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Abgtract
A comprehensive experimental and analybical evaluabion
of the tensor polynomial failure criterion was underbtaken to determine
its capability for predicting the ultimabe strength of a composite
limina gubject to a plane stress state. Results are presented
demonstrating that a quadratic formulation is too conservabive and
a cubic represenbation is required  Strength comparisons with test
data derived from glass/epoxy and graphite/epoxy tubular specimens
are also provided to validate the cibic strengbh criterion.
Environmmental effects including anmbient btemperabure,
exposure to vacuum (~ 10"? torr), length of post-cure time and rabe
of cool down have also been investigated. Behaviour changes agsocisted

with polymer (epoxy) mabrix composites have been debermined in terms

of variations in stiffness (E22) and tensile sbrength.
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Bij

Bpyo B

Fi’ Fij’ Fijk

Ty Fos Tg

Fr1o Tops Feg

FlE

Flio2 Fioo
Fi66° Tos6
GlE
ksi

torr

Y, T

Notation
Biaxial stress ratio o /o,
g
Orthotropic elagtic moduli of the lamina measured
in the fiber and transverge directions, respectively
Strength tensors

________ -]é:T’ respectively

Xi" Y%" Sé" respectively

Quedratic inbteraction strength parameter

o P

éﬁbic iﬁ%erac%ion étreﬁgth paramétérs

Orthotropic elastic shear modulus

1000 lbs/in2

Internal pressure

Average tube radius meagured to median gurface
Positive and negative lamina shear failure stresses,
regpectively

Average lamina thickness

Temperatbure

mm of Hg at 0°C

Uniaxial lamina strengbh in fiber direction, tensile
and compressive, respectively

Uniaxial lemina strength transverse to fibers, tensile
and compressive, regpectively

(2 - vipvy)

Fiber orientation relative to longitudinal (%)

structural axis



Vo5 v21 Major and minor orthotropic Polgson ratios, respsctively

o Normai stress

Subscripts

i, j, k Integers, 1, 2, 6

X, ¥ Structural axes, axial and clrcumferenftial, respectively
1,2 Principal lamina axes corresgponding to the fiber and

transverse directbions, respectively

6 In-plane shear



1. IL\TTRO]?UCTION

One of the major difficulties associabed with the design
and use of composite maberials for load-bearing structural applica-
tions is the currenb lack of a suibable fallure criterion for both
the individual laminae and the laminated structure as a f.fvholet
Although many lamina failure criteria have been proposed (see Refs.
1, 2 and 3, for example), insufficient experimental data particularly
umder combined stabes of stress have been acc@ﬂabed to indicate
which criterion is begt able ‘to predict the :f'ailgre sbresses. The
difficttity is of course that each strength criterion has been
developed empirically with cerbtain inberaction parameters being
neglected and they are all phenomenological in nature. In obther
words, they can predict the . oceurrence of failure bul they do not
desecribe the physics or mode of failure.

Ib would appear Ghat the most general failure criterion
proposed up to the present is that given by Wu {(Refs. Lk, 5, &) in

the form of a tensor polynomial

= .+ O L s 0+ 28 oo =
:ﬁ‘(cri) Fi0; Fiao‘l 5 * Flakulo‘ao-k + 1' (1)

(where i, j, k=1, 2, 3, ...6) which can be shown %o encompass all
obther failure criteria which are currently available. The simplest
form of Eq. (1) which rebains the interaction temnsor strength

components is (Refs. 7, 8),

Pio5 + 40505 =1 (2)

This quadrabic tensor polynomial defineg a failure surface in stress

space in terms of two s'brength' tensors B’i and. Fia’ of the gecond and



Tourth ranks, respectively. Of particular inbterest in this formula-
tion is the existence of the linear terms in o which can account for
The observed differences between positive and negabive sbress induced
failures. However, in order to amploy the stress bensor polynomial
gtrength eqguabtion, one ig faced with the difficulbty of evaluabing
not only the standard principal strength pavamebers as defined by
the (Fi, Fii) relabions, but also determining the interaction terms
(Fij’ Fijk’ ebe.) which are regarded as independent material proper-
tieg. Since the failure surface may not be ellipsoidal in shape

(i.e., the principal directions of strength may not always be
orthogonal), it is necessary to include higher order terms in the
te‘nsor polynomial equabtion (such as the gixth-order failure tensor
Fijk) . Thus the nuwber of igdependent strength parameters that have
to he debermined experimentslly can become inordinately large.

Except for the tengor polynomial formulabtion, all of the
other cribteria are quadratic. This report will demongtrabe the
analybtical and experimental wmethods employed to evaluate both the
-quadra.tie and cubic sbrength equations. Biaxial shress bests utilizing
él‘ass/epoxy and. graphite/epoxy tubes will also be presented for
comparabive purpoges. It should be emphasized that the main intent
of thig progran was o0 arrive ab a reasonably accurate lawmina failure
criterion based on a plane stress stabe.

