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REPORT ABSTRACT

.-Some cylindrically wound, carbon-carbon billets have had gross 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 radial 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.



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 radial 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

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

4 =strain

(r = stress

t = time

T = temperature

A = area

x = spacing

P = pressure

F = force

Subscripts

o = outer

i = inner

GG = circumferential surface, circumferential direction

rr = radial plane, radial direction

zz = axial plane, axial direction

t = tension

c = compression

= axial direction

= transverse direction

f = fiber

m = matrix
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1 initial

Superscript

IIIIV,. n ~n t iteration

M = mechanical

T = thermal



int rcduct ic n

While fracture of the circumferential yarn during

heating in fabrication has received most of the attention, a

simple analysis can show damage to the radial yarn is more

likely because uf its higher stress. The well-being of the

radial fiber is very important to the integrity of the

billet as a whole. When the billet is heated, the outer

radius will be forced outward; the radial yarn wants to

prevent this from happening by loading itself in tension,

thereby relieving some of the load in the hoop yarns.

Unlike the hoop yarn, 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 yarn and the

surrounding matrix. Sudden unloading, such as debonding of

the radial yarn, could lead to catastrophic failure of the

circumferential fiber bundle during processing; even gradual

unloading can lead to degradation of the overall strength of

* the finished billet.



A careful crack study has been made by Kuh.3nsedgh -n(

Sines [1]. Some of the findings sr summarized a! fc lws:

(1) An extensive crack structure is seen in the
,

circumferential sur face , which in somo cases, tends ty

be periodic; that is, cracks tend to occur after eorh

five or six circumferential fiber bundles .

(2) There are a few cracks aroundI scme c f the axiil fihcr-

but no extensive crack pattern is prsnt ar( Ind hr:',

fibers.

(3) Most radial fibers were totally s'r rcunded by w'Kl-

defined cracks. Although scme appear.ed t, hv woe-

defined cracks on only three sides, the tcurth sidi ,e;

also have been debcnded and these cracks w, r,

continuous around the radial fiber tnrouqhc ut. thC

billet, Fig.i.

Point (3) seems to support our claim that high stres

in the radial fiber bundle, causes the debonding. Th :; 1s

because if the crack are caused only by shrinkale the

distribution of crack should be quite even, sincee the

shrinking of the matrix material is assumed to be isotropic.

The striking contrast in the finding between the leas'

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

* Circumferential cracks are those in the s3urface
perpendicular to the radial direction. The surface contains
the circumferential and axial directions.

2



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

a role in crack formation.

It is the purpc,se of this study to take advantage of

the creep process during the late graphitization cycles and

develop 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.

3



The Billet and its Fabrication

The NAVY-C4X1 billet is a three-diriensionA,

cylindrically woven carbon/carbon composi-e. Tho biln ,4- ;z

manufactured by General Electric, using multiple hi,'5

pressure impregnation process at 15 ksi with CP277-1SV coal

tar pitch; which is supplied by the Allied Che"ir.V

Corporation. The billet is woven by two different kinds ,>

yarns. HM-10000 yarn is used in the ax ia and]

circumferential directions, and the HM-3000 yarn in tho

radial direction. 10000 and 3000 corresponds to the nunmbor

of filaments in each yarn; both yarns arc fabricated by thfe

Hercules Incorporated, Magnamite Graphite Fibers Divisi on.

The variable fiber volume fractions are shown in Fiq.?, a-,,i

the properties of the fiber and pitch materialF are

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

Processing of the billet can be divided into two steps:

Automatic weaving and densification. Fiq.3 shows The process

flow chart of the billet.

Automatic weaving of this three-dimensional v

reinforced, carbon/carbon composite billet consisted of

fabricating and assembly of yarn bundles of three orthoqonal

directions (radial, axial, circumferential). The billot i

then heated to a minimum temperature ,f 1'10 " (' 2 F) before

the densification process begins. In the do,is fi 'ation

process the billet was densified by subs,-qent impriniticn,

41



carbonization, and graphitization steps using pitch

materials as the impregnant. Durinq the carbonization stage

of the first cycle the matrix material became graphitizable

carbon, forming mesophase during the heating treatment in

the range from 400 C (750 F) to 450 C (840 F). Mesophase

consists of large polycondensed aromatic compounds oriented

nearly parallel to 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) under a

pressure of 40 torr. The degree of impregnation depends upon

the processing conditions such as pore size, pore size

distribution, and gas permeability.

