ca 92647
NCDONNELL DOUSLAS RESEARCH LABORATORY  Holsan K. 5t. Louis "0 63168
NASA Bersch Charles F. Washington iy 20545
NASA Langley Houston R. J. Langley VA 23665
NASA Langley Rusaler D. Langley va 23645
NASA Langley Sawyer J. N Langley va 238635
KASA Marshall Space Flight Center Powers 8. Huntsville A 35812
NAVAL RESEARCH LABORATORY I Washington x 20375
NAVAL SEA SYSTEMS COMMAND Kinna N Mashington 1 ¥ 20302
NAVAL WEAPONS CENTER Jeter Edward China Lake CA 93555
NSNC/NDL Koubek F. 3. Silver Spring o 20910
NSNC/WOL Rowe Charles R. Silver Spring 1] 20910
OFFICE OF NAVAL RESEARCH SESHERERERIENSER Pasadena ca 91106
OFFICE OF NAVAL RESEARCH Diness A N Arlington VA yrriy
OFFICE OF NAVAL RESEARCH Kushner 4. S, Arlington VA 2217
OFFICE OF NAVAL RESEARCH Peebles L. H. frlington 1] mn
DSD/DDREE Persh J. Washington o 20301
PDA Engineering Crose J. 6. Santa Ana CA 92705
POA Engineering Mack L E Santa Ana CA 92703
PDA Engineering Stanton E L Santa Ana v ] 92705
PICATINNY ARSENAL Anazione f. Dover N 07801
PRATT & SHITNEY AIRCRAFT Miller Robert L. West Pala Beach fL 33402
PPATT & WMITNEY AIRCRAFT Scheid Tos West Pals Beach FL 33402
PURDUE UNIVERSITY Sun . T. West Lafayette N 47907
PURDUE UNIVERSITY Taylor R. E. Nest Lafayette Indiana 47906
RENSSELAER POLYTECHNIC INSTITUTE Diefendort R. J. Troy L) 12181
ROCKETOYNE DIVISION, ROCKMELL INTERNTL Hawkinson €. L. Canoga Park ca 91304
SAMSD/MNNR Bailey D. Norton AFB CA 9240%
SAMS0/MNNR Brocato 1. Norton AFB cA q240%
SANDIA LABORATORIES Northrup D. Albuquer que - 87185
SCIENCE APPLICATIONS, INC. Eitean b, Irvine cA 92715
SCIENCE APPLICATIONS, INC. Loosis Willard Irvine (¥] L7 H
SOUTHERN RESEARCH INSTITUTE Koenig John Birainghas A 35205
SOUTHERW RESEARCH INSTITUTE Pears C. Birsinghas ] 35205
SOUTHERN RESEARCH INSTITUTE Starrett H. Stuart Birsinghas A 33205
SOUTMWEST RESEARCH INSTITUTE Lankford . San Antonio n 18284
SOUTHMEST RESEARCH INSTITUTE Robinson Craig San Antonio n 18282
STACKPOLE FIBERS COMPANY, INC. Flesing 6. Lowell ] 018352
STRATEGIC SYSTENS PROJECT OFFICE (PH-1) Kincaid J. Washington 8 20376
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OMR DISTRIBUTION (CARBON-CARBON)

ORGANIZATION LASTNANE F IRSTNAME 804 STATE 1IPCODE
STRATEGIC SYSTEMS PROJECT OFFICE (PM-1) Weinger S. Washiagton [ 20376
SUPERTENP CENTER Leeds Don Santa Fe Springs ] 90470
SYSTEMS, SCIENCE AND SOFTWARE Gurtesan 6. La Jolla cA 92037
THIOKOL Brosan 6. Brighas City ur 84302
TR Systess Kotlensky ¥a. San Bernardino €A 92402
U.S. ENERGY RESEARCH DIV. ADNINISTRATION Littsan A. Washington K 20331
UNION CARBIDE CORPDRATION Bowsan J. Cleveland OH 44101
UNION CARBIDE CORPORATION Taylor A, 0ak Ridge ™ 37839
UNITED TECHMOLOGIES RESEARCH CENTER Gallaso fF. Hartford cr 06100
UNITED TECHNOLOBIES-CSD Ellis Russ Sunnyvale CA 94088
UNIVERSITY OF CALIFORNIA Batdor S. B. Los Angeles cA 90024
UNIVERSITY OF CALIFORNIA Sines George Los Angeles CA 90024
UNIVERSITY QF WASHINGION Fischbach D. Seattle ] 98195
UNIVERSITY OF WYOMING Adans . F. Larasie w 82071
VIRGINIA POLYTECHNIC INSTITUTE Hasselsan p. P. H. Blacksburg vA 24061
VIRGINIA POLYTECHNIC INSTITUTE Jones Robert M. Blacksburg VA 24061
VOUGHT CORPORATION VYolk H. Dallas n 15214
NILLIANS INTERNATIONAL Cruzen Scott Nalled Lake )| 48088
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