In addition, results will alsoc be presented showing the
effect of various envircommental conditions on the change in strength
parameters. The factors considered include ambient temperature,

high vacuum (~ 1077

torr), length of post-cure time and rate of
post-cure cool down of the specimen. IF might be noted that some of
thig data pertaining to the gla.ss/epoxy material has been presented

in a previous report to NASA by the author (Ref. @). However, all



of the graphite/epoxy data are new and the derivation of the cubic
sbrength criterion with validabtion Gtests represents a major improve-

ment. Both maberial systems have been included for complebeness.

2. EVALUATTON OF STRENGTH TENSCRS

* The general form of the tensor polynomial failure criterion

proposed by Wu is

1 - + - * - - - - ) + LA 3
I'io"l FlJUIUJ + Flakcrlo‘JGk

=1 failure (3)

< 1L no failure
£(c) {
> 1 exceeded fallure

for i, j, k=1,2, 3, ...6. Ty, 'Fi and ¥, 5, ave strength tensors

d
of the 2nd, Wth and 6th rank, respectively. If one restriels the
analysis to a plane stress sbate and considers only a2 cubic formula-

tion as being a reasonsble representation of the fallure surface,

then Eq. (3) reduces %o

2, o o
Fy0y + Fy0, + FgOg + Fyy 0y + FopOy o+ Figgop

2
T ER 010 * 270 F WapT% * 6% %

2 2 2

* 30671 %% T 3Fy30% T2 T o 01%  F SFigeT %

o 2 3 3, 3_ .

* BopTp 6 * Foe%% *F111% * Fome% T Feee%e ~ 1 (M)
if it is further agsumed that the material has some form of symmetry
(Ref. 6) such that Fyg =Tsy for i # 35 and Fisk = Fig = Faax =
Pags = Piis = iji' Since it has also been shown (Ref. 6) that

inclusion of the cubic berms F,.; (for i = 1, 2 and 6} is redundant,

therefore they can be omitbed. One other important simplification of



Eg. (4) can also result if it can be experimentally debermined
that a lamina exhibits identical strength for both positive and
negative shear. If this condition is satisfied, then all odd-order
terns, in g can be set Lo mero to remove the shear stress "sign"

dependence. Hence Egq. (14} reduces to

_ 2 . 2 o)
Fyog TE05 T F 0y T Eyp0 F Pty

o o
AR 000 F 30 Oy Iy Oy oy

: 2 2
* 6% Fas%% 1 (5)

2.1 Principal Strength Terms (T, Fii)

From the analysis by Wu (Ref. 8), it was shown that the
principal strength tenscr components (Fi and Fii) can be readily
calculated from the experimentally debermined value§ of the
wnlaxial btensile and compresgive falluve sbresses in the fiber
direction (X and X'), perpendicular to the fibers (¥ and Y') and
from pogitive and negative pure .ghear fallure stre-sses (S and 8!,

respectively). The appropriate relations are given by:

L1 L =L _ 1

1. 5% % Py =5 -

R T !

F¢ =g~ 357 Fyp =5 (6)
1 1

Poo =57 Fes = 357

2.2 Quadratic Interaction (Fij)
If one assumes that a quadratic strength formulation is
adequate, then the inbteraction terms Fij can be determined fram

hiaxial stress experiments 1T sufficient conbrol over the biazial



stress ratio Bij = Ui/cj is meinteined. In Ref. 8, Wu has shown
that the best resclution of the inberachion fbensors is obtained by
using an opbtimal value of Bij together with t}:}e mogt suitable
stress stabe gince the resolution of Fij ig dependent on both of
These variables.

Considering now only the Fl interaction parameter, "best"

2
egtimabes of its value can only be obtained by performing a set of
experiments.and iterating since it can be shown (Ref. 8) that the

optimal value for Bl depends on F:LE’ assuming the other s’érength.

2
components are known. However, analysis must be done prior to testing
to ascertain the "begt” stress state to achieve the most accurabe
regolubion in the measurement of 1"12.‘ Graphs illustrabing the

opbimal. hiaxial stress ratios (BIE) and abtainadble resolubion for
estimating F,, are shown in Figs. 1-L . for +the glass/epoxy and
graphite/epoxy maberials sbudied in this program. Based on this
analysis, experiments were undertaken using combined internal
pressure with aqcial compression loading such that the specimen stress
sté,te wag defined by o > 0, 'Oy < 0. .
2.3 Cubic Inberaction Terms (Fijk)

Tn order to derive an appropriate cubic formulstion one
must not only solve for the  cubic strength parameters but re-calculate
The quadratic interaction terms as well, This can be seen by examining

the 'solution for F,, which is given by

1 B 5
Fip © 55,0, [ 1 - (Fyoy + Fyo, +F) 00 + Fpu0,
P 2 '
+ 350y O * 3550, “1)} (7)

Ffor the case of biaxial loading in which og = 0.