High pressure carbonization was the second stage of the

densification process. The billet was heated to 650 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 is

observed to be small compared to cracking in subsequent

steps.



The last step is graphitization, the billet wIs

subjected to a uniform temperature rise up to 275n (15 ' r

F). At this stage some chemical and structural -hin'1 :;

occurred in the matrix. The densification process was

repeated four times, the latter three in order to re:pl i,-e

material volatilized during carbonization and graphitization

as well as to fill the cracks occurring each time on coolinq

from graphitization. The billet was then subjected t-,

inspection and machining.



I. Estimation of Stress in the Radial Bundle

The fol lowinq analysis give,; 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.

99 oR) 94 i I949

which implies that ( 99 )o -( 4 *G)i = I1 I From

studying the results obtained by [1i] and [3], this found to

be an acceptable approximation. We also assumed that the

Young's modulus in the direction along the fiber's axis are

equal for both radial and circumferential bundles so that

(Err )a = ( ) a = E. Table (1) show that the difference

in moduli between these two types of fiber bundles in the

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"Iw'R When the

billet is heated, the inner and outer circumferences of the

billet will be forced to change its dimensions. The outer

circumference just after a rapid heat up can be expressed

as:

C/ C =C + C 4 + CoL\T
0 0 0 (T-1)

where 4 is the mechanical strain.

7



r
2W-R o = 2VRo + 2W-RO - + 2WR oO\T

11° ii _E + OVT
(I-3)

where cc is the coefficient of thermal expansion, R is the,

original billet radius and R is the billet radius just

after a rapid heat up.

Similarly, the inner radius will be,

[ 1
Ri R R i 1 + o T

(1-4)

-he mechanical strain in the radial direction is

r I IRlr, - R) - (ro-rl
rr C(R0  - Ri - R i -cAT

rr R R

rR + R. -
< r I R C1 R11E

This is the maximum mechanical strain that a radial bundIle

will experience, if perfect bonding exists between the

radial and the boundaries circumferential bundles. Stress in

the radial bundle would be:

rr rr rr rr rr , -

8



Since we have assumed Err E O along the fiber's axis,

Orr = 9 - R*0 il( 1I - 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 R -R. relative to the billet circumference0 1

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.

9



I-A The Restraining Effect of the Radial Bundle

The effect of the radial bundle on the billet's

circumferential bundles can be demonstrated by modifying the

computer model developed by Kuhansedqh and Sines [il. In rtl

the billet was modeled as an assemhly of concentric thin

walled cylinders. Alternate cylinders have different

properties; one set models the fiber, the other the matrix.

The number of cylinders model ing the fibers are equa to the

number of layers of circumferential -.rap. The Navy billet

used in this study has 59 cylinders ( numbered from 1 to 5q

). The odd numbers are for the fiber cylinders and the even

numbers the matrix cylinders. Each cylinder can he expressedl

in a qeneral form.

- II+ R ,
R (n1+ (a f -aMA P(I

(nn+ ) [nfmj - n) + nltT n =

where n=1,2,3,... 59

When n = odd Ex = modulus of fiber

E = modulus ,f matrix
y

n = even E = modulus (,f matrix
x

E = modulus, of fibery

The model also asf;umod that the proprtioq ,f oh, fihr

and the matrix cylindor,; will not ch.ine with tomporatir,,

10



,ind ftio con.'ntr ic cylinders are in i tal] y in stress-free

Contact.

A change in temperature causes the cylinders' diameters

to change, and thereby introduce inter-cylindrical pressure

P(n,n+l) throughout the billet radii. These inter-

cylindrical pressures can be obtained by solving a

simultaneous set of equations which takes the form of

equaticn ( IA-l ), these pressures can then be used to

calculate the value of 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

outer 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 along its length, 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. Note that these

hydrostatic pressures represent the restraining effect of

the radial bundles on the hoop bundles, therefore we can

only consider the amount of stress that has successfully

transferred to the hoop bundle in calculating the

11



hydrostatic pressures. In this work the load transft-r

efficiency was assumed to be 0.50, it is a reascnahl;

assumption ccnsidering the amount of debonding and :ralk;

which is so commonly found arcund a fiber which intersects a

free surface.

