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ABSTRACT

The structural, thermal and mass properties of convolute-wrapped paper phenolic
tubing were determined. This information was used to develop a satisfactory technique
for performing a stress analysis for the preliminary design of several rocket devices,
and for the detailed design and successful feasibility demonstration firing of a paper
phenolic case, M58A2 rocket motor. The material is degraded by high temperature
and humidity, although the effect is generally not permanent and the humidity problem
can be overcome with a protective coating. The principal problem in the stress
analysis technique was compensating for the non-linear anisotropic character of the
material. The low strength-to-weight ratio and shear strength of the paper phenolic
resulted in a decrease of seven percent in burnout velocity for the M58A2 and, con-
sequently, a reduction of fifteen percent in cost effectiveness when compared to a
metal case. In some applications, however, where the performance criterion is not
sensitive to inert weight and where other properties of the paper phenolic offer over-
riding advantages (e.g., non-usability of debris) the material can be competitive.
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LIST OF ABBREVIATIONS AND SYMBOLS

a = Acceleration (ft/sec)
A, B, C = Proportionality constants
D = Diameter (ft)
Df = Flexural rigidity, defined in Eq. 2
(Cna S)N Lift coefficient slope of nose times reference area of the nose

j (ft2 /radians)
(Cna S)T Lift coefficient slope of tail times reference area of the tail

(ft2 /radians)
E Elastic modulus, lb/in. 2 or lb/ft2

EB Propellant bulk modulus (lb/in. 2 /in. 3)
Ee = Propellant equilibrium modulus (psi)
fi = Inertial force distribution, defined in Eq. 14
F = Longitudinal force per circumferential inch (lbs/in.)
FN = Force on nose, defined in Fig. 29 (lbf)
FT = Force on tail, defined in Fig. 29 (lbf)
T = Moment of inertia (ft4)

Foundation modulus, defined in Eq. 3.
k = Defined by Eq. 26.
L = Length, ft.
m = Mass (slugs)
M = Longitudinal moment about mid-thickness, per circumferential inch

or
Longitudinal moment about center of gravity

P = Pressure, (psi)
q = Dynamic pressure = P V2 /2, (lb/ft2 )

R = Radius (inches)
r - Defined in Eq. 27.
t = Distance of a point from the surface of a cross section, illustrated

in Appendix A (inches)
T - Thickness of cross-section or case (inches)

V - Velocity (ft/sec)
X = F/T
Y - M/T 2

= Angle of attack, defined in Fig. 29, (radians)
6 = Misalignment angle, defined in Fig. 29, (radians)
£ = Strain (in. /in.)
e = Deflection angle, defined in Fig. 29 (radians)

Poisson's Ratio
= Length of moment arm (ft.)

X



p = Atmospheric density (slugs/ft3 )
X= ro/ri

Coefficient of thermal expansionIa= Stress (psi)
- Temperature (OF)
= Grain zero strain temperature, OF
- Volumetric Cure Shrinkage

c = Case
f = Flexure
i = Inner
r = Radial Direction
o = Outer
n, p Designate the extreme fibers on opposite sides of a cross section
p Propellant
t Through-thickness direction

CP Meridian direction
e Hoop direction

sec = Secant
tan Tangent

SUPERSCRIPTS

Over-bar (-) = Indicates through-thickness averaged value

NOTE: When more than one subscript is used (e. g., v e ) the first subscript
refers to the stressed direction and the symbol represents the ratio of
the strain in the direction of the second subscript to strain in the
direction of the first subscript.
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SECTION I

INTRODUCTION

The objective of this program was to determine the potential of paper phenolic
laminates as a structural material for solid propellant rocket motors. Both
analytical and experimental studies were performed in a two-phase program to
explore and assess the capabilities, limitations, and potential applications of the
material. The first phase of the program consisted of laboratory tests to determine
the structural and thermal properties of the material, a study of the production
techniques for fabricating case components from paper phenolics, and parametric de-
sign and cost analysis of paper phenolic structural materials for various rocket
motors and pyrotechnic devices. In the second phase we designed, fabricated, and
successfully demonstrated in a static test a prototype M58A2 rocket motor with a
paper phenolic case.

Based primarily on the results of a feasibility program conducted by the
Huntsville Division of Thiokol Chemical Corporation, Micarta Grade HY-488 was
selected as the material to be used for our investigations. The Huntsville Division
had investigated several grades of material manufactured by the only two known
producers of high strength paper phenolic laminates. These investigations had shown
that the HY-488 was clearly stronger than the other materials investigated. HY-488
is a laminate of oriented fiber kraft paper and phenolic resin produced by the Micarta
Division of Westinghouse Electric Company, Hampton, S. C. The material is normally
available as convolute-wrapped tubing or as flat plate.

Since the material we are interested in for rocket motor case fabrication is
tubing and since basic differences in the manufacturing processes for tubing and sheet
result In differences in the material properties of the two forms, it was decided that
all mechanical properties specimens and, insofar as possible, all mass and thermal
properties specimens would be obtained from tubing. This necessitated the develop-
ment of two different types of tensile specimens to take into account the configuration
of the material and the anisotropy of the material.

We did not attempt to perform an all inclusive study of the physical properties
nor did we attempt to perform sufficient tests of specific properties to provide an
accurate statistical definition of their range. Instead, our objective was to obtain the
minimum information about the material to provide a valid basis for an evaluation of
its potential.



The environments and limits selected for evaluation were based on the common
military operational requirements. The motors and devices selected for the prelimi-
nary design studies were selected as representative of specific classes of applications
and as far as possible were items with which Thiokol had specific design and
production experience.

-2-
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SECTION II

SUMMARY

During this program the mechanical, thermal and mass properties of Micarta
HY-488 paper phenolic laminates were determined, and these data were used to
develop structural analysis techniques; prepare preliminary designs of several rocket
and pyrotechnic devices; design, build and fire a prototype M58A2; and prepare acost
effectiveness analysis of several of the preliminary designs, The demonstration
firing was a success but the various studies showed that the material was cost
effective only in limited applications.

An extensive laboratory test program was performed to determine the following

properties of the paper phenolic tubing:

(1) uniaxial and biaxial tensile and compressive properties

(2) effect of cyclic loading and various military operational
environments on the tensile properties

(3) density

(4) specific heat

(5) thermal conductivity

(6) linear coefficient of thermal expansion

In the course of these investigations several interesting characteristics were
observed. First, the material is quite anisotropic, both with respect to mechanical
properties and with respect to thermal conductivity; second, the stress-strain
relationship is very nonlinear, without a yield point as is experienced with metals;
third, both elevated temperature and humidity degrade the strength of the laminate.
At 150°F the tensile strength is about 15 percent lower than at 70°F but the
degradation is not permanent, except in the case of very thick walls. The humidity
problem was overcome with a simple waterproof surface coating.

A nonlinear stress-strain relationship is not compatible with the ordinary means
of performing stress analyses, particularly with respect to discontinuity analyses.
Since the capability to perform an effective discontinuity analysis is essential to
efficient design, considerable effort was expended in developing a satisfactory
technique for treatment of the discontinuity problem. The technique developed is

-3-



based on the use of equivalent elastic properties and effective geometries and has been
shown to produce analytical results in good agreement with experimental observations.
It was also found that for the purposes of these analyses, it was convenient to express
the stress-strain relationship in terms of the secant modulus, a linear parameter
when expressed in terms of strain.

A number of generalized design and parametric studies were performed to assess
the design problems, limitations and potential of the material. The strength to weight
ratio is considerably iower than that of metals and this, combined with the low shear
strength, leads to limitations in the design capabilities. An efficient design with this
material must be optimized for paper phenolic from system conception. A structural
design which is optimum for a metal is frequently not optimum for paper phenolic.

Preliminary designs were prepared of several contemporary motors and devices
using paper phenolic as the primary structural materials. These designs were then
compared to the existing metal case unit in terms of dimensional envelope, external
and internal insulation requirements, center of gravity, vehicle performance and cost
effectiveness. The units investigated were the 2. 75 FFAR, Tomahawk Igniter,
XM-165 parachute flare, 1. O-KS-25 Spin Motor, and the M58A2. It was found that
such manufacturing cost savings as do exist are generally overcome by the low
strength to weight ratio and, consequently, the lower performance of the system. This
results in a decreased cost effectiveness if it is assumed that cost effectiveness is
proportional to the square of the burnout velocity. However, in the case of systems
with unique requirements which over-ride performance and capitalize on the special
characteristics of the paper phenolics, the material does dimw promise.

In support of the cost effectiveness studies, a study was made of present and
potential production techniques and of possible improvements in strength %nd cost.
The results were not encouraging.

The preliminary design of the M58A2 was expanded into a detailed design for a
feasibility demonstration test. Considerable difficulty was encountered in the design
of an adequate joint and in finding a reliable adhesive bond. After a series of four
failures with several bonding techniques and two joint designs, a succeLsful joint
design and bonding technique were developed. The first unit of the new design was
successfully proof-tested and subsequently satisfactorily hydroburst. Unfortunately,
the second unit of this design failed in hydrotest because of a material flaw. Appropri-
ate adjustments were made and the third case was successfully proof-tested. This
case was then loaded with propellant, assembled into a motor and static tested.

The static test was a successful demonstration of the feasibility of using paper
phenolic as a structural material for rocket motors. A noncatastrophic gas leak and
resultant burnthrough occL tred at approximately 70% of web burn time, but the leak

-4-



was due to a poor gas seal around the metal nozzle threads and it was in no way
associated with the use of the paper phenolic. All major test objectives were
accomplished and the test was considered successful.

The conclusions of this study are that paper phenolic laminates offer potential as
a competitive structural material in systems insensitive to strength to weight ratios,
particularly where the other unique characteristics of the paper phenolic offer
specific advantages. The paper phenolics are not suitable for systems which are
sensitive to inert parts mass fraction and volume.

-5-
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SECTION III

A BASIS FOR STRUCTURAL ANALYSIS OF PAPER PHENOLIC PRESSURE VESSELS

1. INTRODUCTION

This section serves as a demonstration that the structural behavior of critical
regions of paper phenolic pressure vessels is predictable through the use of suitably
modified ordinary analytical techniques. To this end, data obtained in routine
mechanical tests are employed, but with extended data evaluation to develop a more
complete description of the material's stress: strain behavior.

Critical regions of the vessel are approximated as problems in thin shell analysis,
with test data developed in terms of average stress and average strain; test data is
expressed for each principal direction as average modulus (as a function of average
strain) and average Poisson ratio. Experimental verification is obtained that in a
biaxial stress field, the strain dependence of modulus in either principal direction is
referred to the value of strain that would occur at that stres-s level in a uniaxial field.
Finally, uniaxial data is extended analytically to describe the behavior of an element
experiencing combined pure bending with axial tension.

At this point, discontinuity analysis of a test vessel becomes possible. The non-
linearly anisotropic material comprising various elements of the vessel is first
represented as an equivalent linearly elastic anisotropic material using secant
modulus values appropriate to the applied average stress levels at a particular
pressure. Then. geometry and modulus parameters are manipulated for each element
to develop a representation as an element of an analytically equivalent imaginary
isotropic material, From this point, further treatment is routine.

For the test vessel first treated analytically at the actual failure pressure, the
maximum meridional stress was analytically determined to be 14, 000 psi, resulting
from combined axial and flexural tension. In tests of specimens in pure tension,
strengths of 12,000 psi were observed. Testing in flexure characteristically results
in higher apparent strength levels because of the statistical significance of flaw
populations; the incidence of the "weakest link" of the material in precisely that region
of the flexural element which experiences the greatest tensile stress is not very likely,
while in the pure tensile element, the "weakest link" cannot be avoided. On this basis,
agveement between the analytical prediction of stress level at ultimate pressure and
experimental pure tensile strength level is reasonable, and serves as verification of
the analytical technique.
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2. GENERAL DESCRIPTION OF THE NATURE OF THE MATERIAL IN TUBULAR
FORM

Phenolic resin-impregnated paper laminate is a highly complex material; a
complete analytical description would require eighteen mechanical property param-
eters, other than strength values, for normal stress considerations alone. Shearing
stress considerations introduce still further complexity. When convolute wrapped,
the material exhibits three mutually perpendicular principal directions: the hoop and
longitudinal directions of the tube, and the through-thickness direction radial to the
tube. These directions will henceforth be designated by the subcripts e, and t,
respectively. Behavior under normal tensile stresses may be described by three
uniaxial elastic modulus values, Ee, Ecp, and Et, and by six uniaxial Poisson ratio
values, Ve p, Vet, V , V t, t andV

Description of compressive stress fields requires nine additional uniaxial values,
similarly defined. Further. the 0 and cpdirection uniaxial modulus values which have
been measured in this program, and presumably also the t direction modulus, are non-
linear, their magnitudes being dependent upon strain. A further perturbation resulting
from the non-linearity of modulus is the determination of the appropriate strain
dependence for biaxial or triaxial stress fields, taking into consideration all the
conceivable combinations of tensile, compressive and flexural forces. In addition,
there is the question of what constitutes a failure condition - does failure occur upon
development of some critical value of stress or upon some critical strain? If the
latter, what is the effect of biaxiality or triaxiality ?

As measured in this program, the value of hoop direction uniaxial tensile modulus
is about three times the corresponding longitudinal value through a comparable strain
range, and is approximately an order of magnitude higher than the longitudinal
compressive modulus at low strain values. Hoop tensile strength is between two and
three times the longitudinal tensile strength. The material appears to be capable of
substantially higher longitudinal tensile strain and somewhat higher longitudinal tensile
stress in flexure than in tension.

When a tube with closed ends, initially unstressed, is subjected to internal
pressure, the state of stress in an element of material distant from discontinuity at
the closures is as follows: the stress in the radial or through-thickness direction is
compressive, varying from a value equal to the internal pressure at the inner surface
to zero at the outer surface; the hoop stress averaged across the thickness is twice the
longitudinal stress similarly averaged. For geometry appropriate to the purposes of
this program, the hoop and longitudinal tensile stresses are at least an order of
magnitude larger than the through-thickness compressive stress. Consideration of
the nature of the fiber- resin composite suggests that the through-thickness com-
pressive modulus should be no larger than the longitudinal direction compressure

-7-
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modulus. Accordingly, for the internally pressurized tube and for modulus values as
described in the previous paragraph, hoop stresses and strains on the inner face will
be larger than on the outer face; this characteristic is analagous to the thick cylinder,
or gun-barrel effect.

In regions close to the tube closures, where geometric and elastic discontinuity
exists, the requirement of continuity of deflected position along the structure gives
rise to radial shearing forces and longitudinal bending moments in the tube wall. Be-
cause of the low longitudinal tensile strength of the material, failure occurs as the
result of the combination of longitudinal tensile and flexural stresses at the dis-
continuity, without evidence of significant interaction between longitudinal tensile
stress and shearing stress.

3. MATHEMATICAL MODELING OF PRESSURIZED TUBE ELEMENTS

Where structural strength is the major factor, capability to design effectively in a
material such as paper phenolic can be obtained only through development of
sufficiently rigorous analytical techniques and appropriate material property param-
eters to permit prediction of the be'tavior of a candidate configuration. A technique is
sufficiently rigorous when its application leads to close yet conservative predictions of
strength; it is excessively rigorous when its complexity requires that the analyst and
experimenter deal with aspects of behavior of only tangential importance to the
problem in order to obtain any answer at all. With regard only to paper phenolic
pressure vessels, rigorous treatment of the thick cylinder effect in regions remote
from discontinuities is important, but rigorous treatment of the discontinuity condition
is indispensable. The best possible mathematical model would allow treatment of both
conditions simultaneously. For linearly elastic materials, finite element, three-
dimensional solutions are available (e. g., propellant grain stress analyses) but are
extremely tedious and not well adapted to the present problem; on the other hand,
computerized, rigorous closed-form solutions for thin shell element discontinuity
problems are readily available through Thiokol routine vessel analysis procedures.
Adaptation of the thick cylinder methods for the nonlinear anisotropic material would
require years of effort, plus evaluation of all the normal stress elastic property
parameters above defined, as well as the corresponding shear stress parameters;
most of these later ones would be of minor importance. The approach was adapted
therefore, to employ the thin shell alternative with evaluations of gross material
property parameters (elastic modulus and Poisson's ratio values based on stress and
strain averaged across the thickness). The thick cylinder effect was considered only
as a correction factor for results determined for the thin cylinder model, to be used or
neglected, wherever appropriate. The only substantial constraint resulting from such
a procedure is that the material property parameters cannot be considered appropriate
for a very great range of thicknesses, because certain of the material properties must
be determined using geometries similar to those of the intended application.

-8-



In conjunction with the consideration of modeling techniques, it is necessary to
consider a means to represent analytically the various uniaxial stress-strain curves.
All these determined in the program have been non-linear, with continuously de-
creasing tangent modulus, through the entire strain range (Figure 1). Because it
simplified the handling of the data, the secant modulus was adapted as the key param-
eter, and was evaluated in polynominal form in terms of strain. This modulus is the
slope of a straight line, secant to the stress-strain curve, intersecting at the origin
where 0 = o , and e = o and at any other point a and e. For non-linearly elastic
material, of course, the secant modulus is a variable; expressions may be developed
for its value as a function either of stress or strain, the latter of which is used here-
after. Thus, in general terms, for any particular value of the abscissa, the following
relations are obtained (Figures 1 and 2).

Esec = A + Be + C6 2 etc (1-a)

a = eEsec=Ae + Be 2 +Ce 3 etc (1-b)

Etan = dG/de = A + 2Be + 3Ce2 etc (1-c)

The character of the data obtained in this program is such that the secant modulus
is linear with strain (Figure 2-b), so that the first two terms of the polynomial are
sufficient with B negative for positive strain.

In effect, through the use of the secant modulus, an element of non-linear
material experiencing some particular uniaxial normal stress and strain is repre-
sented by an equivalent linear material which would, at the same stress level,
experience the same strain. However, as Figure 2-a shows, upon application of an
increment of stress da, the increment of strain de would occur according to the
appropriate tangent modulus value, or alternatively, according to the secant modulus
value appropriate to the new strain value, e+ de. Using only the polynomial for
secant modulus, and a known applied stress, appropriate values of strain and modulus
may be easily determined by solution of equation 1-b for strain, and substitution into
equation 1-a or 1-c.

Still another matter appropriate to discussion of modeling techniques is the
manner of representation of flexural effects in the longitudinal direction of the tube.
Early in the piogram it was decided that there was little to be gained from testing
longitudinal flexural specimens since the non-linear behavior of the material obviates
the classical method of reducing flexure test data according to assumptions of straight
line stress distribution across the section, and equal tensile and compressive modulus.
Also, except as an indication of maximum strain capability in flexure, any such test
results would be of questionable usefulness because of complications due to substantial
shearing stresses in the classical test, substantial longitudinal tensile stresses in the
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intended pressure vessel application, and the problem of crosswise curvature in speci-
mens cut longitudinally from tubes. Accordingly, analytical treatment based ontensile
and compressive test data was adapted as the only real alternative, so long as verifi-
cation of results could be obtained via later analysis of discontinuity effects in test
vessels.