To calculate these restraining pressures the original

billet model (with no radial effect) was jtilizedl to, [i,

the stress of its hoop fibers. Knowing these stresse; cn.,

can then calculate the change in billet radhius just after a

rapid temperature increase. Now a fictitious radial fiber i.;

superimposed onto the billet with its ends fixe1 tc th,

outer and inner most hoop fibers, one can then estimat,, I,

radial stress induced by the radius change. Reca , -,1

assumption has been made that only 50% of the stres!; was

successfully transferred and working to keep the billet fr(m

expanding, therefore the force in the radial bundle is

multiply by a factor 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 into the billet model. The result- are

plotted on Fig.6. This plot has over estimate(! tho

effectiveness of the radial bundle from a roal hil et . Thi:;

is because the radial stress which was :;eI I,- c-,rulae h,

12



hydrostatic pressures was computed from a billet where the

maximm p),.ssible amount of expansion was allowed. In actual

C-..S( internal fr ictic, nal forc'es, anisc,.tropy stre;ies a-nd

stuffing stresses will prevent the hoop fiber from expanding

this much. Nevertheless the usefulness of a strong and well

bonded radial fiber is 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 of the billet by mcre then 20%. The sharp

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

the model's extreme sensitivity to the variation of fiber

volume fraction Fig.2.

In an actual billet a strong and well-bonded radial

yarn is expected to help to reduce some of the processing

anomalies. A smaller compressive zone can reduce mini-

buckling at the inside diameter, lower tension at the outer

diameter can reduce the chance of cracks formation in the rz

plane. One would expect a flatter and smoother hoop stress

distribution for the actual billet. In this analysis it was

found that 58% of 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 yarn 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



II. Fiber/Matrix Displacement Mismatch Analysis

Property mismatch between the fiber and matrix caus3-1ng

thermal stresses could lead to the ultimate failure (f the

cylindrically woven carbon/carbon composites durino

fabrication. Adhesive failure at the radial fiber cr failur,,

of the fiber itself is expected to take place before any

other mode of failure. This is because the radial yarns are

the most highly stressed, and regions of high shear stress

are created at the free ends because of property mismatch.

Imagine a billet composed 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 of expansion.

This mismatch will result in high shear stres!; at the

fibers' ends. If the stress level exceeded the bond

strength of the interface, debonding will initiate. Using

some physical intuition, one can realize that the debcnded

portion of the matrix will try to flatten itself out, which

translates into creating a pulling force on the matrix

around the matrix-fiber interface Fig.8. If this situation

were to occur, the usefulness of the radial yarn in terms cf

load carrying capacity is reduced by the debonding.

The fiber-matrix displacement mismatch can be analyzed,

utilizing a model very similar to the one disii!;sed earlier

14



in this section, Fig.7.

Balance of force exist. between the fiber and the matrix

during the heating up process is expressed by,

M = E M

Af Ef *f = Am M

The difference in mechanical strain is induced by the

mismatch in coefficient of expansion:

M _ 4M 0C (T - T
f = - 1) (IT-?)

where T1 is the initial temperature

Let S be the shear force between the interacting surfaces,

and has a dimension of force per unit lenqth.

S = kI (Uf - Um)(11

where k 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.

d U f
d (Af E f--r[-)

dx (11-4)

If Af and Ef are constant,



2 M

S =AF E f

f dx 2
(T T-'

so that

2 M
d S

2 -AfEf CI T-f I

At the interface, the shear force acting on th- fiher is

equal but opposite in magnitude to the shear force actiri ,n-

the matrix,

2UM

m S
x2 Am F

(IT-7)

The difference in strain is:

d2 (UmUf) M ( I k r i M T T]
2  -E + A F kI L(Um-ljf)+(Um-Jf)j

dx f f m m (I t-°

Since the thermally induced displacement is constant alon.j

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

d2 (UmUf) M+(Um f) 1 1 M T TI
dx 2  - (Af+ AmEM)k. ,-U f +(U . .f)

7TT-n)

Let (13m-Uf) m4 (m -IJf) be D, th, total di:;pla-emPnt m i -. i .t, t

and k k e , ,n;t in t K Then wr, j' ,I I

differential equation of the torm,

.-j



2
d D _ K 2D - 0

dx (i i -in)

The characteristic equation is X2-K2=0, which can be

factored into (X-K) (X+K) = 0. The roots are 1 =K X2 =K.

Since the roots are real and distinct, the solution is

Kx -Kx
D = cle + c 2 e (TI-li)

For K=-K we can write

D = k cosh Kx + k 2sinh Kx1 2 (11-12)

k = 1l+C? k 2  = C-C 21 - c-4-c k2  1-c2 (11-13)

In obtaining the above solution, we use

1 Kx -Kxcosh Kx = (e +e
(IT-il.)

sinh Kx 1 (e KX-e-Kx)

The boundary conditions are:

U(0) = 0

and

L) d M M
U ]-(Um-Uf) = (0(m°{f!/

for U(O)=0
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O=c+c 2  CI-C2

for U'( )= (,Xm-OCf)AT

(OCm-otf)!LT = C1KeKx-c(te -

C I K(eKX+eKX)

= 2c K cosh Kx

C =(O 2m f)AT cash Kx
2K

Kx -Kx
D Cl(e -e

=C2 sinh Kx

( m--af)AT sinh Kx ( m-X OAT
D =-Tanh KxK cosh Kx K

Note that the total displacement mismatch, n is zero at

the center and is maximum at the ends, equation (TT-l9).

Large mismatch means great shear stress at the ends, which

encourages the initiation of adhesive failure.

IR



I11. Critical Tensile Stress

In the previous section, it was shown that the propc-rty

mismatch between the fiber and the matrix croat.3s a

displacement mismatch. For the following analysis

everything surrounding a radial fiber will be considered

matrix. This assumption can be argued by looking 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 very close to that of the matrix,

reference [4]. Tn the light of this approximation, the

assumption that the radial fiber is completely surrounded by

matrix f or 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

analogous to the shear stress induced by displacement

mismatch caused by the difference in elastic modulus. The

latter problem has been treated by Cox, r5i, using the so

called "shear lag analysis". In this model a mechanical

stress is applied on the infinite resin parallel to the

embedded yarn. In the region of the yarn ends the strain of

the fiber will be less than the average strain in the

matrix. The deformation field in the matrix has been

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

fl-c o sh P3(-d-x)I
cf = f m - -cosJh (2-3d

(TTT-I)

where m

2L is the interfiber spacing

r is the radius of the fiber

d is the length of the fiber

and the shear stress at the interface i:; jive by:

I
121r!4 Gm I2sinh P3(-d-x)

f E nLFL cosh rl-frr
The ratio of maximum interface shear stress at the fibPr

ends to maximum tensile stress in the fiber ran I)-

calculated by equations (II-I) - (11-3), and is found to he:

1

max _ 12
m = I coth

( f ) ma'x 2 In( R
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If the max i inum -;ht,-r :; r.::,; t ho t ,n intor fare (-an wi ths tInd

can he estimated, either expo-rimentally (,r anAlyticalIy,

then we can calculate the tensile stress in the fiber bundle

using equation (111-4). Knowinq this critical stress value,

- we can then tailor our heating schedule so that the

stress in the radial fiber will never exceed this critical

value, thereby minimizing micro-cracks that are caused by

adhesive failure due to displacement mismatch durinq 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 by about a factor

two. One should always adjust the results from equation

(111-3) by a factor of at least two for application, r[1.

21



IV. Heating Rate - Strain Mismatch Approach

During the manufacturing of the billet, the mat-rial is

subjected to a series of heating and cooling cycles. The

significance of shrinkage cracks caused by the contraction

of matrix material during cooling is undeniable. Many oeople

have overlooked the possibility that micro-cracks can he

generated by displacement mismatch between thp fil-r ,(nO

matrix during heating up for reasons that has been dis-u';'4

in previous sections.

Recall it has been mentioned in section TI that 1ho

mechanical strain mismatch can be expressed in terms

thermal expansion coefficient mismatch;

d = (m -OCf) IT

Then the strain rate is

d dT

ar = (Xm (X f TE-(T V-?)