A beam analysis was established subject to the usual assumptions that only pure
bending acts, and that the cross-section behaves as a bundle of fibers each independent
of its neighbors except for continuity of elongations, for a cross-section experiencing
an arbitrary strain at the extreme top and bottom fibers, and a linearly varying strain-
-not stress--in between. The stress for any fiber is given by the product of its strain
and the appropriate value of secant modulus, tensile or compressive. Through inte-
gration across the section, expressions were obtained for the axial force and moment
about the mid-thickness, in terms of the extreme fiber strains. Again making use of
the figurative substitution of a linearly elastic material which would experience the
same extreme fiber strains upon application of the same mid-thickness moment, an
expression for flexural modulus was also obtained. The pertinent equations and their
derivations are presented in Appendix II. Results of computer solution of the equations
appear in later sections of this report as an expression of the analytical results of
specific interest here.

It must be noted that since the effect of shearing stresses in the flexural element
has been neglected, the flexural rigidity determined by this technique is greater than
would occur in an actual element experiencing shearing stresses. If substantial over-
estimates of flexural rigidity were thus obtained, ,ressure vessel analyses using the
high flexural rigidity would show higher than realistic values of flexural stresses. The
assumption that shearing stresses in paper phenolic pressure vessels are not signifi-
cant is reinforced by observation of the discontinuity failure mode in the test vessels.
This, and the fact that the error is in the conservative direction, suggests that neglect
of shear stresses at this stage is acceptable.

The final matter concerning modeling techniques is the manner of substituting a
pressure vessel for the paper phenolic elements and comparable isotropic and linearly
elastic elements so that available theoretical analyses and computer methods may be
applied to the discontinuity problems. In previous paragraphs, use of secant modulus
information has been interpreted as equivalent to substitution of an imaginary linearly
elastic, anisotropic material for the actual material. The present technique is a
further substitution of still another imaginary material. The key parameters which
describe the behavior of isotropic, linearly elastic, cylindrical elements under
axially symmetric loading, using the beam on elastic foundation method, are the
longitudinal direction flexurai rigidity, D, and the foundation modulus, k, descriptive
of hoop stiffness:
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k ~ ti2 R(3)

where the overbar indicates the equivalent isotropic linearly elastic material.
Manipulation of these expressions yields values for the equivalent isotropic material
as follows:

-- 1/2t t (Ef/E8) (4)

E = (Ee3/Ef)I/2 (5)

Without further alternation, the above value of equivalent modulus is appropriate for
Ef invariant with moment. The eqUivalent material represented as above will
experience deformations corresponding to the secant modulus line in Figure 2-a.
Further refinement may be obtained through use of the above representation for
definition of the free radial deflection of a cylindrical element, together with another
representation based on the tangent value of hoop modulus for definition of the smaller

d,2:.,s zau.ed by -;s loads on a -- sindrical 3lement.

4. REPRESENTATIONS OF MATERIAL PROPERTIES FOR ANALYSIS

The various experimental techniques employed in the characterization of the
material together with discussions of the basis for their use and limitations of the
developed data are described in Appendix I. For the purpose of the pressure vessel
discontinuity analyses conducted in this program at room temperature conditions, the
material is described by the following parameters extracted from the data:

Longitudinal direction:

tens
E Osec - 103 x (1151. - ECpx 23875.) psi

VCP0 = 0.178 (6)

comp
Ecpsec = 103 x (425. + % x 2689.) psi

where cp is positive when extensional.
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Hoop direction:

tens
Ee = 103 x (3000. -ee x 71667.) psi for t =.070"

see

tens (7)
E = 103 x (3430. - cox 92593.) psi for t =.125"Esee

VCP = 0.367

Following the analytical procedure described above for flexural effects (see also
Appendix II), and using the polynomial for longitudinal secant modulus, a large volume
of data describing flexural effects has been developed through a special-purpose
computer program. In thc range of present interest, with combined axial tension and
flexure such that uniaxial strains are extensional throughout the cross-section, this
data is represented by the following expression:

Longitudinal direction flexural modulus.

Ef = 1192. 65144 x 103 x 54.29694

(8)
_M (F x 0. 00801572 - 25. 30865) psi
T2 T

The flexural modulus as analytically determined varies very little with moment so long
as the axial force remains constant. This suggests that even though the material is
quite non-linear in tension, it is, curiously, possible for a flexurally loaded section
with constant axial tension to behave with a linear moment-deflection curve. (A
similar effect for zero axial force would explain potentially deceptive behavior of
flexural specimens).

5. CORRELATION OF ANALYTICAL STRENGTH PREDICTION WITH
EXPERIMENTAL RESULTS

From the outset, an important program objective was to manufacture a vessel
with burst strength close to, but in excess of, some analytically predicted value. As
a basis for forming judgments in the prediction, a trial discontinuity analysis was
conducted for one of the biaxial test vessels which had failed at a pressure of 916. 6
psi with origin at the case-closure interface. The intent was to compare the
analytically determined stress levels at the interface with uniaxial test data to
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determine if they appeared reasonably related. The biaxial test vessel was a paper
phenolic tube of 3. 000-inch inside diameter and 0. 070-inch wall thickness, fitted
with aluminum closures in the form of a plate with an 0. 161-inch thick skirt bonded to
the outside face of the tube. (Figure 56). Strains at burst recorded at mid-length of
the cylinder at orientations 180 degrees apart were:

Point A Point B

e inside 7992 "/" x 10- ' 7540 "/" x 106

ee outside 6385 6959

e inside 8572 9128

e outside 8497 8968

Se mean 7188 7249

ecp mean 8534.5 9048

Average hoop and longitudinal stresses a e and a were 20, 100 psi and 10, 050 psi,
respectively, as determined from statics.

Imposing the above value of hoop stress, as in equation (1-b), upon the expression
for hoop secant modulus, equation (7), the uniaxial hoop strain, hoop secant modulus,
and from equation (1-c), hoop tangent modulus are obtained. A similar operation
produces the uniaxial longitudinal strain. Also, remembering that F/T = CT, we
obtain from equation (8) for trial values of M/T 2 of zero and 1, 000, values for
flexural modulus Ef. Thus,

Oeuniaxial = 8375.8 x 10- 6  euniaxial = 11452 "/" x 10- 6

esec = 2399.7 x 103 psi Cetan = 1799.5 x 103 psi

Ef = 647 x 103 psi for zero moment

Ef = 591.7x 103 psi for M/T 2 = 1,000

(The above strain values are consistent with the observed strains using values of
Poisson's ratios ve, =. 35 and vC0e = . 10, which are appropriate.)
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Because the greater the longitudinal flexural rigidity, the greater will be the
longitudinal bending moment at the discontinuity, we assume a high first value,
Ef = 635 x 103 psi, and determine, using equations (4) and (5) and the hoop secant
modulus, that:

t = 0. 036008" and E = 4665. 1 x 103 psi

These values are applicable for a first estimate of the free deflection of the cylindrical
element and will result in over-estimates of edge load influence coefficients.
Similarly, from the hoop tangent modulus, we obtain additional values of

t = 0. 041583" and E= 3029.2 x 103 psi,

which are applicable to estimating the influence coefficients at the end of the
cylindrical element. The final parameter for the equivalent material, Poisson's ratio,
was taken as the square root of the product of the Poisson's ratios for the two
directions.

Since the thickness of the closure skirt is so great in comparison with the portion
of the paper tube bonded within it, and since the skirt modulus is also so much higher,
the stiffness characteri-tics of the composite element -- skirt with internally-bonded
paper tube -- was taken to be essentially the same as that of the aluminum tube alone.
Accordingly, it is appropriate to arrange our structural model as in Figure 3 with the
paper cylinder truncated at the beginning of the skirt, applying the moment due to
eccentricity of longitudinal force at this point.

From here on, the thin shell analysis is quite routine up to the point of further
modification of material property parameters for the equivalent material. Maximum
bending moment in the paper phenolic is determined to be 6. 6298 inch-lbs per
circumferential inch, tension inside face, based on the first set of equivalent
properties, or 5. 8229 inch-lbs per circumferential inch, tension inside face, based
on appropriate use of the two sets of equivalent properties. Radial deflection at the
cylinder-skirt interface is 3. 717 x 10-3 inches or 3. 574 x 10- 3 inches for the same
two solutions, compared to a free deflection of the cylinder of 11. 237 x 10-3 inches,
showing that the actual hoop stress in the paper element near the interface is much
lower than the PR/t value used in the initial determination of hoop modulus.

At this stage, it is possible to further subdivide the paper cylinder into short
elements so that the properties may be varied according to the hoop stress and bending
moment at any station as predicted in the first trial, thus by iteration developing the
analysis to the point where the material property parameters, deflections, and bending
moments are mutually consistent. A sufficient number of cycles were performed in
the present instance to suggest that the above maximum moment values are not
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drastically affected by this iteration. Several trials using different values of Poisson's
ratio were also conducted for the present vessel, without greatly changing the bending
moment values.

The analytically determined moment corresponds to M/T of 1188 inch-lbs/inch 2 /
circumferential inch: F/ T is 10. 050 lbs, inch/circumferential inch. From the com-
puter runs for flexural modulus, we may estimate final longitudinal tensile strains of
about 25. 000 i"/"' on the inside face and about 1000 J."/" on the outside face at the
discontinuity, corresponding to an extreme fiber tensile stress of about 14, 000 psi on
the inside face, assuming the longitudinal modulus polynomial to be valid for this high
a strain. These values compare to average strains of about 15, 000 P" /,, and average
strengths of about 12, 000 psi measured in longitudinal uniaxial tension. Though no
simple flexure tests have been conducted in this program. manufacturer's data
typically show apparent flexural tensile strengths greater than axial strengths by 50 '

or more. This data derives from the classical methods of treatment of flexure test
results. More realistic treatment of flexural behavior as discussed in a previous
section would show this to be actually a substantial increase in extreme fiber strain
c.apaboility together with a moderate increase in extreme fiber stress capability over
the values recorded in pure tension. Subject to this discussion, then, the predictions
of the discontinuity analysis appear to be quite consistent with our understanding of the
material strength parameters, and the failure condition appears to be stress-dependent
rather than strain-dependent.

At this stage a design effort was undertaken with optimistic expectations of
success, for two candidate vessel designs with 5. 713-inch inside diameter, and wall
thickness of approximately one-half inch. Analysis was pursued in a manner corres-
ponding to the treatment of the 3. 000-inch test vessel, but with greater complexity in
the transition region due to more gradual transitions. which necessitated composite
element treatment. The outcome of the effort was a pair of designs with cylinder
thickness of 0. 49 inch, which were expected to attain a burst pressure in excess o)
3100 psi.

An unanticipated problem with the integrity of the adhesive bonds made it im-
possible to evaluate the behavior of the phenolic bond since bond failure occurred
prematurely in every instance. This problem made it necessary to abandon the two
candidate designs and a third interface configuration was established which offered the
potential of eliminating the manufacturing difficulty. One such vessel attained a burst
pressure of 3, 200 psi, corresponding closely to the design objective.

In the final vessel configu±'ation, discontinuity regions were of quite different
character than in the two df.signs for which detailed discontinuity analyses were per-
formed. Nevertheless, internal and external strains were recorded at the mid-
length and adjacent to the closure. The internal strain readings at the closure however,
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were of such character as to indicate apparent failure of the waterproofing. The
record of mid-length gauges (Table XVI) indicates, as anticipated, that the thick-
cylinder or gunbarrel effect was of greater significance in this vessel than .n the
thinner vessels previously tested. The average strains at this point are consistent
with uniaxial values as predicted by the modulii of equatjcnq (4) and (5) using Poisson
ratios = 0. 399 and v e = 0. 066, not far different from anticipated values. With
these Poisson ratio values and the recorded total outer surface strains adjacent to the
discontinuity, we can separate the portion due to Poissor; effect from the portion due
to stress in the same direction. The uniaxial longitudinal strain component is about
10, 500 in. /in., leading to a stress of about 9, 900 psi. Since the total longitudinal force
corresponds to only 8, 000 psi average longitudinal stress, it is apparent that discon-
tinuity bending moment at this point produced tension on the outer fiber. The location
is sufficiently close to the failure origin to suggest that failure resulted from a con-
dition not vastly different. Yet this longitudinal stress is lower than previously
recorded strengths of the material.

A potential explanation develops from examination of some associated data from
NOL rings cut from the same tube. Their average hoop strength, by hydrotest, seems
to have been higher by about 10%, or 3, 000 psi, than that of the bulk of previously tested
material (Table XII). With fiber properties and resin properties unchanged, the only
possible difference would be in fiber orientation. If we presume that enough more
fibers were oriented in the hoop direction to increase the hoop strength by 3, 000 psi, it
would be reasonably consistent to expect a corresponding drop in the longitudinal
strength. This is quite close to what has been observed.

These difficulties notwithstanding, verification f the analytical procedures

described above is amply provided by first, a reasonable correlation between the

analytical description and actual strength of the 3. 000-inch biaxial test vessel, and
second, by the vessel with 0. 49-inch wall thickness which attained a burst pressure
of 3,200 psi.

-19-
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SECTION IV

MECHANICAL PROPERTIES OF PAPER PHENOLIC LAMINATES

1. UNIAXIAL AND BIAXIAL TENSILE AND COMPRESSIVE PROPERTIES

Tensile and compressive data were determined in accordance with the procedures
described in Appendix I and the results are presented in Figures 4-8 and Tables I and
II.

a. Uniaxial Tensile Strength

The results of these tests are presented in Figures 4 and 5. Both figures are
self-explanatory. The most interesting result is that the ultimate strength is only
slightly affected by changes in temperature between -750 F and 770 F. At high tem-
peratures the effect is very pronounced and the ultimate strength drops quite rapidly
with any increase in temperature above 770 F.

No notable problems were encountered with the meridian tensile tests. This
was not so with the hoop properties test method and specimen. It was our original
intent to use the NOL Split Disc Method to evaluate hoop properties but early in the
program it was discovered that an inherent deficiency of the Disc Method masks the
actual behavior of this material and hoop tensile properties that are obtained with
this test. The separation of the jaws of the split disc during the test introduced
severe bending stresses in the ring of undetc, ninable and erratic character, and
resulted in premature flexural failure of the specimen rather than tensile failure.
This failure mechanism was evide, ced by the form of the fracture in the specimens
and by the output of strain gauges Ln the vicinity of the failure. The strain gauges
indicated that the outer surface of the rings was compressed during the early stages
of the tests and the fractures were at an acute angle to the extreme fibers of the ring.
A true tensile failure, as was later demonstrated, will result in a fractare whose
mean path is normal to the extreme fibers of the ring. This deficiency caused the
rings to fail a. apparent hoop stresses about 20% below the actual hoop strength of
the material.

It was apparent that a new technique had to be developed if we were to
determine the hoop tensile properties of this material. There was one practical
constraint on the design of this technique. Since all the specimens had been fabri-
cated and a large number of them had been subjected to a rather expensive environ-
mental conditioning program, the new technique would have to use the NOL ring.
This requirement led to the development of the apparatus depicted in Figure 53
and described in Appendix I.

-20-



It 4 'I

C1i

Ii4
+X

004

E-4

z

oto

-4C9 x
Q+

cC

-21-'



Results with the new apparatus have been quite successful but unfortunately
the test is several times more expensive than the split-disc procedurt. An occasional
specimen has failed because of what appeared to be discontinuity stresses; it appeared
that these resulted from localized radial restriction of the ring caused by a poor fit of
the ring in the groove, various foreign particles lodged in the gap between the ring and
groove walls, improper installation of the ring, or an abundance of the epoxy resin
used to cover the strain gauges. All these can be attributed to oderator error rather
than a deficiency of the technique. At very low temperatures all these effects are
exaggerated because of the increased modulus of the paper phenolic and, hence,
experimental error increases with decreasing temperature. Even further accentua-
tion of this effect can be attributed to the increased modulus of the O-ring. In fact,
the O-ring became so stiff at -500 and lower that it is questionable whether it was
transferring the load to the NOL ring in a uniform manner. Specimens which defi-
nitely appeared to have failed because of a discontinuity effect rather than simple hoop
tension have been omitted from the data in this report. The mode of failure was
verified by both visual inspection of the fracture and analysis of the strain data.

Figure 5 presents the hoop tensile strength of HY-488 versus temperature.
The relationship is somewhat similar to that observed for the meridian tensile
strength. Although the scatter is exceedingly large at -750 F, there was no justifica-
tion for discarding either point. A third point, which failed at a far lower stress than
either of these, was discarded because of the characteristics of the fracture.

Additional tests were performed to determine the effect of strain rate on the
meridian tensile properties but no detectable effect could be determined, as shown in
Table I.

b. Compressive Strength

The compression tests were quite straightforward with no noteworthy prob-
lems. Again, it appears that the elastic properties are not strain rate dependent, at
least in the range investigated.

c. Analysis of the Results of Uniaxial and Biaxial Tensile and Compression Data

Figures 6 and 7 present plots of measured values of secant modulus in longi-
tudinal uniaxial tensile and compression, respectively. These values were obtained
from tube tensile specimens, from uniaxial compression tests reported last quarter,
and from hydrotests of cylinders. Also shown in the figures are visual, linear ap-
proximations of the mean value through the entire strain range for tension and through
the region of interest for compression.
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TABLE I

TENSILE PROPERTIES OF TUBE SPECIMENS VERSUS STRAIN RATE

Strain Rate, in. /Min Ultimate Tensile Strength, psi

0.05 12, 456
10, 930
11, 483

0.20 12, 426
12, 442
11,358

0.50 11,550
11, 850
12, 286

TABLE IJ

COMPRESSIVE PROPERTIES VERSUS STRAIN RATE

Strain Rate, in. /min Compressive Strength, psi Failure Strain, %

0.02 23,347 16.50
21, 081
20, 203
23, 136
21, 240

0.05 20,000 17.02
20, 680
19,728
19, 728
20, 199

0.10 20,270 17.84
19,646
21,088
19,730
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Poisson's Ratio,v¢e , was determined at several strain levels on each of
five tube tensile specimens. The procedure followed is described in Appendix I.
The average value obtained was 0. 208; the maximum, 0. 225, and the minimum, 0.167.
We observed a decrease in Poisson's Ratio of from 2% to 15% with increasing stress.
Since all our strain measurements were made on the outer fiber, this was possibly
due to a combination of thick cylinder effects and a true variation of Poisson's Ratio
with strain.