The assumption has been made that the billet wa , qWjecto,,I

to a rapid heating process, so that no significant creen -an

take place during the heat up. The tensile stress in the

yarn at this point will therefore independent of time. Ry

the same token the balancing compressive stress in the

matrix must also be time independent. An excessively qli 'k

heating rate is undesirable, since it would 1eadI t-, adh-sive

failure at the fiber matrix interface. A contro(led hopatni-
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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;

d = *)n
ar (IV-3)

* is the critical tensile stress in which a fiber

can withstand without debonding to occur

A = material constant

n = stress exponent

= activation energy

R = gas constant

T = temperature

If (x, E, ', A and n are all temperature independent,

dt A(l= ) exp ri

M - R TV-4)

t * n exp [ ] dT
A(0 ) 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
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schematically in Fig.lla, with the stress vs. ti'n& ctirvie

holding constant as shown in Fig.llb.
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V. Heating Rate - Stress Relaxation Approach

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 Fig.),

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.

m am = Aff (V-l)

where A = effective area of matrix.
m

0.75 a- = 0.25 f6m (V-2)

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 rad iI fiber, iise th rnr!

creep equation:

= exp

where 4 = creep strain.

Since the creep curve of carbon fibors are linear, therefor,

it is appropriate to apply the steady creep approximation -

elastic analogy.

I do-
t- Ao7n exp -ZT-= n

T V-F

integrating both sides gives

1-n

AEt exp + C7-n RT-

Use the initial condition to evaluate the inteqraticn

constant

At t=O, (r = e

where (re = stress cause by elastic strain during rapid he(,-

up, before any significant creep has taken place.

c is found to be

i-n
e
1-n fV_'

Substituting back into eqn (V-6)
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l--n

1-n RT 1-n (V-)

C I-= (l-n)AEt exp + -Ie
e (V-9)

Note that

= E(7 e (V-10)

where c-e elastic strain

1
r (1-n)AEt exp -] + (EO-e) InlT-J

V R(V-lI)

A, n, E, \i are to be determined hy experiment. For carbon

fibers, n has a value greater than one. Equation (V-i1

describe the stress in a fiber at any time t for a given

temperature T.

The purpose of regulating the stress in the radial

fiber is to avoid having the stress exceed a critical stress

value o7 . 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 (erl. a- o

Fil.12b) can be calculated quite earily, hecausp th,

assumption has been made that durinq the hbatinq process rn

creep will occur. Therefore stress is caused by both einsti -

and thermal strain. When the stress value reaches point I,

the critical stress value, temperature shouli hold constart

( such as b'-c'at Fiq.12a ) so that stress can he reie-I

(points b-c in Fig.12b) before further heatinq. Thp hsl1

time has to be decided by the user depends on the t-,o , of

fiber. The holding time should not be too long3 for ohvious

economic reasons.
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VI. The Creep Behavior of an Impregnated Graphite Fiber

Bundle

The objective of this study is to determine the stress

dependence n and the activation energy / H terms of the well

known empirical creep equation,

= AcM exp-
(Vt -1)

of an impregnated graphite fiber bundle.

The graphite fiber used in this study is Magnamite

graphite fiber type HM-3000 which is a continuous high

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 high

temperature creep furnace, a series of task will have to go

into 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.
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The 15V coal tar pitch was pretreatod at 30OC under ;_

nitrogen atmosphere for about five hours before it was used

in the actual impregnation of the fiber. The reason fcr this

pretreat process was to drive out some of the undesirable

chemicals such as sulfur, ash and hydrogen which made up thr

pitch. A typical coal tar pitch has a carbon content cf 03",

a hydrogen content of 5.5%, a sulfur content of 1.45% and iri

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 buildinq up (_F

sulfur and ash particles causing the blccka~ve cf the

nitrogen gas exit tubing and the bloating cf the impregnated

yarn during the later calcinaticn process.

The graphite fiber bundles were impregnated in

pairs,they were laid into a 18 x .75 x .5 inch trench cut

out from a rectangular cross-sectioned aluminum. A highly

sanded wooden stick was placed at each ends through the

hoops of the fiber bundles Fig.14. The functicn cf 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 gc'd wettinq

throughout.
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After the fiber; were raised from the bath they were

put onto a calcination fiXture Fig.15. The fixture was madp

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 designed to keep the fiber stright at

all time during calcination without causing any creep to

occur because of the light weight of the material. The

entire setup was then put into a tube furnace Fig.l' 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 into the alumina tube at high flow rate

to drive air out. Twenty minutes later 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 heating rate was

1OOC/hr.; :from 300C to 750C which is 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 later reference. At about 900C the furnace was

turned off and allow to cool to room temperature with

nitrogen flowing at all time to insure minimal oxidation.



VI-B Creep Experiment: Instrumentations and methodccgy

The creep experiment was performed at a facility ir. the

Aerospace Corporation's Material Science Laboratc ry. Tht

instrumentations used are shown in Fig.19 ano 2nl. The

calcined fiber bundle was held in place inside the hih

temperature creep furnace by two mechanisms shown in Fi 1 .2,

These clamping mechanisms were machined out fro-m i very Eine

grained graphite. One end of the fiber was fixt.- an,] t 1e

other end unrestrained, the unrestrained end was ccnnected

to a weight which passed over a smooth pulley. A linear

variable digital transducer (LVDT) is also connected t, this

free end, any yarn displacement would be detected by 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 so 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 two channel chart

recorder would make a spike on the chart at that instant

which aids in later data interpretations. The furnace

current was controlled manually below 1500C and was then

switched over to computer monitoring over 1900C. Below

1500C the temperature was measured by i manual optical

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

IRCON Infrared pyrometer which was connected to the ;anm twc

channel chart recorder. which means that the chart re'((. rd-r
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will not start recor(Iing temperature readings until the

furnaced reached 1500C. Since significant creep usually take

place at temperature above 2200C for this material, no

important data is lost from such an arrangement.

The stress dependence of the creep rate was determined

by a change-of-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 atmosphere and stressed until the

creep curve was well established, at which time the stress

was changed suddenly to another value while holding the

temperature constant. The ratio 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 to determine the stress dependence of the

creep rate. The stress dependence was found to take the

following form:

In < /n =  
I n ' - .) / o - ,

(VI-2)

where 2 and < 1 are the creep rates immediately after and

immediately before the change, and o-, and c are the

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 determino t '

activation energy of the impregnated bundle. ThV- ti , we

change the temperature while holding other variables, stresr

and structure constant. Knowing the temperature difference

and the creep rate at respective temperatures, the

activation energy is found to be in the following form:

R T1 T2[ In - i

6 H = T 2  - T 1 - n < jT A

The scattering of g and n values is expected despite

the outmost care that has gone into preparing and testin'1

the specimens. A best fitted value will have to bp chosen

for each of the two parameters, they are in turn used to

determine the material parameter A of the general creop

equation (V-4) .
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expressed as

li0

where N=ll is the number of divisions. It was Foun, tht

this total average strain rate differs from tho creep rat-

calculate only from the highest temperature reg ion hy less

then one percent. This shown that usinq th- '3ix inc'hes

uniform hot zone to be the gaug e length is a vory I Go

approx imation.

The activation energy l of the yarn was determinorl, by

the unispecimen change of temperature technique which hi'-.

already been discussed earlier. The resultq are -,how'I in

Fig.24 through 29. The data points in the cigIre wero

fitted with a straight line usinq the method of linear

regression. The slopes of these lines are pronortional to

the activation energy of the imprgqnated yarns. The

numerical results of the activation enerly are in

surprisingly good agreement. The mean value for /k is 1I,

kcal/mole with a standard diviation of only 2.2 kcal/m, le.*

The stress dependence n of the yarn wnre ,

determined by the ,nispecimen change of stress method, hut

was forced to change the plan when unoxpecrd prob les

arose. The First disadvantage of the ,]nispc imon ,-h;nn o,'

:;tress method is the changing of tho :;trVs:;, esp i.tl iv ;

*The physical interpretations of t he act ivat ion 'n'iliy i,

presented in Addendum II.
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VI-C Creep Experiment: Results

The creep rate of an impregnated HM-30nl fiber was

obtained by converting the rate of voltage change recorded

by the HP9815 computer into elongation rate in mm/hr. All

the temperature data points obtained during a temperature

raise were neglected, this is because elongation recorded

during this period were resulted mainly from thermal

expansion of the fiber. Only those datas points which were

recorded after the furnace temperature has stablized 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 long furnace. Analysis

performed by Feldman f71, proved that this is a very good

approximation.