Figure 8 presents plots of secant modulus in hoop direction uniaxial tension,
based on uniaxial hydrotests of cylinders and tests of NOL rings The values were
computed by averaging the inside face and outside face hoop strains at each of two
points for each cylinder and were determined for tests using two wall thicknesses.
Note that for the thick cylinder, modulus values for very low strains appear too high.
This evaluation results from a great disparity at low pressures between the actual
thick cylinder behavior, as discwssed under modeling techniques, and the thin cylinder
treatment used in reduction of the data. It is of no great importance to strength
predictions as long as it has disappeared at strains high enough to correspond to a
failure condition. Our aim, after all, is to describe the situation at the failure pres-
sure; we are not overly concerned with accurate stress-strain predictions at much
lower pressures, as long as we can be assured that the failure condition corresponds
to some sufficiently high pressure level. As with the longitudinal secant modulus,
the data is quite well represented by straight lines. These cylinders also provided
an evaluation of a Poisson's ratio, ve. for longitudinal strains due to hoop stresses,
since the cylinders experienced no normal force in the longitudinal direction. The
determined value of v,, was remarkably consistent beyond the point where the thick
cylinder behavior washed out. even through the thick cylinder effect was persistent to
higher pressures here than for the modulus determination. The test results are:

tens
E = (3.00- 71.67Ve) (106) for T=0.070in.

e sec

tens
E = (3.43- 92. 593 0) (106) forT 1.26 in

e sec

Voc = 0. 367 average

NOL rings were also used for obtaining the modulus. The data thus obtained
appear to be slightly lower than tube data for the same thickness. even though the ring
values are based only on outside face hoop strain values. Since inside face hoop
strains must have been higher than the outside face values, the modulus values
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obtained for these rings should be slightly higher, i. e., the average strain should have
been higher than the outside face strain. This is not borne out by the data. The dif-
ference must therefore be due either to variability in the material, or, as is more
likely, to the distinction between the nearly plane stress condition in the ring and the
plane strain condition in the tube. Under conditions of plane stress, longitudinal
strain is not constant across the thickness and it follows that the thick cylinder effect
would be less pronounced in the ring than in the tube, a point borne out qualitatively
by the modulus values in Figure 6 at low values of strain. The extent of the thick
cylinder effect is apparently dependent to comparable degree upon the low through-
thickness modulus and the restraint offered by the plane strain condition It would
be interesting to make comparisons with data which could be obtained through the use
of a putty-like pressurizing medium in lieu of the fluid and O-ring combination used
in this experiment. Such an extension would serve as the basis for definition of the
character of the restraint which causes the plane strain condition.

Attempts were also made to measure the Poisson effect with the NOL ring.
These efforts \kere uniformly unsuccessful in obtaining any rational results. A plane
stress condition would explain the peculiar values obtainud in these experiments.

The next series of tests consisted of pressurization of cylinders with full
diameter bonded closures, so that known non-zero forces were applied in both the
hoop and longitudinal directions. Based on the assumptions that the uniaxial hoop
modulus, Ea see, and Poisson's ratio ve,, , determined for cylinders without
meridian loads would aduquately describe the behavior in the biaxial field, independent
determinations of the longitudinal modulus, Ecpsec , and the Poisson effect, voe I for
the biaxial field were obtained NN ith the following equations (see Appendix II).

E E + c e (9)sec E 0 c D+ V OCD0

= 9 - E ae (10)
E co + e "e

The two stress components in tht quations are actual mean normal stresses
at pressure, as determined by geomerty and statics, and the two strain components
are the means of measuring inside and outside face biaxial strains at the same pres-
sure. The noop modulus, however, is the secant value that would occur under uniaxial
application of the same hoop stress, determined by solution of the appropriate poly-
nominal of the fbrm of Equation la. For the thin cylinders, a value of Poisson's ratio,
veco , of 0. 367 was used throughout, a value measured experimentally in the 1/16-
iin -' wall cylinder. For the thick cylinder, however, higher values were used, com-
parabie to the measured values at similar hoop stress levels in the uniaxial test.
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A comparison was then made with the longitudinal modulus, E sec deter-
mined by uniaxial test, as follows. since the measured longitudinal strain in the bi-

axial field includes the effect of hoop stress. the measured longitudinal strain was
increased by the product, vo X E @where E9 is the uniaxial hoop strai.. from the
E 3 sec polynominal solution. The resulting value of strain, when substituted into the
polynominal for longitudinal modulus. E sec should give essentially the same modu-
]us as was obtained in the previous paragraphs ii all assumptions so far have been
correct. Values thus obtained are plotted with the uniaxial values in Figure 7 and
agreement is surprisingly close.

Not quite as good a comparison was obtained for the Poisson's ratio, voe I
value. This parameter seems to be quite an erratic one with measured values some-
where between zero and about 0. 2 for pressure levels well beyond the point where the
thick cylinder effect complicates the problem. The value of 0. 208 obtained in the uni-
axial test is at least in the range. Since the parameter can be shown to have only a
minor effect on the most critical results of the discontinuity analysis, this kind of a
comparison is probably sufficient.

It may thus be verified that the strain dependence of secant modulus for both
hoop and longitudinal directions in a biaxial field is :elated to the particular value of
strain that would occur in a uniaxial field with the same magnitude of stress. If may
further be concluded that the value of 0. 367 for vecp is good after washout of thick
cylinder behavior, that higher values are appropriate for the lower hoop stress range,
and that v, has values between zero and 0.21, with evidence pointing to a valid value
of 0. 208.

2. EFFECT OF ENVIRONMENTAL CONDITIONING ON TENSILE PROPERTIES

Tests were performed on both Tube Tensile and NOL Ring specimens to determine
the effects of temperature, humidit, vacuum storage, thermal cycling, and salt spray
on the mechanical properties of paper phenolic tubing. All investigations of the effect
on meridian properties were performed with the Type A o.' Type B tensile specimens
and using the standard test procedure Investigations of the effects of environment on
hoop properties were performed by one of two techniques using the standard Type A
and Type B, NOL ting spccimenb. All imestigations of the effects of temperature on
hoop properties were performed on the hydrostatic pressure apparatus described in
Appendix I while the investigations of humidity, vacuum storage, thermal cycling, and
salt spray on hoop properties were performed with the NOL Split Disc Apparatus.
This diversity of procedures was an attempt to limit the cost of the tests as the hydro-
test orocedure is considerably more costly than the Split Disc procedure.
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a. Effect of Temperature

The effect of temperati.re on the meridian tensile strength was discussed in

4 Section IV-1 of this report. The effeci vn meridian tensile secant modulus is shown
in Figure 9 to 12. As was the case wi~h meridian tensile strength, the secant modu-
lus does not appear to vary by any appreciable amount over the range of -75 to 770 F,

but there is a marked decrease in modulus as the temperature rises above 770 F. No
attempt has been made to fit a polynominal to the data at any of the temperature except
770 F. Both the paucity of data and the degree of scatter at the other temperatures
would seem to make such an evaluation of questionable value.

Section IV-1 includes an analysis of the effect of temperature on hoop tensile
strength and the results are shown in Figure 5. The data for hoop tensile secant mod-

ulus are presented in Figure 8, and 13 to 16. An almost unique dependence on tem-
perature is noted here. In this case there was a distinct decrease in modulus with
each increase in temperature, a result which does not seem to correlate with
tensile strength tests, where no noticeable increase in strength was noted in going

from 77 to 00 F. A possible explanation is a large normal spread of the measured
parameter at a given tenper,.atrc combined with a limited number of samples. As in
the case of the meridian properties, no attempt was made to fit an equation to any of
the data other than that at room temperature.

441
b. Effect of Humidity, Salt Spray, Vacuum Storage and Thermal Cycling

None of these environments had any effect on the merichan specimens that
were coated with TA-D-311, and the uncoated specimens were affected by only the
humidity and salt spray environments (Figure 17). This latter effect was seious
enough to preclude consideration of uncoated material for any critical use in an
operational environment.

As was noted earlier, the evaluation of the NOL Ring specimens was per-
formed with the NOL '?1.it Disc Apparatus. Although this apparatus was discredited
as a means for determini-g tensile properties. it was hoped it would still be valid as
a means of performing relative comparisons of environmental effect. This does not
appear to be so, as evidenced by Figure 18. There is no apparent effect on the hoop
properties as a result of the environments, a direct contradiction of the humidity and
salt spray results with the meridian samples. We believe that this apparent lack of
effect is again due to the flexural stresses induced by the NOL Split Disc. It is quite
probable that the decrease in tensile strength to be expectcd in an uncoated specimen

exposed to high humidity or salt spray 'vvuld be accompanied by a compensating de-
crease in modulus; thus, flexural strength and apparent tensile strength would not
change. Because of the complexity of the mode of failure, the ,NIOL Split Disc Appa-
ratus cannot be relied upon to provide even qualitative comparisons of the effect of
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environment. All judgments on the effect of environment are therefore based on the
tube tensile tests.

M,,ridian tensile strength was definitely degraded by both humidity and salt
spray. The degree of degradation, i' .exer, is not as se"ere as wouldbe a!....ned
by a direct comparison of coated and uncoated sp,;cLmens. A comparison -f-h._ ange
of strengths measured for unconditioned coated and uncoated tubes indicates that
coated tubes are apparently 5 to 10 percent strong'er. Since the stresses in both types
of specimens were based on the uncoatcd dimensions, a simple analysis shows that
this apparent increase in strength can be accounted for by considering the reinforce-
ment due to the 0. 005-inch coating of TA-D-311. When this is considered, the
decrease in strength due to salt spray and humidity is still significant but the other
environments are seen to have no effect on the meridian tensile properties of the
Type A specimen.

The Type B specimen appears to be quite definitely degraded by thermal
cycling. This specimen has the same outer diameter as the Type A specimen, but
about twice the wall thickness. The cylinder has a very thick wall. In such a vessel
thermal strains would be severe due to the low ratio of surface area to volume. In
fact, producers of the tubing will not manufacture tubes of greater wall thickness than
this in this diameter because of thermal stress problems during the cure cycle.
During cycle, circumferential cracks are produced in the walls as a result of the
severe thermal gradient across the wall. It is apparent that we have selected a
specimen geometry that exaggerates the effects of thermal cycling. The results of
the te,.ts are in no sense derogatory, a rocket motor case would never approach the
ratio of wall to diameter that we have in either the Type A or Type B specimen.
Since the Type A specimen was not affected by temperature cycling, we would not
expect any problems in a motor case. An interesting facet of the data was that the
degradation seemed to be independent of the number of cycles.

3. INTERLAMINAR SHEAR STRENGTH

Two techniques were used for determining the interlaminar shear strength as
described in Appendix A. In one technique a concentric tube was punched from a
tube specimen and in the second a scored NOL ring was sheared in the hoop direction.

As would be expected, the NOL Ring Shear Specimen had the same defects as he NOL
Ring Tensile Specimen and the results obtained with this specimen were discarded.

The results obtained with the tube specimen are shown in Figure 19 and are most
notable for the pronounced scatter at each temperature. The probable explanation for
this is concerned with the nature of the material. Any tube of paper phenolic will un-
doubtedly have many small delaminations. Since the dimensions of the area in shear
are small in our test specimens, the presence of one or more of these delaminations
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could have a major effect on the apparent shear strength of the material. The tem-
perature dependence is probably overshadowed by this scatter.

It would probably be possible to achieve higher, more consistent values of the
interlaminar shear strength if we used specimens with a much larger shear area and
thus minimized the effect of delamination and other imperfections in the interlaminar
bond. However, we feel that the values obtained by our specimens are realistic for
use as conservative design strengths.

4. EFFECT OF CYCLIC LOADING ON TENSILE PROPERTIES

A total of five longitudinal pure tensile tests with zero to full load to zero cyclic
loading were undertaken to establish a suitable maximum stress level for proof test-
ing. In this sequence, the objective was to determine a level of stress or strain which
would not significantly interfere with the material's strength or stiffness in further
cycles of loading. In the tests for uniaxial longitudinal pure tensile strength, failures
occurred characteristically at strains between 1.4% and 1. 5%. The first cyclic test
was accordingly pulled to a strain of 1.4%. Failure occurred in the fourth cycle
(Figure 20). The remaining four samples were pulled to a strain of 1.2%. One of
these failed at the peak of the seventh cycle, and three endured ten cycles each with-
out failure. One of these three was then pulled to faifure at 12, 000 psi, a value
characteristic of the virgin samples. For both strain levels, load-deflection curves
in the various cycles are not significantly different. Each curve is characteristically
non-linear on the rising-load side, and nearly linear on the unloading side, with very
small residual strain upon unloading.

The data supports the conclusion that for a longitudinal element to be designed
for two or three cycles of pure tensile loading at or below some datum load level,
a reasonable basis would employ a maximum strain of 1. 2% corresponding to 10, 440
psi stress in comparison to a one-cycle failure strain of 1.5% approximately, cor-
responding to a one-cycle failure stress of 12, 000 psi. Assuming that a similar con-
dition would obtain for flexural tension in a biaxial field, a reasonable design for a
pressure vessel would employ a design sa, fety factor not less than 1.15 on extreme
fiber stress at proof pressure.
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SECTION V

THERMAL AND MASS PROPERTIES

The thermal and mass properties are given below. All determinations were
made in accordance with the procedures described in Appendix I.

TABLE III

THERMAL & MASS PROPERTIES OF MICARTA HY-488

Number of
Property Specimens Tested Value

Density at 23OF 3 1. 316 gins/cc.
1. 316 grms/cc.
1.-315 gins/cc.

Specific Heat (-75O F to 2000 F) 3 0.311 cal/gm/ac
0.-33 5 cal/gm/a0c
0.371 cal/gin/Oc

Thermal Expansion*
With Grain 2 1.55x10-5 in/in/OFf
Across Grain 2 6. 24x10-6 in/in/aF
Across Plies 2 7.59X10-6 in/in/OF

Thermal Conductivity
Cold Side Temp. Hot Side Temp.

80*F 1000 F 1 1.735 Btu/(hr-Ft2 .O F/in)
140OF 160OF 1 2. 091 Btu/(hr-Ft2 -O F/in)
180OF 2200Or, 1 1.633 Btu/(hr-Ft2 -O F/in)

80OF 100OF 1 1. 139 Btu/(hr-Ft2 -0 F/in)
80OF 160OF 1 1. 654 Btu/(hr-Ft2 -- F/in)
80OF 2200 1F 1 1.452 Btu/(hr-Ft2 -'F/in)

*Individual values not available. Values reported are averages.
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SECTION VI

STRENGTH OF ADHESIVE BONDS

In these tests our objective was to determine the strength of adhesive bonds
between paper phenolic and 4130 steel and aluminum with each of several candidate
epoxy adhesives in order to select an adhesive for use in the demonstration motor.
The adhesives selected for evaluation were EPON 907, EPON 913, and EPON 929.

None of the test techniques we attempted were satisfactory and only general
guidelines could be obtained from the results. The first series of tests was conducted
in accordance with ASTM Method D816, Method B, using the Type 2, or single lap
specimen. These samples were made up with one phenolic plate and one metal plate.
In later tests we used double lap specimens in accordance with the Type 2 specimen
of ASTM D816, Method B. Two versions of this specimen were used; one with plates
of paper phenolic on the outside and a metal plate on the inside and the second with
metal plates on the outside and a paper phenolic plate in the center. The results of
these tests are compared in Table IV.

In the vast majority of the tests, with all types of specimens, the failure occurred
in the paper phenolic rather than the adhesive and was generally due to flexure or
shear in the phenolic laminate. In those few cases where adhesive failures occurred,
poor sample preparation techniques were suspect. The single lap was by far the
worst test because the highly unsymmetrical loading condition imposed severe flexural
stresses on the phenolic plate, which has low flexural "esistance, relative to the
metal plate. The double lap specimen with two metal plates was apparently the best
in this respect.

It is evident that adhesive tensile shear strength is not the limiting factor for
phenolic-to-metal bonds using these adhesives. This was confirmed in several hydro-
tests of prototype motor cases. All but one of the failures originated in the paper
phenolic; the only adhesion failure occurred when we used a primer whose shear
strength was evidently quite low. Proper design of adhesive joints with paper phenolic
must be based on the available strength of the paper phenolic and the effect of environ-
ment on this available length.
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TABLE IV

TENSILE SHEAR STRENGTH OF METAL TO PAPER PHENOLIC BONDS*

Tensile Shear Strength, psi
Single Lap Double Lap Dotiule Lap
1 Metal, 1 Metal, 2 Metal,

Adhesive Metal 1 Phenolic 2 Phenolic 1 Phenolic

EPON 907 4130 Steel > 1100 > 980 >1350

EPON 913 4130 Steel > 900 >1000

EPON 907 Aluminum > 700 > 800 >1350

EPON 913 Aluminum > 800 > 850

EPON 929 4130 Steel > 400

EPON 929 Aluminum > 650

*Six specimens of each type were tested
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SECTION VII

THERMAL GRADIENT TEST OF A PAPER PHENOLIC M58A2 ANALOG

A thermal analog of a paper phenolic M58A2 was fabricated as shown in Figure
21. TN-L-3013 was selected as the inert propellant to be used in this study since
its thermal properties are close to those of the live propellant used in the M58A2.
The propellant was cast into an HY-488 tube 6 inches in diameter and 24 inches long
with a wall thickness of 0. 25 inch. This geometry approximated the expected
geometry 'of the paper-phenolio M58A2 prototype. The tube was cast full of pro-
pellant using an M58A2 core, and the ends were sealed with 1-inch-thick discs of
cork to minimize the heat transfer through the ends of the case.

Six thermocouples were imbedded in the propellant grain at points midway
between the ends of the case. The thermocouples were grouped in two sets of three;
one set at a star point and one at a star valley. Tn each set, one thermocouple was
between the inner case wall and the case liner, one in the propellant immediately
adjacent to the liner, and the third in the propellant and 1/2 inch from the case wall.

The inert motor was placed in an oven, preheated to 3500 F, and kept there until
the temperature of one of the thermocouples reached 240' F. This limitation was
placed on the temperature so that thp grain would not slump. The results of the test
are shown in Figure 22 and appear quite normal with two exceptions. Both Thermo-
couple 3 and Thermocouple 6 give readings that appear to be inconsistent with their
location.

Thermocouple 3 would be expected to see a temperature distinctly lower than
either Thermocouple I or 2. As far as can be determined, it was in the proper
location so no explanation can be given for its reading generally falling between those
of I and 2. It is possible that Thermocouple 3 saw a temperature relatively lower

than 1 or 2, but the differential was small enough to be concealed by the extremes of
the respective error bands. However, it would be expected that the thermal gradient
would be severe enough to produce distinct differences in temperature in a half inch
of web.

Thermocouple 6 presents the opposite result. Its temperature is much below
thatofThermocouples4 and 5 and near Thermocouple 7. Peculiarly enough, when
we X-rayed the motor to confirm the locations of the thermocouples we found that
Thermocouple 6 was only 0. 10 inch from the case wall instead of the intended 0. 50
inch. The gradient is apparently quite severe under the star point.
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Generally, however, the results appear consistent with the relative locations of

the groups. As would be expected the three thermocouples located in a star point
register lower temperatures than those in the star valley because of the larger heat
sink in their immediate vicinity. It muuld be interesting to compare these results
with similar results in a metal case M58A2 but we have been unable to locate any such
data.
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SECTION VIII

PRODUCTION TECHNIQUES FOR PAPER PHENOLIC COMPONENTS

1. INTRODUCTION

As part of the requirements, we investigated fabrication methods for volume
production of complex and conventional structural components. Our objectives were:

1) Determine cost factors for existing fabrication methods in
consultation with material suppliers.

2) Evaluate cost effectiveness of high volume fabrication methods
suggested by suppliers.

3) Evaluate strength-to-weight and cost factors for complex
shapes with suppliers.

a) Determine feasibility and estimate costs of molding
with laminations parallel to spherical, elliptical,
and other closure contours.

b) Determine feasibility and estimate costs of reinforcing
laminate materials to improve strength levels.

c) Determine relative advantages of helical winding versus
convolute winding.

d) Determine estimated strength and cost factors for
integrally fabricated metal attachments.

To accomplish these objectives, we had discussions with representatives of the
Micarta Division of Westinghouse Electric Corporation and the Panelyte Division of
Thiokol Chemical Corporation. The results of these discussions are presented in the
following paragraphs.

Since we are primarily interested in the high strength, oriented fiber materials,
our discussion is restricted to the production techniques and problems associated
with these forms, except where discussioi, of other production techniques will provide
general background.
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2. PRODUCTION TECHNIQUES

a. Tubing

Paper phenolic tubing is produced by three general techniques; convolute
wrapping, helical wrapping, and flash molding. Con-,olute wrapping appears to be the
only desirable method for producing oriented fiber tubing. The flash molding process
loses the advantage of the oriented fiber as the paper is crammed randomly into a
split mold under pressure and the resulting tube has a random fiber orientation.
Helical wrapping, as pracliced in the paper t.ube industry, results in tubes of the form
commonly used as spindles for rolls of paper. It. is produced in the form of endless
tubes of a single wrapping thickness with a slight overlap between adjacent wraps.
The maximum wall thickness is severely limited as it. is restricted to the thickness
of a sheet which can be wrapped around a mandrel without wrinkling. The sheet is a
laminate of several plies of paper that. is formed just before it is wrapped on the
mandrel.

Wall thickness is not the only disadvantage of the helically wrapped tube; it is
also a poor structure for a pressure vessel. Pressurization loads would result in
torsional stresses which would attempt to unwind the vessel, and the normal overlap
between adjacent layers is inadequate for resisting these forces. Even if this overlap
were increased to a point where it. could resist these forces the case would have a
discontinuity at each overlap which would require additional wall thickness.

Variations of the helical wrapping technique which improve the structural
properties of the tube were discussed with Micarta personnel. These variations
included a layered vessel with the direction of the helix reversed in each successive
layer, and a tape-wrapping technique. Each had one major drawback, a substantial
increase in labor costs which would eliminate any cost advantage the material might
have. No good estimates could be made for the first method but the tape wrapping
should increase costs by about 10 to 15 per( ent based on Micarta's experience with a
glass filament. wound tube.

Convolute wrapping appears to be the most advantageous technique for
producing tubing as it does maintain fiber orientation and it is a relatively low cost
production technique, The process is quite simple. t' e fabrication takes four sLeps-
treating, winding, curing and finishing. In the first step the fiber oriented kraft
paper passes through a series of applicators rollers, wipers and heated drums

which successively-apply the resin, impregnate the paper under pressure, remove
the excess resin and finally "B'-stage the resin. The treated paper then goes to the
tube machine where it is convolutely wrapped on metal mandrels. Tension is
maintained on the paper during rolling to prev ent. wrinkling and backlash and a single
roller applie, pressure to the tube as it is being formed to press the successive
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layers together and prevent delaminations. When the desired wall thickness is
reached, the wrapping is stopped, the mandrel with the uncured tube is removed
from the machine, and the mandrel and tube are placed in a 150"C oven for curing.
At the completion of the curing cycle, the mandrel and tube are removed from the
oven, the mandrel is pulled from the tube, and the tube is centerless ground to the
final outside diameter and trimmed to length.

The entire manufacturing process is a batch process and, consequently, the
labor costs constitute the major portion of the production costs of a tube. Unfortu-
nately, the process does not seem to be one which could be adapted to continuous
operation but assembly line techniques can be developed quite readily if a sufficient
quantity of tubes of a given size were required. Further savings can be realized
by rolling as long a tube as possible, but here we are limited by the width of the
paper available and, in turn, by the width of paper machines, 100 inches.

Batch processing, of course, restricts production rates and limits the cost
savings that can be obtained by increasing volumes but using existing equipment. A
typical (semi-automatic) tube roller can produce 230 tubes every 24 hours. Micarta
has five machines which can produce 50-inch tubes up to 10 inches in diameter at
this rate. They also have several older and slower machines which are used for
tubes above 10 inches in diameter. PanelyteIs equipment for the range of diameters
we are concerned with is somewhat slower; each machine is capable of about 115
tubes per day. Their daily production is dependent on the size since Panelyte's
individual machines are less versatile dimensionally than Micarta's, although
Panelyte has many more machines and can produce much longer tubes. The data
given in Section VIII-3 permits computation ef daily volume for a given size.
Generally speaking, both vendors have about the same total capacity. Costs are
also quite competitive: typical values are shown in Table V.

Either of the vendors can obtain additional semi-automatic mdchines for
about $15, 000 each and the manual machines for about $6, 000 each. Delivery lead
time for the semi-automatic machines is on the order of 3 to 4 months and the
manual machines a few weeks less.

The most exciting concept for high volume production which has been
investigated by one vendor utilizes a fully automatic machine. This machine uses the
same process as the standard and convolute wrapping machines but all steps,
including curing and mandrel loading, have been automated. The result is a high-
speed process which can produce between 6, 000 and 7, 000 tubes per day. Even the
curing process has been accelerated by the use of quartz lamps. Development has
advanced as far as preparing a preliminary design and cost estimate. A complete
machine would cost about $500, 000, but per-tube costs would be reduced by at least
25 percent as a result of 90 percent reduction in labor requirements.
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The automated machine is restricted in the range of diameters it can
produce. No one machine can accommcdate a variation in diameter greater than
10 inches, although the actual diameters can be any chosen 10-inch range within
the limits of 1 to 24 inches. A machine could be modified to handle a different 10-
inch span for about $25, 000.

Since the mandrel cannot be removed untilaftor the tube is cured, the
number of mandrels available can be another limiting factor on production rates. In
the present processes, one manerel can produce about 4. 5 tubes every 24 hours.
No estimate has been made of tbv mandrel turnaround time for the automated

process, but it would be expec Led to be several times faster than the present one.
A mandrel can be purchased for $200 to $300 depending on size.

b. Sheet

Sheet is produced in a quite steaightforward manner. Sheets of treated paper
are cut from a roll and trimmed to the desired size. These sheets are then stacked in
a frame to the desired thickness and pressure is applied with a flat plate press.
The frame and press are then rolled into an oven for curing. After curing, the
sheets are removed from the press and trimmed and finished as necessary. The
density and, to some extent, the strength of the sheet can be regulated by the
pressure applied by the press. Each individual sheet of paper can be oriented as
desired with respect to grain direction so that desired strength orientation can be
achieved in the finished plate.

c. Rod

Paper phenolic rod is produced by one of two techniques. The first is flash
molding of unoriented paper in split molds. In the seccad technique, rods are made
from convolute-wrapped tubes of small internal diameter. Intense external pressure
is applied to the walls of an uncured tube from which the mandrel has been removed.
This pressure collapses the walls of the tube and fills the center perforation of the
tube with material from the walls. The resultiag rod is then cured and ground to the
finished diameter. Rod made in this last manner will not have the hoop strength
associated with the tube from which it uas made beciuse the laminate contours are
quite contorted.

d. Other Forms

Numerous other shapes are made of both oriented fiber and unoriented fiber
paper phenolic. These include angles, channels, zees, and tubing of rectangular and
elliptical cross section. Our interests were in techniques for fabricating
hemispherical, elliptical, and dished domes for case and closures. Unfortunately,
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the material does not seem to be adapted to fabricating components of complex shapes.
The sheets of paper will not conform to the contours of domes without severe
wrinkling and deformation of the material, resulting in degradation of the effective
strength of the fibers. One possible method for fabricating these shapfs would be
with rosette layups; however, even with rosettes it might not be possible to close up a
dome. There would probably be a small opening left at the pole, and this opening
would then have to be filled with a plug. Although rosette layup offers the possibility
of constructing complex shapes which would use the anisotropic properties to
maximum advantage, it is a very costly process. Closures manufactured by this
process would cost three to four times as much as equivalent metal closures.

None of the above is intended to eliminate the consideration of paper phenolic
closures zs they can be economically produced from rod or sheet stock. Gualillo
successfully used closures machined from sheets in which the grain direction was
rotated 900 in successive plies to obtain more desirable directional properties for a
dome. This method can be quite competitive and even cheaper than metal under some
circumstances, but it would not be wise to make a general comparison.

3. DIMENSIONAL LIMITATIONS

a. Convolute Tubing

As mentioned earlier, the length of the tubing is limited first by the width of
the wrapping machine and ultimately by the available wiAth of paper. Most machines
are 50 inches wide, but material wastage at each end of the tube caused by uneven
wrapping results in a usable length of 46 inches for tubes over a half inch in internal
diameter. For tubes requiring mandrels of less than a half inch diameter, the length
is further limited by the stiffness of the mandrel to lengths of 32 to 36 inches for tubes
down to 1/4 inch and to 18 to 20 inches for tubes down to 1/8 inch. Micarta's
100-inch machine is capable of making tubes up to about 95 inches long in internal
diameters from I to 3 inches.

The diameter of the tubing is limited only by mandrel size on Micarta's 50-
inch machines. A practical upper limit seems to be about 72 inches and the lower
limit is 1/8 inch. An additional restriction, though not a major one, is the centerless
grinder used for fin'shing the outer diameter. Micarta's grinder cannot handle tubes
greater than 9 inches in diameter and larger tubes must be turned on a lathe, a more
expensive process. If necessary the larger centerless grinders probably can be
obtained.

Thermal stresses generated during curing restrict the maximum wall
thickness. These stresses are a function of the heat transfer rate into the tube; thus,
the maximum thickness is a function of diameter. If the maximum thickness for a
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given diameter is exceeded, circumferential cracks are produced in the wall of the
tube by the thermal stresses. Typical values of wall thickness versus diameter are

listed below for either vendor.

Tube ID, in. Maximum Wall Thickness, in.

1 1/4
4 1/2

12 1

Panelyte's capabilities are generally similar. They can produce longer tubes
in most sizes but are limited to a maximum outer diameter of 24 inches. As
mentioned earlier, PanelyteIs individual machines are not as versatile with respect
to tube diameters but they have a much larger number of machines whose capabilities
complement each other and result in more overall versatility. They have a total of
23 machines but 14 of these produce tubes of less than 1-1/2 inches in diameter and
so are of little interest. The capabilities of the remaining machines are listed
below:

Tube ID, in. Tube OD, in. Tube Length, in. No. of Machines

1 8 50 3
1-1/4 6 65 1
1/2 8-1/2 100 2
2 18 50 1
8-1/2 24 72 1

Gross values are quoted for tube length and an allowance of 6 to 10 percent
should be made for unusuable material at the tube ends.

Tubing is normally produced to dimensional tolerances established by the
National Electrical Manufacturers Association (NEMA Standard LI-1-4. 10 and LI-1-
4. 11). Similar tolerances are given in MIL-P-79C. Table VI is an extract from
the NEMA standards. Our experience has shown that the standards are quite liberal,
and tolerances of 1 0. 005 inch on any dimension present no difficulties on tubes of up
to 9 inches in diameter. Tie tolerance on the internal diameter is dependent on the
tolerance on the metal mandrel, which can be held much tighter than 4. 0. 005. The
outer diameter tolerance is restricted by the capabilities of centerless grinding,
which is certainly better than reflected in the standards. Rough, unground tube is
less than 0. 050 inch oversize.
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b. Rod

Rod is available in standard sizes up to 2 inches in diameter and in special
sizes up to 4 inches in diameter. Micarta makes only the molded rod while Panelyte

makes both molded and the collapsed tube form. Rod standard dimensions and
tolerances are in accordance with NEMA standards and MIL-P-79C. These standards
permit ± 0. 005 inch on diameters up to 1-15/16 inches and *: 0. 008 inch on
diameters from 2 to 4 inches. As in the case of tubes these tolerances appear to be
libera. The maximum diameter of the rod is limited by the thermal stresses
induced during curing.

c. Sheet

The thickness of sheet is restricted to a maximum of 2 inches, again due to
thermal stresses. Length and width limitations are dependent on the manufacturer.
Panelyte can produce sheets up to 36 in. by 120 in. and Micarta, up to 50 in. by
120 in. In both cases, the restrictions are due to tooling dimensions but in any case
one dimension cannot exceed 100 inches, the maximum width of the paper. On
thicknesses above 1 inch, the tolerances are about h 3 percent on the as-molded plate
and about ± 1. 1 percent on the sanded plate.

d. Integral Fabrication of Convolute Tubes and Metal Case Hardware

It appeared that cost savings could be obtained and joint efficiencies could be
improved if the metal case hardware such as interface joints, launcher lugs, or head
caps could be integrated into the tube structure during the wrapping process. This
was investigated with several su'pplies and the results were discouraging. As
mentioned previously, the ends of the tube are qt te irregular and this mraterial is
normally trimmed off. The material in this area is of poor quality and is certainly
not suitable for the transition section between a case and a metal component and so
eliminates integration at the the ends.

With integration at points along the length of the case, another problem is
encountered. Tubes are wrapped from a single width of paper and in order to
incorporate fittings during the wrapping process, the paper would have to have
cutouts at intervals to provide openings for the fittings or it would be necessary to
use two or more spaced widths of paper to provide a circumferential groove for the
fitting. With both of these techniques, we would encounter a variation of the "uneven
ends" problem to some degree; and both techniques would introduce complexities and
additional cost, particularly since they would require periodic halts in the wrapping
process to change paper rolls. In addition, the second technique would result in a
decrease in wall thickness over the entire circumference at the point of attachment.
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A final problem with any of the schemes is the effect of cure shrinkage on the
phenolic to metal bond. In general, integral fabrication does not appear to offer
any advantages in bond efficiency or cost effectiveness.
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SECTION IX

GENERALIZED DESIGN STUDIES AND COMPARISONS OF PAPER PHENOLIC
WITH ALUMINUM AND STEEL

1. WALL THICKNESS AND MASS FRACTION

In the selection of any sti uctural material for a rocket motor two considerations
are normally paramount. What effect will the material have on the dimensional
envelope and what effect will the material have on the mass fraction? The first
question can be rephrased as what will be the effect on the case wall thickness, and
this dimension has been chosen as one parameter for comparing the capabilities of
paper phenolic to aluminum and steel In our calculations we have used as the model
a thin-walled, infinitely long cylinder subjected only to internal pressurization loads
and have assumed that the limiting stresses would be results of hoop or meridian
strains near the center of the tube. In the case of the metals, the thickness was con-
trolled by hoop stresses and in the case of the paper phenolic, by the meridian
stresses. It was assumed that the minimum yield strength was the maximum allowable
stress. The results are shown in Figure 23A in terms of reduced wall thickness

versus chamber pressure.

In order to determine the effect of a material on mass fraction it is merely neces-
sary to determine its effect on inert weight. In our case this can be done by multi-
plying the reduced wall thickness by the material's density. These results are shown
in Figure 23B.

It is obvious in both of the figures that the paper phenolic is generally quite
inferior to the two metals. However, it should be pointed out that at the smaller
diameters the metal case wall thickness may be limited by manufacturing limitations
to a value several times the minimum required by stress considerations. In such a
case, the paper phenolic tube may end up as the lighter unit.

The material properties used in these calculations are as follows:

Minimum Tensile Yield Strength, Density,
Material psi lbs/in. 3

4130 Steel 179, 000 0.283
7075-T6 Aluminum 70, 000 0. 103
HY-488 Paper Phenolic 8, 270* 0. 048

*Usable strength or Minimum Ultimate Strench
1.3
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2. INTERNAL AND EXTERNAL INSULATION REQUIREMENTS

In order to evaluate the insulation requirements for paper phenolic in comparison
to other materials we selected a quite simple model for the sake of generality. We
performed a one-dimensional analysis of a slab or case material insulated with a
0. 010-inch thick layer of V-44 rubber insulation. The insulation was exposed to a
flame temperature of 45000 F for 1. 5 seconds and we determined the temperature
gradient in each case material at the end of this exposure time. A case wall thick-
ness of 0. 300 inch was assumed for the paper phenolic and the structural equivalents,
0. 0711-inch thick 7075-T6 aluminum and 0. 0332-inch thick 4130 steel (176, 000 psi
ultimate) were assumed for the other materials.

The results of the analysis are presented in Figure 24 and show that the paper !
phenolic is superior to either of the metals because of its superior thermal properties
and far greater thickness. Even though paper phenolic has the highest temperatures
in the first 0. 010-inch this is a much smaller proportion of the total thickness and the
wall strength is decreased proportionally less in the paper phenolic than in the metals.

3. PROPELLANT-CASE INTERACTIONS

a. Introduction

The objective of this section is to assess the effect of propellant-case inter-
action as a function of temperature and pressure based upon the test data of Phases I
and II, and to make a qualitative comparison between paper phenolic cases and those
fabricated from steel and aluminum. For purposes of this study, it is sufficient to
consider a model consisting of a long, hollow, right circular cylinder bonded to an
elastic case and subjected to either a uniform temperature change or a uniform in-
ternal pressure. This model will provide a valid comparison of propellant-case
interaction for case materials made from steel, aluminum and paper phenolic.