Tn the analysis the temperature distribution of 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 its length,

and the fibers were allowed to creep independently with

respect to the average temperature at their own specific

location. A creep strain versus location curve can then be

plotted, and the results are shown in Fig.21. When the

average creep rate at each section are summed numerically,

the result is the total average creep strain ani can be

* 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 23o0 C. At thi7 t, mprraturp any

chanqe in load can trigger failure oven if it was ptrformed

by a very steady hand. Another problem associated with the

changing of weight is that when a load 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. If a

cold spot is exposed to the pyrometer the furnace current

will shoot up suddenly and vise versa. It will take a lonq

time for the furnace to stabilized and even more difficult

to get it back to the exact temperature as it was before the

load change. The most curious phenomenon was that after a

fiber was hot stretched at a certain load no creep was

detected at that same temperature even when the load was

increased by 300%. It was noticed that creeping reassumed

when temperature is raised ahoved the previous hot

stretching temperature, but at a rate much lower 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 dependence.

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 hiqhly-oriented

polycrystalline graphite, but not necessary so for testing

37



fibers. Since all the specimens used were made from the, sa-'e

roll cf fiber, prcperties homcqeneity is as ;ired.

Variations can only came from the impregnaticn an'

calcination procedures. Every effort has been made to ens'ire

that the specimens' preparation procedures were as uniform

as possible. Random testing has confirmed that the matrix

weight fractions were about 65% on various specimens. In the

light that we have exactly identical dry fibers, reasnably

uniform impregnation/calcination procedures and also the

fact that nearly mst of the load 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 to be varied from 1.2 to 2.1.

After careful eliminations of bad data, a mean n value of

1.41 with a standard deviation of .13 was found. This

suggested that an impregnated HM 3000 fiber has some viscous

behavior, for which the creep rate is nearly proportional to

the applied stress. The stress dependence of viscous creep

material is one.
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Ccncl us ion

The findings of the crack study performed by Kuhansedgh

and Sines fl] hinted that the level of stress in the fiber

bundle may have something to do with the crack pattern

observed. The assumption that the radial fiber is the most

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 li]. Note that the billet will

benefit from the radial fiber only if the radial fiber is

strong and well bonded. If the radial fiber debonds during

processing, its effectiveness in relieving hocp stress is

minimal and would be economically 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 approach and the stress relaxaticn

approach. The aim of these two methods were to develop a

heating schedule which takes advantage of the creep action

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

fiber from debonding thereby preserving its intended
*

usefulness to the billet. Two important parameters of the

general creep equation, the activation energy and stress

dependence for an impregnated HM 3000 fiber bundle were

determined by experiment, they took up a value of 61.6P

kcal/mcle and 1.41 respectively.

* Further analysis and discussion of the optimum time-temp-

erature path are presented in Addendum 111.
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Fig.7 Billet With Equally Spaced Fiber and Matrix. (The dotted lines
repersents the shape that the billet takes just after a rapid
heat up

46



Pulling Force

De bondedRegion

/ F L

Fig.8 Forces Acting at the Fiber Matrix interface due to Mismatch in
Coefficient of expansion, and Modulus

47



,,-47 ~ ~ ~ ' 0 0 000 C 00 0 0 iZZ

00 0 0 0 0 0 0

000 C',0000 0 0
00000000 0 00 0 00

Fig.9 ~ ~ ~ ~ ~ ~ 0-0 A hrcersi nt elo teBle

48

0 u u4



(b)

Shear stress Tensile stress
U at interface fib

eEf - - - -

Fig.10 a. Diagrammatic representation of deformation around a
discontinuous fiber embeded in a matrix subject to a
tensile load parallel to the iiber.

b. Stress distribution at the interface and in the fiber.
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Fig.13 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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bC. GRAPHITE CONNECTING PINS

d. GRAPHITE SCREW CONNECTING DIRECTLY TO
THE LVDT UNIT

Fig.21 Specimen clamping mechanisms used in the creep experiment
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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

3
Density ( lb/in 3 ) 0.067 0.066

Strength impreg. (ksi) 350 355

EA ( psi) 54 x 106  50 x 106

ET ( psi) 1.5 x 1O6 3.4 x 1O6

Diameter (pm) 7.2 7.5

aA (/ 0 F) * L.39 x 10-6

aT (/OF) * 7.5 x iO 6

Table 1 Conditioned properties of fibers used in this study at

room temperature from their manufacturer's data
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Property Cool tar pitch
277CP -15V

Density ( gr/cc) 1.35

cooking value(%) 48.2

Benz en e

Insol ubl es( %) 12-18

Quinoline

Inso'Iubles(% 4-8

Ash( % 0.23

Table 2 Properties of 277CP-15V coal tar pitch matrix froni their
manufacturer's data
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T ( C n) nl. f 2 n3n4

2199.7 1.86 1 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 bundles
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Append ix

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,

P(0,1) - 2

1 tf.
3.

and

rp - PI
0• [P (58,59) (59,60)1 o

0

where R i , R 0 1 tfi , t f are the inside and outside radius

of the billet and fiber thickness at the inside and outside

locations respectively.