The geometry of the model under consideration is shown in Figure 25.
Thermal and material properties of the materials studied are specified in Table VII.
The properties of the propellant charge were selected as representative of state-of-
the-art CTPB (carboxyl terminated polybutadiene) propellant compositions which ard
widely used in the propulsion industry today. D6AC steel and 7075 aluminum case
materials were selected for use in the comparison. The Surveyor Main Retro (TE-.
M-364) case is fabricated from D6AC while the Tomahawk (TE-M-416) case is made
out of 7075 aluminum.
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TABLE VII

THERMAL AND MECHANICAL PROPERTIES FOR
PROPELLANT-CASE INTERACTION CALCULATIONS

Micarta HY-488 D6AC 7075 Al

Density, lbs/in. 3 0. 048 0. 284 0. 101

Thermal Expansion, in. /in. /O F 7. 3 x 10-6 12.9 x 10-6

with grain 1. 55 x 10-5

across grain 6. 24 x 10-6

across plies 7.59 x 10-5

Modulus of Elasticity, psi 30 x 106 10.3 x 106

temperature cycling 3.5 x 106

internal pressure 2. 8 - 3.7 x 106

Poisson's Ratio 0.284 0.300
temperature cycling 0.500
internal pressure 0.350

CTPB PROPELLANT

Density, lbs/in. 3  0.065
Thermal Expansion, in./in./° F 5.5 x 10-5
Equilibrium Modulus, psi 200
Glassy Modulus, psi 125,000
Poisson's Ratio 0.500
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b. Thermal Loads

The Preliminary Grain Design Structural Analysis Program (E-40263) was
used in the thermal stress analysis of the center perforate model shown in Figure 25.
The program computes the resultant maximum tangential stress and strain in the bore
and the interface bond stress caused by cure and temperature cycling. These quanti-
ties are obtained from the plane strain elastic solution corrected for finite length and
finite straining (Ref. 4). The analytical expressions used in calculating the hoop
strain and stress in the port and the bond stress at the case (as a function of tempera-
ture) are given by:

3P . + Vp PC0T Tb
2 =  1 02 (42)

2a 2  (1+ in [l+3P ( +p C P) (' -'r) _,_

2Ri

2b 2 p [ p (I+ V) -Pc (1 +Vc) (T0 -T) Ee
(1 +v) [(1- 2vp)R 2 + Ri 2 + (-vc 2 ) RoEe (Ro 2 = R 2 ) (43)

hEc

P p (1+ Vp) c(i+ Vc)1 (T0 T) Ee7(T)= r )-P C -(44)

( + Vp) [ (1- 2 Vp) Ro2 + R 2 ] + ( Vc 2 ) RoEe

Ro2 - Ri 2  hEc

The end effect correction factor for finite length, P, corrects the predicted
strain in the port for variations due to propellant charge length- to-diameter ratio.

The zero strain temperature, T 0, is defined as that temperature above the
cure temperature at which the grain inside diameter is equal to the core outside

diameter. This parameter is a function of the volumetric cure shrinkage, Pp, and
the coefficient of ti,,rmal expansion, p. The inclusion of this term effectively
corrects for the change in bore diameter caused by cure shrinkage and thus allows
the accurate prediction of the actual port strain at any given temperature, T
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c. Pressure Loads

The Preliminary Grain Design Structural Analysis Program (E-40263) was
also used in the pressurization stress analysis of the center perforate model shown
in Figure 25. The program computes the resultant tangential strain in the bore for
a specified operating internal pressure (Ref. 4). The expression used in calculating
the strain (as a function of pressure) is given by:

2
C (P) 3.4r ro P ( 2 -1) PP =  'rE (3+X2) 2EB (45)

where:

S=ro/ri

d. Discussion of Results

A comparison of the results obtained for thermal loadii gs can be made by
examining the curves plotted on Figures 26, 27 and 28. It is quite evident that for
this loading condition the Mcarta HY-488 results in lower stresses and strains in
the port and at the case interface. This is to be expected since the paper phenolic
case-propellant linear coefficent of thermal expansion difference, the stress inducing
reaction of the thermal load, is relatively small.

The results of the pressurization analysis are shown in Table VIII. It is
readily evident that the use of a paper phenolic case as opposed to steel or aluminum
does not result in higher imposed strains.

TABLE VIII

INNER BORE HOOP STRAINS (%) DUE TO INTERNAL PRESSURIZATION

Case Thickness (in.)* ci 1:,-1 7075 Aluminum D6AC Steel

0.490 (3000 psi) 1.50
0. 060 (300 psi) 0.14

0. 150 (3000 psi) 1.67
0. 040 (300 psi) 0.63

0.050 (3000 psi) 1.72
0. 040 (300 psi) 0.21

*These are design case thicknesses for the operating pressures specified. All com-

putations were made using a propellant bulk modulus of 350, 000 psi/in. 3.
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4. AEROELASTIC BENDING

A simple rocket configuration consists of a nose section, a cylindrical body and
a tail section. At small angles of attack at hypersonic speeds this configuration is
acted on by normal forces only at the nose and the tail (Fig 29). Normal forces on
a cylindrical body section at hypersonic speeds are proporational to sin2 a. The
following discussion is an evaluation of aeroelastic bending effects on aerodynamic
stability, under the influence of normal forces on the nose and tail only. Thrust force
will be considered to be zero, as will the spin rate of the rocket.

It is assumed that the rocket has reached a trim condition in which the angle of
attack, a , and the deflection angle, e, of the rocket body are constant (Figure 29).
The force on the nose is FN, and that on the tail, FT. Since the equilibrium values
of e and a would be zero for a perfectly symmetric rocket, we let the nose be mis-
aligned by a very small angle 6. Then the nose force is:

FN = q(CNaS)N (a+ e + 6) (11)

= q(CN S)T (a - (12)

(CN oS)N = lift coefficient slope of the nose times reference area of the nose
(ft2 /radian)

(CNaS)T = lift coefficient slope of the tail times reference area of the tail
(ft2 /radian)

a = angle of attack (radians)

e = deflection angle (radians)

6 = misalignment angle (radians)

q = p /2 V2 = dynamic pressure (Ib/ft2 )

p = atmospheric density (slugs/ft3 )

V = rocket velocity (ft/sec)

To simplify the computations, the center of mass of the rocket will be assumed to be
at the center of the body section and the coordinate origin will be at the center of mass.
The point of action of FN will be L/2, and that of FT will be -L/2, where L is the
length of the rocket vehicle. The condition that a is constant means that the sum of
the moments due to applied forces is zero, or
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FN, + FT (-L) =0,.,2 2

so that

FN = FT (13)

The bending moment on the rocket is the sum of the moments due to the applied
forces, FN and FT , and the inertial force distribution f, s f, is distributed along the
rocket length with the magnitude

f, = - pa (lb/ft) (14)

p = mass distribution along the length of the rocket (slugs/ft)

a = normal acceleration of the rocket (ft/sec2 )

a = FT + FN (15)

m

m =mass of the rocket (slugs)

If the mass of the rocket is uniformly distributed:

p m/L (16)

Equation (12), with p and a substituted from Equations (15) and (16), is

f - FT + FN (17)

L

and using Equation (13) for FT,

- fI = - 2FN  (18)

L

The bending moment at any distance x from the center of gravity is

L/2
M = FN L - X) - fI,( -X)d (19)

2 x

M FN , 2  X 2  (20)

L 4
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The deflection angle is

L/2

f dX
El

L/2

S = FL 2

N
6 El

Where:

El = flexural rigidity of the body (lb ft 2 ) (21)

I = n ()3. T for a cylindrical shell of diameter d and thickness t.
2

Substituting FN from Equation (11) into Equation (21) yields

SqL 2  (C S) (a + 0 + ) (22)
6 EI N. N 2

Substituting FN anf FT Equations (11) and (12) into Equation (13) yields

q(CNaS) (a + 0 + 6) = q (CNa S)T (a - (23)
2 2

Equations (22) and (23) are the conditions for equilibrium, or trim, for a and 0
Rearranging, they become

- i) - a = (24)
2

We [r + 13 + r -1] a=6 (25)
2

Where

K = 12 E (26)
q L2 (CNa S)N

and

r (CNa S)T (27)

(CNaS)N
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A simultaneous solution of Equations (24) and (25) for

e and a yields

e = r 6  (28)
2 K(r-1) - 2r

(K+r) 6 (29)
a = K(r-1) - 2r

Equations (28) and (29) give the equilibrium or trim values of deflection angle and
angle of attack for a simple rocket body at hypersonic speeds. The maximum bending
moment under these conditions can be found by substituting into equation (20) for X 0

Mmax = q(C~aS)N (c + 8) L (30)
2 4

It is then a simple matter to calculate tensile stress in the material at the outer
edge of the cylindrical shell using Equation (31).

ft= M d (31)
1 2

For each value of r, there is a value of q which cannot be exceeded because the
rocket becomes unstable. This value of q is that for which the denominator in Equa-
tions (28) and (29) becomes zero. When this condition exists,

K = 2r

r-1

Substituting for K from Equation (26),

6 EI + r (32)

q L 2 (CN S)N r-1

The critical value of q is given by

qcrit. = 6 El r-1) (33)
(CNaS)N L 2  4
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For a thin cylindrical shell

I = R3T (34)

R = radius of shell

T = Thickness of shell

For a slender body at hypersonic speeds, the normal force coefficient slope is
2/radian, and

(CNaS)N = 2TT R2 (35)

Assume that in order to maintain aerodynamic stability, the center of pressure
is located aft of the center of gravity, a distance 0. 1 L. Then 0. 6 L(CNaS)N
0.4 L(CNaS)T

and

r = 1.5

r-1 -1 (36)
r 3

then

qcrit. 6En RT 3 (37)

or

q E R T (38)qcrit. OFL-

For the paper phenolic material under study, the effective longitudinal modulus is

E = 106 lb/in. 2

= 1.44 x 108 lb/ft 2

The thickness of the case wall can be considered to be proportional to case pressure
and to case radius.
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In the current design

T/R = -1

6

and assuming that the case pressure is the same for all designs, let

T = R/6

and

qcrit. = 1.44 x 108 R (39)
6L 2

Letting R = D/2, where D is the case diameter

6 X 106  (40)
qcrit. L -

D

Equation (40) gives the condition for aeroelastic instability in the simplified model

discussed. As a design practice, au acceptable limitation is that the dynamic pres-
sure should not exceed one half the value given by Equation (40)

= 3 X 106 (41)
qdesign 

= L 2

D

For a typical sounding rocket application, q(Design) = 10, 000 lb/ft2 . For this con-
dition,

(L/D)2 = 3X106  = 300

i.0 X 104

(L/D) = 17.4

For a high performance, low altitude hypersonic vehicle q = 75, 000 lb/ft2

(L/D)2  3 X 106  = 40
7.5 X 104

(L/D) = 6.2
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A hypersonic vehicle with L/D ratio of 6. 2 is probably not feasible, because of high

drag. A sounding rocket with L/D = 17.4 is reasonable, and merits further investiga-
tion.

For the condition in which q = qcrit/2' from Equation (32)

K = 4r
r-1

and from equations (28) and (29)

2 2

r. r+1 56a -~l - 5 -

r - 1 2 2

Since 6, the misalignment angle is measured in radians, and is of the order of
magnitude of . 001 radian, the angles of attack and stresses induced by the steady
state response to a misalignment are negligible, so long as the dynamic pressure
does not exceed one half of the critical value given by Equation (40).

In order to interpret these results, it is necessary to examine critically the
assumptions made.

First, the assumptions that normal forces act only on the nose and tail, and that
the forces are linearly dependent on local angle of attack, are valid only for small
angles of attack. A body normal force exists and is proportional to sin 2 a. Further,
the normal force on the nose is a linear function of sin 2 a rather than simply a.
This means that as the angle of attack increases, and the body bends, the nose, which
sees a greater angle of attack than the tail, will experience forces smaller than those
given above. At the same time, the normal forces acting on the body will tend to
decrease the bending moment from the value computed above. From these two effects,
we can assume that the rocket, instead of becoming completely unstable at the critical
value of dynamic pressure, will experience large angles of attack and deflection angles,
but will not necessarily break up immediately.

It is probable that aerodynamic heating resulting from large angles of attack at
high velocity will cause degradation of physical properties sufficient to cause failure,
if the flight continues long enough.

The assumption that the normal force coefficient slope of the nose is 2/radian,
based on cross section area, is valid for every condition except a blunt body.
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If the thrust is not zero, the equation for trim condition of the angle of attack,
Equation (13), must contain a term for the moment of the thrust force about the center
of mass of the bent rocket This moment will be destabilizing, tending to in, rease the
angle of attack and thus the bending.

If the spin is not zero, the completely valid equations will have to be in three
dimensions, including gyroscopic and coning effects. The effect of any large spin
will be to increase bending, since the deflected body will experience inertial forces
due to spin, tending to increase the deflection. This effect is negligible for spin rates
less than 10 rps which is the rate usually used for rocket vehicles.

SUMMARY

Using a set of simplified assumptions, an equation was derived relating the
length/diameter ratio of a rocket vehicle and the maximum dynamic pressure re-
quired to initiate catastrophic aeroelastic bending.

The assumptions are reasonable for rocket vehicles with high length/diameter
ratios, such as sounding rocket vehicles.

The analysis showed that for cases made of the paper phenolic material being

analyzed, the critical dynamic pressure, qcrit. is related to the length/diameter
ratio (L/D), by

q crit. - 6 X 106 /(L/D) 2 (lb/ft2 )

So that if the design factor of safety is 2,

qdesign = 3 X 106/(L/D) 2 (lb/ft2 )

For a typical sounding rocket vehicle, with a maximum q of 10, 000 psi, a design
L/D of 17.4 is possible.

5. EFFECTS OF VEHICLE INTERFACE ATTACHMENTS ON CASE STRUCTURE

a. Introduction

Study of the impact of the nature of the paper phenolic material upon potential
solutions to interface problems leads inevitably to ideas of an artistic or architectural
character. A structural concept that is a fitting and effective expression in some
given structural material could easily be quite ludicrous in another. As an example,
we would have to recognize the igloo as an elegant solution for a temporary structure
using an available material with poor tensile properties; the thought of a wooden igloo,
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however, is funny because it is incongruous with the character of the material.
Similarly, rocket structural concepts that would be elegant in metal are likely to be
neither effective nor appropriate for paper phenolic. If the structural configuration
of an entire paper phenolic rocket system were conceived to properly reflect the
nature of the material, a fitting and even elegant structure might well result, which
then could be analyzed in.comparison to alternative solutions using alternative
materials.

b. Closure Configurations

Because of the expected low ratio of longitudinal-to-hoop strength of the
paper laminate, the design of vessels of this material is governed by stresses in the
longitudinal direction. Thus the effect of geometric discontinuities in such a vessel,
and the coi.cident internal bending moments in the longitudinal direction, is to reduce
the pressure capability of the vessel far more than would obtain in an isotropic mate-
rial. Moreover, prior experience suggests that the shearing strength of a bonded
surface, or the interlaminar shear strength of the material, are severely affected
by the state of stress normal to the shearing surface. Normal compression, or at
least the absence of normal tension, leads to much higher strength values. Accord-
ingly, considerable attention is appropriate to the design in closure regions of con-
figurations which act by development of through thickness compressions (for greater

bond effectiveness) and in which the internal pressure applied to the paper cylinder is
afforded a very gradual transiticn along the cylinder length (for control of longitudinal
bending moments). In Figure 30 head and aft attachments which employ a tapering
aluminum ir magnesium internal transition the inner surface of which would be
subjected to the full case pressure are shown. Such a transition, together with a
compression dome in the head end, assures the existence of an interface compression
across the bond surface.

Figure 30 shows a nozzle concept wherein the ablative insert is slotted
almost through its thickness, with the slots filled with a low modulus material. The
intended function of the slots is to effectively eliminate the hoop stiffness of the
ablative insert so that the case will be subjected to the gradually changing pressure
throughout the length of the nozzle. Admittedly, this presents an erosion problem
but this could be overcome with a more complex adaptation of the same concept.

c. Fin Configurations

For configurations with the case cylinder carried out to the nozzle exit plane,
the difficult connection problem of cantilevered fins of cruciform configuration -
Figure 30 - can be effectively avoided through the use of a delta or rectangular con-
figuration. Here, the connection could easily be accomplished by bonding the fin to
a machined flat-land on the cylinder or alternatively, machining a cylindrical
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Ablative exit cone

compression dome

Submerged Nozzle Head Closure

Slots

Slotted Nozzle

FIGURE 30. STRUCTURAL CONCEPTS FOR FIN AND CLOSURE INTERFACES
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depression on the fin. These configurations lend themselves well to the use of
either metal or paper for fin material.

Fin configurations where the case c linder is not carried this far aft present
fin connection problems as in the usual metal rockets and are soluble in the usual
manner. In effect, such configurations trade the fin connection problem for a more-
severe closure problem.

d. Payload and Launcher Attachments

For the attachment of payloads and for the attachment of the rocket to the
launcher device it is always necessary to have some type of mechanically fastened
joint or to provide suspension points. The various types of mechanically fastened
joints, bolted, threaded, shear pins and various types of shear rings all require
mechanical properties beyond the capabilities of paper phenolic. Suspension points,
whether they be slots. trunnions or clevises, also require mechanical propt .ics and
dimensional stability which necessitate the use of metals. In either case it is neces-
sary, in general, to provide metal payload and launcher attachments which must in
turn be attached to the case. For reasons concerned with limitations on dimensions
of various forms of paper phenolic materials and the general structural limitations
which make it almost impossible to obtain efficient closure designs, it would generally
be advantageous to have a metal closure. This then presents the closures, or their
prolongations, as the optimum locations for payload and launcher interfaces. An
interesting payload configuration could evolve from the compression dome by making
use of the concave cavity as part of the payload compartment and then making all the
necessary interface attachments on the diameter of a prolongation of the dome.

Unfortunately, systems designers do not always want their interfaces at the
ends of the motor, Sometimes they want them somewhere along the length of the
motor. It is then necessary to mount some form of external ring on the cuter
diameter of the paper phenolic case resulting in severe stress concentrations caused
by the difference in the modulli of the metal ring and the paper phenolic case. These
stresses are not necessarily any more severe than those at the closure and additional
case thickness might not be necessary. But, it must be remembered that the mount-
ing ring would generally be attached to the case with an adhesive bond and thus the
ring must provide adequate surface area for a structurally sound bond. This concern
combined with manufacturing limitations would necessitate that the ring be larger
and hence heavier than the equivalent built-up area and transition zone that would be
required to take out the interface loads in an analagous metal case.

-86-



6. EFFECT OF EXPECTED HANDLING AND STORAGE ENVIRONMENTS ON
PAPER PHENOLIC MOTOR STRUCTURAL INTEGRITY AND PERFuRMANCE(I)

TABLE IX

EFFECT OF EXPECTED HANDLING AND STORAGE ENVIRONMENTS
(Per MIL-R-25534)

Environment Conditions Effect

1. Temperature -750 F to +1700 F See Note 2

2. Vibration 30 hours of ± 5 g @ Better (5)
Resonant Points

or
500 mile Rough Road

3. Shock Packaged & Unpackaged Drop Equivalent

4. Humidity 360 hours @ 1200 F Equivalent (3)
95% R. H.

5. Rain 2 hours @ 4 in. /hr @ 60 ° F Equivalent (3)

6. Salt Spray 20% NaC1 spray for 50 hrs Better (3) (4)

7. Sand & Dust Dust Velocity of 100-500 ft/min Equivalent
for 6 hrs. Sand & Dust density
@ 0.1-0.5 gms/ft3 .

NOTES:

1. Effects are judged relative to the effect on an equivalent metal case.

2. Material strength diminishes rapidly at temperatures above 1000 F and at 1700 F
the strength has decreased by about 16% from the room temperature value.
Fortunately, there is no permanent degradation and full strength returns when
the case is brought to room temperature, thus storage at high temperature in
itself is not deleterious. Operating temperatures, however, are a necessary
consideration for structural design.