The inside and outside circumferential strain are

and

o (E f) A

The billet radius immediately after a rapid heat up is,
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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,

rp P I R
1= (0,I) t (l,2)j i1 tf.

and

rp- PIR

(5 (8,59) f( 5 9 , 0 )J o
0 tf

o

where R i I , , fi , f are the inside and outside radius

of the billet and fiber thickness at the inside and outside

locations respectively.

The inside and outside circumferential strain are

1 (Ef)A

and

o =  (Ef)A

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

t =0. 14 in
f

(Ef)a=2 5xlO6 psi at 5000 F

f = 1.39x10 6 / F

,T = 4000 F

A f = 9.43xi0
-4 in 2

.2
A = 0.004 in

C.1

A = 0.007 in2

0

p 0.5
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Addendum I

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-l)

given on page 29 is

de -a ~ne p(AW RT)
dt

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 consideration.

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 27000C 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.
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Using the nominal net area of the bundle given by the supplier,

1.83 x 10~ in2  and the load of 273 grams (0.6018 lb) the stress is

3.18x10 psi. Using the mean value of n = 1.41, the mean value of 61.7

kcal/mol for the activation energy T =29734K, and a creep rate

4.76 x 10~ hr1 . we have A = 1.76 x 10~ (where creep rate is in hr 1 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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Adde udum II

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 bundle 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 [I-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 [11-21.
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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 [11-21. 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 [11-3]. 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 [11-41.

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 22000C after it had been plastically deformed at 2750°C

(11-4].

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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Addedin Ill

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. 11. There are reports that in some billets, when this debonding

did not occur, the radial fibers fractured. In private communictaions [II-1],

[11-21 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 tension 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 composite must be less than

the critical elastic strain to cause failure plus the creep strain of the

fibers.
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ar (t)

(a -a)T(t)_ EF + f i dtmfs EF (o)

This equation is solved in the text on page 23 and the symbols are

defined there. (a is the transverse coefficient of the composite in which

direction there are very few fibers)

[(ams = f)/A rit] fexp[AW/RT]dT
T

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 acrit'

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:

a = 5.45 x 10 - 6 (00 -1

f = 7.72 z 10 - 7 (c) - 1

E = 16.2 x 1 psi

n = 1.41

A -1.81 x 10 - 3 (stress in psi creep rate in

hr-1)

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 acrit = 130 ksi and T O = 17150K.

To avoid failure, one hour must be taken to raise the temperature the first

increment of 2000K. 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 111-2 for acrit = 100 ksi, the initial temperature is 13190K,

and 2.2 x 102 hr is needed to raise the temperature 2000K without failure.

However, only an additional 15 hr are needed to raise the temperature an

additional 15000K.

In Figure 111-3 for aerit = 1400K, the total time, after reaching a

T = 18470K, is less than 0.4 hr to reach 30000K.
0

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 T has been reached.
0

These calculations are applicable to cartesian lay-up. The constraint

of the transverse fibers would have to modify the thermal strain

k acrit(am - ELf) in the initial equation.

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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111-1 Private Communication - Julius Jortuer, 1982

111-2 Private Communication - Steven Evaugelides, 1982
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ADDENDUM IV

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) It 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

c * (R + R.) (c B 0AT

r 0 (R 1

Bc cc + ( - BQ)AT

Where B_ average axial mechanical strain in a radial bundle.

r

B axial tensile mechanical strain in a circumferential bundle

at the outer radius R . (It is assumed to be approximately
0

equal in magnitute to the compressive strain in the

circumferential bundle at the inner radius R i).

C mechanical circumferential strain in the composite at R0

c coefficient of thermal expansion of the composite in the

circumferent ial direction.

• To appear in a forthcoming report by Jortner Research to the ONR.

(L.H. Peebles, Jr., ONR monitor.)
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B a 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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