3. The material must be coated with a suitable waterproof coating such as TA-D-311.
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4. Salt spray has no more effect than that of any other form of moisture.

5. The internal damping of the paper phenolic is substantially greater than that of
a metal and would result in a diminished effect of a vibration environment.
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SECTION X

METHODS OF IMPROVING PHYSICAL PROPERTIES

1. INCREASE STRENGTH

Approaches in this area seem to be limited to improvements in the phenolic
resin since improvements in the cellulose fibers can not be made easily. Micarta
is conducting a development program with a new resin system which seems to produce
a significant increase in the strength of paper phenolic laminates. Improvements
in the resin system would be most noticeable in the axial (across-grain) direction of

i* tubes made of oriented fiber papers.

2. ANISOTROPY

Tubing fabricated from IHY-488 has a hoop strength approximately 2. 5 times
its meridian strength. This is not exactly optimum since the hoop stresses in a
cylindrical pressure vessel are only twice as large as the meridian stresses; in a
rocket motor case, this ratio is even less because of the throat opening. As a
result, we must design a vessel which is more than 1.25 times as thick as it needs to
be for hoop stresses in order to withstand the meridian stresses. This is the
converse of the situation with a vessel made of an isotropic material; however, in the
case of the paper it appears that something might be done to optimize the ratio of the
strengths.

The paper used in making oriented fiber tubing is ordinary kraft paper that has
been subjected to controlled viscous shearing forces during processing which orient
the fibers parallel to the length of the paper. This operation can be performed only
on "cylinder" paper machines but most paper manufacturers have these machines.
By controlling the intensity of the shearing forces, the degree of orientation can be
controlled and varied over a range which provides ratios of with-grain to across-
grain strengths from 2:1 to 9:1. When the paper is laminated, the impregnated resin
reinforces the fibers but its effect is much more significant in the across-grain
direction, resulting in a reduced ratio. For example, Panelyte uses a paper having a
ratio of 6:1 in their Grade 6004 tubing, but the finished tube has a ratio of about 2. 7:1.

The strength ratio of the Micarta paper stock is apparently of the same order as the
Panelyte material.

The magnitude of the shearing force is a function of paper thickness. The
paper presently used is 3 mils thick and has a ratio of about 6:1, but a paper 5 mils
thick, made under the same conditions would have a lower ratio and perhaps
optimum properties for a pressure vessel. This thicker paper is available
commercially, but we could not arrange to have any tubes fabricated from this material.
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It is quite evident from the information now available that it would be desirable
to optimize the strength ratio of paper phenolic material used in rocket motor cases,
and from the preceding discussions, it does not appear that this would be very
difficult. By a proper choice of fiber orientation and resin system, it would be
possible to obtain the optimum strength ratio for any given rocket motor. Economics
would probably dictate a compromise on the optimum ratio for a conventional pressure
vessel, i. e., a hoop strength twice the meridian strength.

3. TEMPERATURE DEGRADATION

The major problem here is with the thermosetting phenolic resin which softens
with increased temperature. Although tlhe cellulose fibers degrade at high
temperature, they are not the major factor at temperatures below 220°F. At about
220°F, the cellulose will degrade after 1000 hours of exposure. At higher tempera-
tures it degrades after shorter exposures and at lower temperatures, there is no
detectable degradation. Again it appears that the problem can be alleviated by the
proper choice of impregnating resin, and we understand that resins are available
which increase the resistance of the cellulose fibers.

4. COMPOSITE STRUCTURES

One method of improving the overall strength or of improving the strength in a
particular direction would be to use composite laminates of paper phenolic and
some compatible materials such as glass cloth. Micarta has used this technique
to produce convolute-wrapped tubes from a composite sheet made up of one ply of
paper phenolic and one ply of glass cloth. This composite does not appear to be cost
effective because of the high cost of glass cloth and increased fabrication costs.

5. TESTS

Samples of an improved paper phenolic tubing were obtained from Micarta and
meridian tensile specimens were prepared from the tubes. Six of these samples
were pulled and the tensile strengths ranged from 9,780 psi to 11,750 psi. The
sample at 9, 780 psi was isolated with all other samples falling above 10, 500 psi. It
does not appear that this improved tubing offers any meridian improvement over the
HY-488.

These tubes were custom fabricated from a special paper and resin with the
intent of obtaining a hoop strength approximately t-vice the meridian strength. In
addition, they were cured under pressure to produce a higher overall strength. Since
there was no improvement in meridian strength we did not bother to evaluate the
hoop strength and for our purposes the experiment was a failure.
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SECTION XI

PRELIMINARY DESIGN STUDIES

1. INTRODUCTION

We prepared preliminary designs of be, eral rocket motors and one incendiary
device using paper phenolic laminates as a major struL tural material. The objective
of this phase of the program was to provide data for specific comparisons of the
effect of paper phenolic on the dimensional envelope, external and internal insulation
requirements, center of gravity, vehicle performance and cost effectiveness. All of
the units were selected because they were generally representative of a particular
class of rocket motors with respect to design requirements, and in most cases they
were units with which TCC/Elkton had specific design and production experience.
Because of its significance to the conclusions of the study, the cost effectiveness
studies for each unit are presented separately, in Section XIII. One of the selected
units, the M58A2. was also selected as the design to be used for loading and firing a
feasibility demonstration round. Because of the extensive effort involved in this
design and the implications of the tests that were perfcrmed it too has been treated in
a separate section (Section XII). This leaves us, in this section, with the designs of
the 2. 75 inch FFAR, Tomahawk igniter, XM165 Parachute Flare, and the 1. O-KS-25
Spin Motor.

In preparing each of the designs our objective was to provide only the minimum
detail required to make a valid comparison on each of the points cited above. The
designs are preliminary designs in all respects that the term preliminary design
implies with one exception. The Tomahawk igniter discussion is a comparison of
units that have actually been produced and are considered operational.

2. 2.75-INCH FOLDING FIN AIRCRAFT ROCKET

This unit was selected as being generally representative of the category of
inexpensive, unguided, rocket propelled weapons. Our objective was to make a
direct substitution of paper phenohc and other plastics for the present all-metal
hardware of the 2. 75 inch FFAR. The design is shown ii, Figure 31. One unique
feature of the design is the method of retaining the head closure. A simple flat metal
disc forms the head closure and it is retained against the pressure load by a
cylindrical sleeve bonded to the internal wall of the case. The edges of the disc are
bonded to the case with an elastomeric adhesive which serves as a pressure seal yet
allows the edges of the flat plate to rotate and the case to expand locally. Such a
design minimizes the discontinuities at the closure joint and takes advantage of the
warhead compartment space to obtain the necessary shear area for the adhesive
structural bond.
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TABLE X

WEIGHT COMPARISON OF METAL AND PAPER CASE 2.75 FFAR

MK 4 Mod 8 Paper Phenolic
2.75 FFAR 2.75 FFAR

Case 2.375 4.64

Nozzle and Fin Assy. 1.870 1.28

Misc. Inert Parts 0.316 0.27

Igniter 0.045 0.045

Propellant 6.40 6.400

11.006 12.635

From the performance standpoint the paper phenolic unit does not compare favorably
with the existing unit. The paper phenolic unit is 0. 466 inches greater in diameter,
0. '0 inches longer, and 1. 629 pounds heavier than the MK 4 Mod 8 unit. All of
these deficiencies are due to the low scrength to weight ratio of the paper phenolic and
the large bond areas required to overcome the low shear strength of the paper
phenolic. Both the increase in diameter and the increase in weight will decrease the
burnout velocity of the round with the result that the burnout velocity of the paper
phenolic round will be about 15% lower than that of the existing 2. 75 inch rocket.
There does not appear to be any significant effect on C. G. location due to the change
in case materials. The change in materials had no significant effect on internal or
external insulation requirements.

The limiting material properties for this design were the meridian tensile
strength and the interlaminar shear strength. At 150°F, the maximumn operating
temperature of the motor, the minimum expected strengths were 8, 000psi and

1100 psi respectively. A 1.25 safety factor was applied to each value to take
into account the effect of defects and cyclic loading and an additional 2, 000 psi were
subtracted from the available meridian strength to account for discontinuity effects.
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3. TOMAHAWK IGNITER

Both a metal case and paper phenolic case Pyrogen igniter for the Tomahawk
rocket motor have been produced by Thiokol and are in service. Several versions of

each are in use, and one of each type is shown in Figure 32. All of the units have
the same ballistic performance and meet the same interface requirements. It is

impossible to give a direct. comparison of weights and costs between a paper phenolic
and a metal igniter because other differences exist beside the case material. These
differences are primarily in the squibs and ignition circuitry and effect both weight

and cost. The two depicted are the most nearly similar units of each type.

The metal parts of the metal igniter must be well insulated to prevent a breakup
of the igniter case during motor operation and the resulting possibility of damaging
the motor throat when the metal parts are ejected through the nozzle. However,
the paper phenolic igniter requires extensive insulation only over the aft portion of its
case to prevent this problem. All components forward of this point are of paper
phenolic. Most of the material of these parts is consumed in the combustion process
and those which are ejected are of such low mass as to constitute no hazard to the
throat.

At the case diameters and chamber pressures of this application, the metal
tube wall-thickness is limited by manufacturing limitations to about twice the
thickness required by stress considerations. This restriction offsets the superior
strength to weight ratio of the steel and, because of the decrease in insulation
requirement, the paper phenolic igniter is about 0. 5 pounds (16%) lighter than the
metal igniter. The center of gravity is inconsequential in this application and was not
determined.

4. XM165 PARACHUTE FLARE

This design presents an application in response to a rather unique requirement.
The tube shown in Figurz" '3 serves as a casing and launching tube for an aircraft-
launched parachute flare. After being dropped from the aircraft, a fuze inserted in
the metal base pressurizes the tube, ruptures the "MYLAR" diaphragm and ejects
the parachute flare. The specific requirements for the tube are that the diaphragm
not burst below 50 psi and the case not burst. below 150 psi. In the present design, the

tube is made of aluminum and is brazed to the aluminum aft closure. The forward
closure is formed by a crimp and wadding somewhat similar to a shotgun shell.
Although the present design functions satisfactorily and was very cheap to produce,
the peculiarities of the Vietnamese Conflict have imposed a new requirement. It
was feared that the Viet Cong were salvaging the expended casings and using them
as a ready source of supply for metal for use in fabricating weapons. In order to
deny the Viet Cong this source of supply, the Army wished to minimize or eliminate
the metal in the casing.
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Two prototypes of this design, with metal rather than Mylar closures, were
fabricated for design evaluation. The first was hydroburst at Elkton and failed at
300 psi. The second was sLipped to Picatinny Arsenal for their evaluation. It was
not feasible to fabricate Mylar closures for either of these units because of high
costs for molds and schedule.

The design shown uses a metal aft closure similar to that used in the current
XM165 Flare. It is felt that with some evaluation testing we could find a suitable
nonmetallic material for the aft closure but at that time we did not have adequate
design data to select a completely satisfactory material. Further, Picatinny Arsenal
was not very concerned about metal in this portion of the casing. It was not necessary
to make any changes in the metal aft closure to adapt it to the paper phenolic case.
The adhesive joint geometry is identical to the existing brazed joint geometry.

The tube used in this application was made of Panelyte Grade 550 paper phenolic.
This material is significantly less expensive than HY-488 and, although its strength
is also less than HY-488, it is adequate for this application. The minimum meridian
tensile strength of Grade 550 is 8, 000 psi at 70°F. A design safety factor of 3. 0
on ultimate was used to take into account uncertainties of environmental effects and
the expected storage and handling conditions. There would be no appreciable gain in
reducing this margin as neither envelope nor weight are very critical in this
application.

The substitution of paper phenolic had the effect of increasing the case diameter
by about 0. 10 inches. The effects on insdlation requirements, and center of gravity
are irrevelant in this application.

5. 1. 0-KS-25 SPIN MOTOR

This motor, depicted in Figure 34, is used to impart a spin force to a classified
experimental device and is typical of the structural design techniques used in very
small rocket motors. Only one change was made from the original design: .. pa per
phenolic tube is used for the case rather than an aluminum tube. This substitution
had the effect of reducing the weight by an insignificant amount, due to r ianufacturing
limitati.ns on the minimum thickness of metal tube. There were no changes in the
dimensional envelope, insulation requirements, center of gravity or performance.

The case design is very conservative with a safety factor of 1. 6 on ultimate
meridian stress at 150°F. This factor should be adequate to take into account both
fatigue effects and discontinuities.
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SECTION XII

DESIGN AND DEMONSTRATION OF A
PROTOTYPE PAPER PHENOLIC M58A2



SECTION XII

DESIGN AND DEMONSTRATION OF A PROTOTYPE PAPER PHENOLIC M58A2

1. INTRODUCTION

As the culmination of the program it was our objective to successfully static test

fire a prototype M58A2 to demonstrate the feasibility of utilizing paper phenolic
laminates as the principle structural material for a rocket motor case. A successful
demonstration was performed on November 13, 1967.

Our design criteria for the prototype paper phenolic M58A2 were simple. They

were to build a motor to the same specifications as the original, metal case M58A2.
Originally our interpretation of these criteria was quite literal in that we used the

safety factors that were usea in the original motor. Later, however, this interpre-
tation was liberalized to permit the use of safety factors that would give a design with
the same reliability that the M58A2 was originally designed to provide. This change
was to take into account advances in the art of solid propellant rocketry since 1957,
the year the M58A2 was designed.

It was decided, with the concurrence of AFRPL, that it would only add unneces-
sary expense and difficulty. without any meaningful gain. to duplicate the thrust skirt
interface and the external configuration of the headcap. Consequently these geome-
tries were optimized for compatibility with test and production tooling and for ease of
fabrication.

A second major decision involve I the use of metal end closures. It is not possible
to obtain either paper phenolic rod or sheet in the dimensions necessary to fabricate
the M58A2 end closures from a single rod or sheet. It would be necessary to piece
the closures together from four Ur five concentric, thick wall cylinders by nesting

each cylinder inside the next larger one. Our studies convinced us this technique was
necessary and that it could n\e or be more cost effective than a one piece metal closure.
Consequently, since any motor of this size would probabl3 use metal closures, there
was nothing to gain by using paper phenolic closures in our demonstration motor.

Aluminum closures were therefore used in all the designs discussed below.

2. DESIGN AND PROOF TESTS

During the first stages of this phase our objective was to design and hydroburst
two -,dscs, each case using a different design concept for the closure to case joint.
One of these concepts was then to be selectea tor the demonstration unit. The two
concepts depicted in Figure 35 '\'ere the first two developed and isill be identified as
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Concepts I & II. Both of the joints used a tapered adhesive joint to minimize discon-
tinuitibs caused by difference between the mnodulii of the metal closure and the paper
phenolic tube. The major difference in the two is that in one closure the metal

closure forms the male portion of the joint and in the other the female portion.

Both of the cases were designed for a proof pressure of 2, 650 psi and a minimum

burst pressure of 3, 100 psi using a design factor of 1.3 on the minimum ultimate
strength at 1500 F. Both the proof pressure and minimum burst strength requirement
had to be demonstrated at 700 F. I was only necessary to demonstrate analytically
that the minimum burst pressure requirement could be met at 150 F. These require-
ments for proof and minimum burst pressure are the model specification requirements
for the M58A2 (Ref. 7). A safety factor of 2. 0 was used on the manufacturer' s listed
values for the adhesive tensile shear strengths.

A structural analysis of the two cases was performed using the technique de-
scribed in Section VI. This analysis indicated that the designs were adequate and,

strangely, showed that because of compensating changes in the ultimate strength
and modulus, the minimum burst strength N as nearly the same, and above 3,100 psi,
at both 700 F and 1500 F.

Efforts to perform a successful proof test and burst test of the Concepts I and II

designs were uniformly unsuccessful. Three Concept I units and one Concept II unit
were hydrotested and in every instance, the case failed in a case-to-closure joint at
a pressure considerably below the proof pressure, as is detailed in Table XI.

TA13LE Xl

SUMMARY OF HYDROTEST RESULTS

Burst Failure
Pressure, psi Location Surface Preparation

Concept I 900 Nozzle End Surfaces lightly abraded with emery
cloth and cleaned with trichloro-
ethylene.

650 Head End Surfaces cleaned with MEK and primed

with Grip Cald. Primer cleaned with

MEK before adhesive was applied.

1250 Nozzle End Surfaces lightly grit blasted. Aluminum

etched with chromic acid followed by
rinse with distilled water. Paper

phenolic cleaned with MEK.
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Burst Failure
Pressure, psi Location Surface Preparation

Concept II 1200 Head End Surfaces lightly abraded with emery
cloth and cleaned with trichloro-
ethylene.

Only one test has been performed with the Concept II design. In this test the
failure was due to a combination of poor fit and poor adhesion of the adhesive to the
aluminum (Figures 36-38). Further tests on this design wvere canceled in order to
devote more time to the resolution of the problems with the Concept I design. The
Concept I configuration is easier to case and was thus preferred for the demonstration
firing. Since available case materials were in limited supply, the Concept I design
was given priority.

In the first test with Concept I, the failure resulted from a single unbonded area
representing about 25 percent of the total bond surface (Figures 39 and 40). In this
area the adhesive had not adhered to the aluminum closure. For the second test, both
the closure and case surfaces were coated with "Grip Clad" (TM of Sherwin-Williams)
primer before the adhesive was applied. This reduced rather than improved the
adhesion strength as was evidenced by the fact that failure occurred over the entire
surface of the bond. The closure neatly and cleanly separated from the case, with-
out damage to either (Figure 41). There were only faint traces of "Grip Clad" on the
closure, whereas the bond surface of the case was uniformly coated with adhesive
topped with the primer that had been applied to the closure.

Elaborate procedures and precautions were followed in preparing for the third
test of Concept I. Each closure was individually fitted to a particular case end to
ensure a good fit and the desired bond line thickness (0. 005 inch), new surface
preparation techniques were used (Grit blasting followed by a chromic acid etch), and
great care was taken to prevent contamination of the cleaned surfaces. Even then,
however, we were not successful in obtaining a satisfactory bond. The adhesive did
not satisfactorily adhere to 15 percent of the total bond area (Figure 42).

Since the previous failures were due to imperfections in the adhesive bond and
since it did not appear that these imperfections could ever be reduced to a level con-
sistent with the present design safety factor, the design safety factor for the adhesive
shear strength was increased from 2. 0 to 4.0. It was also decided to change the joint
configuration to minimize the manufacturing problems associated with maintaining the
proper glue line thickness. A tubular lap joint was substituted for the tubular scarf
joint used in the previous designs but the case wall thickness was not changed.
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FIGURE 38. ADHESIVE BOND IN AREA OF FAILURE, CONCEPT II HYDROTEST
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FIGURE 41. BURST CASE. CONCEPT I, TEST II
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During the period of redesign, Mr. S. P Gualillo of the Huntsville Division
visited Elkton to discuss the design and the adhes've bonding problems. Ie suggested
that the adhesive be rubbed into the surface with eizher the hand or a spatula to remove
air bubbles and to ensure penetration of the adhesive into the pores and crevices on the
surface. This technique was adopted.

A prototype paper phenolic M58A2 of the new design (Figure 43) was successf.llly
hydrotested on July 28, 1967. The case was pressurized to 2, 650 psi and held at this
pressure for one minute. Subsequently, the pressure was released and the case was
then repressurized until it burst. The burst pressure was 3, 200 psi, whereas the
minimum required burst pressure for the M58A2 is 3, 100 psi.

This case apparently failed at two independent points (Figure 44). One failure was
due to meridian stresses at a point in the paper phenolic tube approximately 1/8 inch
forward of the adhesive joint at the aft end of the case and propagated throughout the
phenolic tube in both hoop and longitudinal directions. The other failure occurred in
the aluminum nozzle adapter in the longitudinal direction in the region of the thread
relief; it is not known if the metal failure occurred before, or after, or simultaneously
with the failure in the phenolic tube.

The adhesive bonds of this case had been inspected with an ultrasonic tester and
there were no indications of voids or unbonded areas.

A second case of the same design was then fabricated for use in the demonstration
firing. This case was hydrotested on August 30, 1967, and burst at 2, 200 psi, while
we were attempting to pressurize the case to the intended proof pressure of 2, 650 psi.
As in the previous case, the failure originated in the paper phenolic tube in the region
of the joint discontinuity (Figure 45). There was no evidence -f failure in the adhesive
bond.

The case fragments were subjected to a detailed visual examination and compared
to fragments from the case which had burst a'3, 200 psi. There was only one notice-
able difference between the fracture zones in the two cases. In the case which burst
at 2, 200 psi, there was a resin-rich area at the origin of the failure approximately
1/4 inch long in the hoop direction and 1/32 to 1/16 inch wide. From examination of
other pieces of the two cases, it appears that resin-rich areas are not uncommon in
the material, however, we could not determine if there were any such areas located
in the highly stressed region around the joints of either case.

The following tensile data were obtained from three NOL Ring Specimens that were
cut from the material of each of the cases.

i
-111-



V

T tq~J

~-C ' '

o 
I

1O "

9CJr 4 IUk -
5-'a,

R, v v4

j~jl- IIL .



FIG URE 44. BURST CASE, CONCEPT III, TEST I
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TABLE XII

HOOP TENSILE RESULTS FROM FAILED CASES

Case Burst Pressure, Hoop Tensile Strength,
psi psi

3200 30,730
35,500
33,800

2200 33,450
34,570
34, 100

These values, with one exception, are higher than any we have obtained pre-
viously. The one low value, 30,730 psi, was obtained with a specimen whose mode
of failure indicated that some bending had been induced at the point of failure.

We have attempted to establish a correlation between the high hoop strength of
these tubes and the low meridian strength. The fiber orientation dependence of the
hoop and meridian strengths leads to speculation that any increase in hoop strength
would be at the expense of a proportional decrease in meridian strength. Unfortu-
nately, meridian tensile specimens could not be obtained from either case, there-
fore, we can only make logical speculations as to the probable differentiation in
meridian properties of this material and the effect of these differences on case burst
pressure.

Unfortunately the facts do not support this hypothesis. Any reasonable estimate
of the degradation in meridian strength resulting from the observed increase in hoop

strength leads to a value only 11% below the design value (The design value is the
minimum expected meridian strength divided by a safety factor of 1.3) and it is
difficult to believe that this would result in a 30% decrease in burst pressure.

The most convincing argument against attributing the failure to a below-par
tensile strength is the similarity of the hoop tensile strength results for the two cases.
Two cases whose hoop properties correspond so closely would hardly be expected to
have meridian properties sufficiently different to account for the difference in burst
pressures. Since material strength cannot be blamed, it appears that the cause must
be a material defect. It cannot be determined if the resin-rich area at the origin of
failure is alone a defect of sufficient magnitude to cause the failure, or if it was
necessary for it to be combined with other unknown defects. It can be said that all
tubes can be expected to have similar defects and that we have no way of defining
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critical defects, no way of detecting the defects, and no way of predicting the prob-
ability of a critical defect occurring at a highly stressed region of the case.

The usual procedure in dealing with a problem of this nature is to increase the
safety factor to provide for the defects and then perform tests to determine if the new
safety factor is adequate. Of course, some assumptions as to the actual minimum
burst pressure must be made in establishing the new safety factor. In this case, with
only two data points, the selection of the safety factor had to be an educated guess and
to ensure success the factor had to be highly conservative.

Another approach is to not change the design, but to lower the proof pressure by
whatever amount is required to give the desired ratio between the proof pressure and
the anticipated minimum burst pressure. This route is normally closed of course;
however, in this instance, it was a promising alternative because of the antiquated
safety factors used in establishing the ratio of proof pressure to MEOP for the exist-
ing M58A2. The proof pressure, 2, 650 psi, is 1.49 times the 3 sigma MEOP at the
maximum service temperature, 1500 F, and 1.73 times the 3 sigma MEOP at 600 F.
In contrast, contemporary practice for similar applications is a proof pressure of at
least 1. 1 times the MEOP. Strangely, the minimum burst pressure requirement for
the M58A2 is only 1. 17 times the proof pressure, whereas current practice-generally
calls for a factor of 1.25.

To satisfy our requirement of firing a demonstration motor, a demonstration of
structural integrity suitable for a firing of the prototype at 600 F could be obtained
with a proof test at 1, 690 psi (1. 1 times the 3 sigma MEOP of 1535.3 psi at 600 F).
This provides us with a factor of 1. 3 between the observed minimum burst pressure
of 2, 200 psi and the proof pressure. Although this change in structural standards
precludes any direct comparison between the paper phenolic and present case designs,
by current design standards the two cases are both suitable for the original mission.
We can thus fulfill our principal objective of demonstrating the feasibility of fabricat-
ing and firing a prototype motor with a paper phenolic case.

A third case of the same Concept III design was fabricated and successfully hydro-
tested at 1, 690 psi. The case was then loaded with propellant and prepared for static
test (Figures 46 and 47) and on November 13, 1967 the unit was successfully static
tested. Although there was an obturatibn failure in the nozzle threads (Figures 48
and 49) that lead to a burn through of the aft closure, the failure was in no way
associated with the use of paper phenolic and occurred very near the end of the web
burn time. As can be seen in the pictures the failure was non--catastrophic. It was
initiated at about 70% of normal web burn time and there was a gradual release of
pressure somewhat similar to the normal tailoff. Since the ballistic performance of
the M58A2 is classified, the pressure versus time plot has not been included in this
report. Copies of this record may be obtained from TCC/Elkton. Performance of
the motor was completely normal until the time of failure.
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FIGURE 47. STATIC TEST ARRANGEMENT, CONCEPT III
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Portions of the case were sectioned and examined for evidence of charring
(Figure 50). The section at the bottom of the figure was taken about 1/4 inch from
the nozzle e'nd of the case, in the area protected by a 0. 020 inch thick strip of Buna-N
insulation. The other section was taken at the end of the case near the closure joint
at the nozzle end of the motor. In this area the only thermal protection was about
0. 030 inches of liner. In neither case was there any evidence of charring or other
degradation that extended below the surface. The charred material visible on the
surface is almost entirely liner and insulation. It appears that the insulation at the
aft end could be safely eliminated and the liner thickness throughout the case could
be reduced to the minimum to assure a good bond.

The use of the paper phenolic had a severe impact on mission performance and
dimensional envelope but no effect on internal or external insulation requirements.
It is estimated that the weight would increase by twelve pounds, the loaded motor
C. G. would shift forward by 107 inches and the post-fire C.G. would shift forward
by 5. 5 inches, these estimates being based on the design shown in Figure 44. If it
is assumed that with a more sophisticated design we could reduce the weight by 10%,
it is estimated that the burn out velocity of missile using the paper phenolic motor
would be about 8% lower than that of a missile using the present steel case M58A2.
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FIGURlE 50. SECTIONED CASE, CONCEPT III
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SECTION XIII

COST EFFECTIVENESS STUDIES

1. MEASURES OF MERIT

While it is easy to evaluate any rocket case material in a specific application, it
is much harder to derive a general measure of merit. Any such yardstick should con-
sider the material weight, density, and cost, fabrication costs and resulting system
performance.

Most of the likely applications for the paper-phenolic material are volume limited.
A lower density case material may usurp a greater share of the envelope, displacing
fuel or payload. For this reason, the common stress-to-density (strength-to-w3ight)
factor must be applied with care to any material evaluation.

Fabrication costs vary dramatically with the production technique used. Paper
phenolic cases now require a lot of labor for tube rolling and production of quality
adhesive joints. In very large-scale production, greater tooling costs and process
development costs can be eliminated and hard-labor reduced to a minimum.

In an earlier study for Edwards Air Force Base (Ref. 9), we concluded that
system effectiveness tends to be a function of the square of burn out velocity.

In designing a motor for the Falcon missile configuration using paper phenolics,
we determined that the loss of envelope to inert material results in 8 percent lower

final velocity. System performance is thus 85 percent (0. 92 squared) of that achieved
with the present design.

If fabrication cost can be neglected, an estimate of relative cost effectiveness
for a candidate case material may be derived in the following manner.

Wall Thickness

T PD (46)
2T

-123-



Case Weight

W = i DTL P, where: (47)

W = case weight;

k1 = end closure,weight factor;

L = motor length;

p = density of candidate material.

System Effectiveness

e = k2 V2 , where: (48)

k2 = proportionality factor;

V = motor burn out velocity.

Cost Effectiveness

e 2 k2 L -3 (49)
(CCE) CW k D D P P w

C = Delivered material cost per pound.

For any operating pressure and envelope definition, the relative cost effectiveness
of a candidate case material reduces to:

(CE)R 2 V
C

On this basis, the relative cost effectiveness of paper phenolics in the Falcon-
type configuration is 38 percent of that for steel.

2. ACTUAL FINDINGS

The limiting assumption in developing the measure of relative cost effectiveness
in the previous section lies in neglecting fabrication costs. When we consider rela-
tively small numbers of motors, we are forced to accept present production technology
and any new candidate material is placed at an additional cost disadvantage.
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a. Falcon Motor

We have surveyed several suppliers to develop realistic costs for paper-
phenolic components for the Falcon motors in quantities of 1, 000 and 5, 000 units.
The unit costs for motors are given below:

Total Units 1,000 5,000
Paper Phenolic $ 520 $ 438
Present Design $ 535 $ 439

It is clear that the cost advantage for the paper phenolic design is only
marginal, and when the 8 percent velocity degradation is considered, all advantage

is lost.

b. 1. 0-KS-25 Motor

We assembled similar data on a small 1.0-KS-25 spin motor and reached
the same conclusions:

Total Units 1,800 200,000, 000
Paper Phenolic $ 72 $ 12
Competitive Aluminum $ 85 $ 10.50

In very small motors of this type, material costs become negligible in the

total price and fabrication costs become the principal criteria.

c. XM-165 Flare

The present desig-, for the XM-165 flare uses an aluminum launcher tube
which must withstand about 500 psi of internal pressure when fired. We have studied
production methods for producing such units from paper phenolic tubes and find that
the idea is feasible.

In quantities of 1, 000 in 10, 000 wmils, the paper tubes would add between
$2 and $3 to the estimated unit price of $14, However, the paper tubes have the
advantage of not leaving debris which an eueviy can use for bombs. In limited-war
situations such as in Southeast Asia, every effort is made to deny the guerilla any
possible bomb components. Since such flares are used in large numbers in Viet Nam,
this advantage seems to balance out the cost disadvantage.
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d. Pyrogen Igniter

We are now using paper-phenolic cases in many pyrogen igniter motors for
still larger rocket motors such as the TE-P-415 device in the TE-M-416 Tomahawk
motor. Design engineers associated with these projects tell us that the selection of
the material was made on a technical basis, rather than on one of cost. The device
must survive inside the motor during operation without creating harmful debris. The
paper-phenolic case is partially consumed during motor burning but does not produce
damaging debris.

The cost of the pyrogen device is about $600 in a rocket motor costing $5, 500.
Substitution of cheaper case materials might make $3 difference in total cost. Since
we typically make only 100 such units a year, the total possible savings are trivial
relative to the cost of redesign and requalification.

1
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SECTION )9V

CONCLUSIONS AND RECOMMENDATIONS

Paper phenolic laminates can best be used in those applications where the re-
quirement for their unique characteristic, e.g., consummability, overcomes their
low strength to weight ratio. In missile systems where high terminal velocity is a
prime criterion, theirlow strength to weight ratio gives them a low cost effectiveness
rating. However, in some special applications, such as tnose where structural
efficiency is relatively unimportant and where other factors, such as denying an
enemy guerrilla force a supply of scrap metal, are more important, paper phenolic
laminates have a potential application.

We examined two applications in which the paper phenolic was used to form the
pressure vessel of a high performance rocket. In one case, the M58A2, there was
no significant decrease in cost and an 8% decrease in burn out velocity, resulting in
a 15% reduction in cost effectiveness. In the other case, the 2. 75 FFAR, although
no actual cost analysis was performed, it is doubtful that the paper phenolic could be
produced more cheaply than the present case. In this instance the reduction in burn
out velocity is about 15% and it appears the reduction in cost effectiveness would be
even greater than for the M58A2. It must be pointed out that both of these compari-
sons were unfair to the paper phenolic in that both motor and weapon system had
been optimized for a metal case and it was necessary to work within these restraints
which were not optimum for the paper phenolic when designing the equivalent motors.
As stated earlier in the report, the nature of the material to be used must be con-
sidered in the total system design. If paper phenolic were considered from the
beginning in designing a weapon system equivalent to the Falcon and the 2.75 FFAR,
the material would certainly fare better than it has in the present cost effectiveness
analysis. This is not to say that it would prove to be more cost effective. there are
too many structural disadvantages to overcome to expect that result. Additional, but
still not offsetting improvements could be expected if the manufacturers would
modernize their circa 1917 production facilities. However, this change cannot be
expected without high volume requirements.

In applicaions where velocity and weight are not critical it is possible that paper
phenolic can offer other advantages. It is possible that it could be a competitive
structural material for low velocity weapons such as those used by the Army against
fixed and slow moving targets. Here, other specific non-structural criteria, such as
unusable debris in the case of XM165 Flare, might give the material an inherent over-
riding advantage. As cited in some of the specific examples we studied, the cost is
frequently equivalent to that of other materials so if weight and envelope are not
critical, it is directly competitive. A final case where it can present advantages
are those similar to the igniter example where the consummability of the igniter was
the technical criterion for selecting the material.
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Our investigations of the material, while far more definitive than any others ever
performed, have certainly not resolved all the questions concerning this highly com-
plex material. There are many problems remaining before any reliable stress
analysis of efficient designs can be performed. If applications of these material
to any great extent are contemplated, further investigations are warranted, particu-
larly of flexural effects, the effects of temperature on tensile and compressive
properties, and the definition of defect criteria.

Additionally, before extensive applications are made, extensive efforts must be
made on the part of manufacturers to improve the reproducibility of the material and
the general level of quality control. These are definite limiting factors on current
design standards.

To summarize our conclusions and recommendations, paper phenolic laminates
offer potential as a competitive structural material in systems insensitive to strength
to weight ratios, particularly where the other unique characteristics of the paper
phenolic offer specific advantages. The paper phenolics are not suitable for systems
which are sensitive to inert parts mass fraction and volume.
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APPENDIX I

MECHANICAL AND PHYSICAL PROPERTIES TEST PROCEDURES

1. UNIAXIAL TENSILE PROPERTIES

a. Test Specimens and Equipment

Two basic test specimens were used to determine the uniaxial tensile
properties of convolute-wrapped paper phenolic tubing. The first was the NOL Ring
Specimen (Figure 51) used for determining the hoop or with-grain tensile properties;
the second was the Tube Tensile Specimen (Figure 52) used to determine the meridian
or across-grain tensile properties. These specimen configurations were selected be-
cause they could be fabricated from convolute-wrapped tubing and because there were
ASTM standards for specimens of this geometry and material type. The requirement
that the specimens be fabricated from tubing arose from the dependence of material
properties on fabrication technique and the considerable differences in the fabrication
techniques for tubing and flat sheet, Gualillo 3 attempted to correlate the results of
specimens fabricated from flat stock and from tubing with no success. Since nearly
all applications of the material in rocket motors would involve the use of convolute-
wrapped tubes, tubular test specimens were chosen.

The NOL Ring specimen was designed in accordance with the requirements of
ASTM Standard D2290, and the Tube Tensile Specimen in accordance with the require-
ments of ASTM Standard D638. The tube specimens were tested in accordance with
ASTM D638, using a standard set of V-jaws to apply the load and snug fitting plugs to
prevent the V-jaws from buckling the tube walls.

Unfortunately, the test described in ASTM D2290 was not satisfactory for
reasons discussed in Section IV-1. We were able to devise a different technique and
the apparatus we developed for this technique is shown in Figure 53. Essentially the
test consists of a hydroburst of the NOL Ring, free of meridian loads. That portion
of the circumferential groove behind the O-ring is pressurized with a suitable fluid
and the O-ring serves both as a seal to prevent leakage of the fluid from the cavit,
and to transmit the pressure loads to the NOL ring. The clearance between the ends
of the ring and the walls of the groove Is adequate to prevent leakage of the fluid from
the cavity and to transmit the pressure loads to the NOL ring. The clearance between
the ends of the ring and the walls of the groove is adequate to prevent either meridian
or radial restraint of the ring without allowing the O-ring to extrude. To prevent
prestressing of the NOL ring, the O-ring was sized so that even when-compressed to
the maximum by the torqued bolts it would not touch the inner wall of the NOL ring.
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Note that there are two variations of each of the tensile specimens, designated
as Type A and Type B. The Type B specimen has a considerably thicker wall and was
used only for evaluating the effects of thermal cycling on different wall thicknesses.
The Type A specimen was used for all other tests.

b. Test Measurements and Techniques

In these tests, we evaluated the stress-strain-temperature relationship, the
effect of strain rate on the stress-strain relationship at room temperature, and the

value of three of the six Poisson's Ratios at room temperature. The test program
used for determining these relationships is outlined in Table XIII. All tests were
made with uncoated specimens.

Strain measurements were made at the locations specified in Figures 54 and
55. Strain gauges were used for all strain measurements of the NOL Ring and the
specimen was oriented in the jaws so that the strain gauges were opposite the split in
the split disc jaws. The , 1 measurement on the tube specimen was made with an
extensometer and the e 2 measurement with a strain gauge. In all tests, the output of
the various strain sensing devices was recorded on either an X-Y recorder or an
oscillograph recorder versus the load applied to the specimen.

2. UNIAXIAL COMPRESSIVE PROPERTIES

a. Test Procedure and Equipment

The compressive test specimen was a tube of convolute-wrapped HY-488 that
was 1/2 inch 0. D. by 1/4 inch I. D. by 1 inch long. A compression load was applied to
each specimen along its longitudinal axis by an Instron testing machine. A Tinius-
Olsen self-centering compression fixture was used to maintain the alignment of the
specimen during the test. Five specimens were tested at each of three strain rates
and all tests were performed with the specimens conditioned to 77°F. Applied load
versus compressive strain was continuously recerded on an X-Y recorder during each
test.

3. BIAXIAL TENSILE PROPERTIES

Five hydrotests were performed as detailed below to evaluate the biaxial
behavior of the paper phenolic. This was a change from the original test plan but it
permitted a more effective analysis of the data and made it possible to reduce the
number of wall thicknesses and diameters tobe investigated. Further, it furnished the
best Poisson effect information, and served to define the strain dependence of
modulus in a multi-axial field. Secondarily, it gave us a more direct check on the
validity of NOL Ring and Tube Tensile Specimen results.
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E258-67-01

NOTES:

1. All measurements to be made with strain gauges.

2. el, e2, and e3 must be in same plane.

3. Specimen per SK-1648. This sketch not to scale.

FIGURE 54. STRAIN MEASUREMENT LOCATIONS FOR THE NOL RING
SPECIMEN
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.' E258-67-02

NOTES:

1.e to be measured with an extensometer
centered on position indicated.

2. e2 to be measured by an OPSCAN*
7-1/2 in. system at position indicated.

3. Specimen. per SK-1647. Not to scale.

; C2

A

FIGURE 55. STRAIN MEASUREMENT LOCATIONS FOR THE TUBE SPECIMEN

*Thiokol trademark.
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Inside Diameter of Tube, in. Tube Length, in. Wall Thickness, in. Type of Test

3 12 1/16 Uniaxial*
3 12 1/8 Uniaxial*
3 12 1/16 Biaxial
3 12 1/8 Biaxial
6 24 1/16 Biaxial

Biaxial tests of three inch tubes were performed with the apparatus shown in
Figure 56 and the uniaxial tests were performed with the apparatus shown in
Figure 57. The biaxial tests of the six inch diameter tube had an internally bonded
compression dome closure similar to that discussed in Section IX-5. All of the tubes
were instrumented with hoop and meridian strain gauges at the midlength of the case
and on both the inner and outer walls.

4. CYCLIC LOADING

The object of these tests was to determine the effect of cyclic tensile loading on
the stress-strain relationship and to determine what permanent degradation of
material properties will occur. Our test specimens were the standard Type A
meridian test specimens described previously. In these tests, five specime!ns were
cycled in tension until failure or for ten cycles, to strain levels of from 1. 2% to
1. 4%. All tests were performed at 77 0F.

Two criteria were used in selecting the test strain level. First, it had to be high
enough to stress the material significantly and second, it had to be low enough to
demonstrate the absence of gross changes of behavior from cycle to cycle. During
the first test, we used a strain corresponding to the minimum value of strain
observed at failure at 77 0F for the particular specimen, 1. 4%. The results indicated
the value should be reduced to 1.2 %.

All strain measurements were made at the 1 location on the specimen and stress
versus applied load was continuously recorded on an X-Y recorder during both load
application and load release. Each cycle began and ended at a condition of zero stress
on the sample. There was some indication of strain at zero stress after the first
cycle and each successive cycle.

5. EFFECT OF ENVIRONMENTAL CONDITIONS ON TENSILE PROPERTIES

During these tests we determined the effect of temperature, humidity, salt spray,
vacuum storage, and thermal cycling on the tensile properties of HY-488. The Type
A tensile specimens were used for the humidity, salt spray, and vacuum storage tests
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and both Type A and Type B specimens were used for the thermal cycling tests. The
tensile testing was performed in accordance with the normal procedures but no strain
measurements were made and all tests were at 77°F. Both coated and uncoated speci-
mens were subjected to the humidity, salt spray, and vacuum storage tests as
described below, but only uncoated specimens were used for the thermal cycling tests.
The hoop specimens used for temperature effect evaluation were tested on the hydro-
static test apparatus but all others were tested on the Split Disc Apparatus.

TA-D-311 was selected as the coating material for the tensile specimens. This
resin is an epoxy-amide thz. was developed by Thiokol for waterproofing paper-
phenolic cartridges that are used in casting extremely hygroscopic propellants. It
may be applied by either brush or dip coating and a single coat is approximately 0. 005-
inch thick. Our information on this material indicates that its modulus is considerably
less than that of the paper phenolic and thus, the coating should not crack or leak when
stresses less than the ultimate strength of the paper phenolic are applied to a coated
structure. The coating is so thin that the coating itself does not have any significant
effect on the tensile test results. Three coated specimens of each type were used to
evaluate the effect of the coating on the tensile specimens. The environmental
conditioning for each type of test is discussed in the following paragraphs.

a. Humidity

The coated and uncoated specimens were exposed to 90-percent relative
humidity at 80 0F. One half of the specimens of each cype were exposed for 7 days and
the remaining half for 14 days.

b. Salt Spray

The coated and uncoated specimens were exposed to a spray of 5 percent
sodium chloride solution at 95°F for 168 hours.

c. Vacuum Storage

The coated and uncoated specimens were exposed to a vacuum of 10- 6 Torrs

at 80 0F. One half of the specimens of each type were exposed for 7 days and the re-
maining half for 14 days.

d. Thermal Cycling

In these tests, our objective was to simulate the most severe combinations of
temperature extremes that might be encountered in service use. This would be stor-
age at a low temperature followed by exposure to aerodynamic heating and can be
simulated by storage at -75°F followed by a brief exposure to 3500F. Since the
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aerodynamic heating exposure is very short and the paper phenolic has a low thermal
conductivity, the high temperature effects are going to be highly dependent on the
thickness of the specimen. Therefore, specimens of two wall thicknesses were
evaluated: The Type A and Type B tensile specimens.

In these tests we were trying to determine only if any permament material
degradation would result from thermal cycling. We did not attempt to determine the
strength while a specimen was being exposed to aerodynamic heating. All tensile tests
were performed at 77°F on specimens which had been conditioned to 770F. To
accomplish this, the specimens were subjected to either one or ten thermal cycles --
all of a particular type. In the first type of cycle, the specimen was exposed to 4hours
at -75 0 F followed by 5 minutes at 350 0F, and in the other it was exposed to 4 hours at
-75 0 F followed by 15 minutes at 350 0F.

TABLE XIV

THERMAL CYCLING PROGRAM

Duration of 350°F Exposure No of Cycles Type A Type B Type A Type B

5 Minutes 1 4 4 4 4
10 4 4 4 4

15 Minutes 1 4 4 4 4
10 4 4 4 4

e. Temperature

Each specimen was exposed to the test temperature for a sufficient period of
time for the specimen to reach equilibrium, a minimum of four hours prior to being
tested. The test apparatus for all tests was enclosed in a temperature controlled test
chamber and the specimen was maintained at test temperature throughout the test. If
the transfer time from the pretest conditioning chamber to the test apparatus ex-
ceeded three minutes, the specimens were reconditioned foi, an appropriate period of
time.
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6. THERMAL AND MASS PROPERTIES

a. Density

The density was determined at 23°C with an air pycnometer, using specimens
of tubing 1-1/4-inch OD by 1/4-inch ID by 1/4-inch long. Three specimens were
tested.

b. Specific Heat 4'

The average specific heat between 72 and 212°F was determined in a Paar
calorimeter per ASTM Method C351 using 1-1/4-inch OD by 3/4-inch ID by 1/4-inch
long specimens of tubing. Three specimens were tested.

c. Coefficient of Linear Thermal Expansion

The coefficient of linear thermal expansion was determined with 1/2-inch-
diameter by 1-inch-long specimens using the procedures described in ASTM Method
D694. The coefficient was determined for the with-grain, across-grain and across-
plies directions. Tubing was used for the across-grain specimen but the other speci-
mens were cut from flat sheet of the same density as the tubing. The practical aspects
of specimen fabrication precluded using tubing for the with-grain and across-ply
specimens. Measurements were mate at -75, 72, and 225°F in order to compute
average values of the coefficient for the -75 to 72 0F and 72 to 225 0F temperature

ranges.

d. Thermal Conductivity

The thermal conductivity was determined at 100, 160 and 220°F using 9-inch
by 9-inch by 1-inch plates in a guarded hot plate apparatus in accordance with ASTM
Method C177. A minimum temperature potential of 20°F was maintained between the
hot and cold plates and two specimens were tested. Here, again, we have the problem
that the test apparatus georetry, the test standard requirements and the configurations
of samples that could be cut from tubes of practical dimensions could not be reconciled
It was necessary to use flat sheet of the same density as the tubes for making the
specimens.

7. INTER LAMINAR SHEAR STRENGTH

Two techniques were developed for determining the interlaminar shear strength as
a function of temperature and strain rate. The first technique determined the shear
strength in the with-grain direction and uses the specimen shown in Figure 58. This
specimen is an NOL Ring modified similarly to the technique used in Federal Test
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Method Standard Number 406, Method 1042. The split disc apparatus is used for
applying the load to the ring. As would be expected, this technique suffered the same
deficiencies as the other split disc techniques and was therefore abandoned.

The second technique uses the apparatus and specimen shown in Figure 59 for
determining the across-grain interlaminar shear. As shown in the figure, the testing
machine applies a compression load to the male die, which is transmitted to the test
specimen as a shear load, parallel to the laminates and normal to the grain direction.
The test program for both techniques is outlined in Table XV.
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APPENDIX 11

ELKTON DIVISION, ELKTON, AYLANS

ii I. DWG. NO. CHECKED ATE .0. NO.

Idowe,.4.e 5tLvaL' 2~ a~r,0- 5ed-,oc., expeetc" e-xv 4 SAFETY

I 6'tsta V.goj +(( SA (44e S I W-L

TT

PUI~ OKAal t Se a&, wod ks - a 1:oi~

Gt~~~~ -+6 .1 4 .. c. 2#%-6LIf+

+ t~L Ivoe a cj -
TL T-4

_ _ _ _ _ _ 4C k e,

aciT

-4-



EL K O4 DI VISION. ELKTON, INMALNS

SAFETY

+~"~ c2 ~)~O

ap cf d / 6 x a"-8 'y;~T2 44 Y -J~av

exx6~ tal Wc.CL I s o44 to ww.- at a 1O*.1~ + t.

+tkIc-ck ss wt +t p e.o4e

ea, l'ec/. Y Tx

km e~xdeue & si'tatks cl opposike siu.

T,+

~* .T~ -o ThL~s T:-a posl+iue j~kIj

T6e eblt'(r A(a 1 S u Se&WAJ "UOeIL4LLs a

1-~; C-? s A*P6 4Ce6t

At tT3 G, ~

-148-



l~w&Ae.CiICAt COIPUATIlI

ELTO SIVISION, ELKTON, MRLN

TITLE: MTRAE AEO

OF

&t. ~ ~ ~ I 41 s'W z a p14+ SAFETY
"T* PoAt'Asis seo.,j paAe~l4ic4,s

pte 1 Aeg etse 4C 4 ,P6&dC T ~ dace~a.

+ C tdt r

T

tHedgle fTc, dt + i ,p-a

ftp vllLs of A91 Bd 0~i C etc - +fig ofIowiA&j
exp~xigsiowAs 06fa.i1A

+ + ~3 &8) +4

T-2.

-149-



LA ko -(WA A1M~l
ILITI 1IWISION. ELITON, NARYLAIS

TITLE: T

o-GNo. CHECKCED ATE .0. NO.

- xAE~

T *1L

"W~. {AA eUwYuUt+Ujre a*- j~+&.g

T

ThTt

le(jeek, +ke ualvit C-g Is a v. wet,~c 1d&4i KU&Uj CVU&(LL~

4

-150-



APPENDIX III

ILITOM DI VISION, ELKTON, U PILAND _______________________________________

OF
V~ i eahL. l 1C~it~'t' i~SAFETY

e1e,"-&k w.. * 4-fCIid 2 eS! -a ezv a 6 k ehc
tpsecf+ ~oefe as c0aLO 1e

wA~li. pm4efAs HA-lv5 de ied Hooke's I~x e A

*Ire

+ tQ4q (:3

w, (Ok(t 0 L ~ expo-es5o,

-c

14 a,-

-15l /=



APPENDIX 'IV

TABLE XVI

STRAIN DATA FOR TE-M-49-1, CONCEPT III, HYDROBTJRST I

Stran Gu eNo.Maximum Pressure, Maximum Strain,

StrainGaugeNo. psi microinch/inch

SlA 3200 4906
S1H 3200 5892

S2A 3200 731C
S2H 3200 5829

S3A 3200 5305
S3H 3200 5364

S4A 3200 7995
S4H 3200 5253

S5A 3200 5335
S5H 3200 8004

S6A 3200 Lost Data
S6H 3200

Strain gauge locations are shown in Figure 60.
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APPENDIX V

TABLE XVII

STRAIN AND TEMPERATURE DATA FOR TE-M-49-1 STATIC TEST

Maximum Strain,
Strain Gauge Location microinch /inch

S1HA 1673
S1HB 1820
SIMA 2331
S1MB 2379

S2HA 1664
S2HB 1727
S2MA
S2MB 3158

S3HA 3949
S3HB 4160
S3MA 5301

S3MB 2550

NOTES:

1. All maximum strains occurred at peak pressure.

2. There was no significant rise in case temperature at the end of action
time at any point.

3. Strain gauge and thermoc, ple locations are shown in Figure 61.

-154-



0
00

to 1000

.2cum 0 93 E-

0o C.)
0

* 00

to E<C4

000

.2 '~z

4d c I<
0., 00 * /

U 0

CD es

L--

ell 0

z *4 C

-155-



i ,

REFERENCES

1. Heteny, Beams on Elastic Foundations, Univ. of Mich. Press, 1946.

2. Timoshenko and Woinowsky-Krieger, Theory of Plates and Shells, McGraw-Hill,
1959.

3. Gualillo, S. P. , Final Technical Report, Study of Meteorological Rocket Falling
Mass Hazards, Report No. 45-65, Control No. U-65-45A, TCC, Huntsville,
Ala., Sept. 1965.

4. Engineering Methods for Grain Structural Integrity Analysis, Lockheed
Propulsion Co. Report No. 578/556-F-3, May 1963.

5. Bullard, D. & Holdan, J., Design and Development of 2. 75-inch Mark 4 Mod 0
Rocket Motor, NAVWEPS Report 8647, NOTS-TP-3688, AD No. 467508, Naval
Ordnance Test Station, China Lake, California, April, 1965.

6. Design Study, Program Plan and Budgetary Cost Estimate for an Improved 2. 75
Inch Diameter FFAR, Report No. TE-66-2114, Huntsville Div., TCC,
Huntsville, Ala.

7. Personal communication with J. Duda of Naval Propellant Plant, Indian Head,
Md.

8. Model Specification, Motor, Rocket, Solid Propellant, M58A2, Specification No.
SP-83C, Thiokol Chemical Corporation, Redstone Div., Huntsville, Ala.

9. Air Launched Propulsion System Study, Technical Report No. AFRPL-TR-65-46,
Edwards AFB, California, February, 1965.

-156-



Unclassified
Security Classification

DOCUMENT CONTROL DATA - R & D
(Secutity clasaification of liM, body of abstract and Indexing annotalion must be entered when the overall report I* clasal&Ied

1. ORIGINATING ACTIVITY (Cotporate outho,') lZa. REIPORT SECURITY CLASSIFICATION

Thiokol Chemical Corporation Unclassified

Elkton Division 2b. GROUP

Elkton, Maryland 21921I N/A
3. REPORT TITLE

FINAL REPORT - STUDY AND DEMONSTRATION OF PAPER PHENOLIC COMPONENTS

4. DESCRIPTIVE NOTES (Type Of report and Inclusive dates)

Final Report, 3 May 66 to 13 November 67
S. AUTNORISI (Filret nme, middle Inlltal, lat name)

John W. Edwards
V. Singer
F. W. Mueller

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b. NO. OF REPS

February, 1968 156 9
S& CONTRACT OR GRANT NO. eah ORIGINATOR'S REPORT NUMER(S)

AF04(611)-11621 E258-67
b. PROJECT No. 3059

c. Program Element No. 62405184 9b. OTHER REPORT NOMS) (Any othe number tt MyW 09 810",
this report)

.AFRPL-TR-67-320
I0. OISTRIBUTION STATEMENT

Qualified requestors may obtain copies of this report from DDC.

II. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACYIVITY

Air Force Rocket Propulsion Laboratory
--- Research and Technology DivisionMydward AFB, Cairnia

10. ABSTRACT 
- a "

The structural, thermal and mass properties of convolute-wrapped paper phenolic
tubing were determined. This information was used to develop a satisfactory technique
for performing a stress analysis for the preliminary design of several rocket devices, and
for the detailed design and successful feasibility demonstration firing of a paper phenolic
case, M58A2 rocket motor. The material is degraded by high temperature and humidity,
although the effect is generally not-permanent and the humidity problem can be overcome
with a protective coating. The principal problem in the stress analysis technique was com-
pensating for the non-linear anisotropic character of the material. The low strength-to-
weight ratio and shear strength of the paper phenolic resulted in a decrease of seven per-
cent in burnout velocity for the M58A2 and, consequently, a reduction of fifteen percent in cost
effectiveness when compared to a metal case. In some applications, however, where the
performance criterion is not sensitive to inert weight and where other properties of the
paper phenolic offer overriding advantages (e. g., non-usability of debris) the material can
be competitive.

DD REPLACES 00 FORM 1478. 1 JAN 6.WH4ICH iSDD "Ve 3 OSOLETE FOR ARMY U29. Unclassified
Security Claselfacatko



Unclassified
Secufity Classification

4A. LINK A LINK 6 LINK C
KEHOO OLE W7- ROLE WT ROLE WT

Paper Phenolic Materials
Rocket Motor Cases
Materials Testing Methods
Production Methods
Dimensional Lim~tations
Physical Properties
improvement of Physical Properties
Cost Effectiveness
Stress Analysis Technique

Unclassitfied
Security Clssiifiction