Because of the inordinate amount and complexity of experi-
nments reguired to accurately evaluate the Fi;i and Fijk terms, a hybrid

method was employed. This approach was based on debermining F., and

12
four cubic paramebers ubilizing a biaxial strength test (i.e., Eg. (7))
and four consbraint eguatioms. The labtter conditions were derived by
setbing the discriminamt of the cubic polynomial coefficients to zero,
thus requiring the fallure equabion to yield three real rools, two O,f
which must be equal. This gabigfies the physical consideration of
baving only two disbinct roobs for two colinear loading paths (Ref. 4).

Agsume that the plane stress sbate can be described by some

load parameter A such that,

oy = k:]_)\
oy = 1‘22'/\_ (8)
0'6 = 1&'.6}\

vwhere kl 5 k2 and k6 are constants for a given material and lamina
ply angle relabive to sonme arbitrary set of struchbural axes. Hence

the cibic strength equation (5) can be rewritten in the form,

a?\3+b?\2+c?\+_d=0 (9)

= 2T 2 2 2
wnere & = 3(8) )k e, + Tyt + gk mpg e )

2 2 2
b= Fllkl + F22k2 + F66k6 + 2F12klk2

¢ =Tl Tk
d=-1
If the discriminant of Eq. (9) is set to zeroc and d'= -1

stubgbitubed, one obbains the following consbraint eguabion,



27a? + a(hc3 + 18be) - b3 - poe = 0 (10)

Equation (10) can now be solved for varying lamina configurations
as described previously.

2.4 Experimental Evaluation of Strength Paramebers

.Rbetails of the fabrication process using the belt—wrappeq
apparatus and the various test methods for evaluating the gtrength
parameters are contained in Appendix A and B, respectively. The two
material s;y;'stems investi-ga’ced include glass/epoxy (Scobchply® Type
1002) and graphite/epoxy (Scé»‘bchpl}’* Type SP-288T300). Where possible,
circular cylindrical %ubes were utilized to obbtain the strengﬁh-da.t?,. '
However, for the 0° compression bests on 5P-2881300, so0lid bars of
rechbangular crogs-section were employed to avoid wall buékling
problems.

In Psbles 1 and 2, the principal strength teé’c data are’
presented for the glass/ epoxy and graphite/ epoxy maberialg, respec-—
tively. A summary of the ‘avera;ge failure loads used Go evaluate the
principal strengbh parameters is con?;ainecl in Table 3. During the
strength tests, stress-strain plots were obtained to allow the calcula~
tion of the orthotropic elagbic consbants and, at the same time,
determine the range of linear elasbic behaviour. Tables 4 and 5 give
the values of E

11’

epoxy, respectively. The acbtual stress-strain curves are shown in

; .
Eyps Yy, @nd G, for both glass/epoxy and graphite/
Figs. 5-10.

From the failure loads listed in Table 3, the principal
strength tensor components (Fi, Fii) were calculated using Egs. (6).

These results are presented in Table 6.

% Products of 3M Co.



A geries of biaxial stress tests were undertaken using tThe
optimal stress state (see Pigs. 1L-1; oy >0, 0, <0, oy = 0) to

evalugte the quadratic interaction sirength term F Thig stress

i2°
condition was achieved by combined inbernal pressure/axial compreggion
loading for fixed ratios of B, (= -:rl/ca) (see Appendix B for details‘) .
Repeat tests for varying B:L2 leading to convergence between estiwmated
and measured values of F,, were performed based on a guadratic failure
model (i.e., Eg. (2)). Tables 7 and 8 sumearize the series of bia.x:ial
interaction stress tests undertaken to arrive at an estimated value

of F:Le' It must be emphagized that Fyp in this parbicular phase of

the study was calculated uging only a guadrabic fallure model since

‘the cubic berms were unknown.

2.5 Sclubion for (ubic Model

If one now requires a higher order theory than the quadratic,
recovrse to the hybrid method of solution can be made. In this case,

golubions for F F ¥ F]_66 and, F266 were obltained for each

122 “112° T201°
maberigl using the 'opbimal' biaxial test result, Egq. (7) and Eq.

(10) (assuming inbernal pressure loading, i.e., A = p) and four angle
ply (+ 8) laminations (M5°, 50°, 55°, 60°). Note that no experimental
data were used in this solubion except for the one biaxial stress

test performed at the optimal (quedratic) B., ratio. Hence, the four

12
interaction gtrength parameters were debermined from solving five
nonlinear simultaneous algebraic equabions of third power. The

results of this apalysis are given in Table 9 for both materials.

3. (COMPARISON OF STRENGTH PREDICTIONS WITH EXPERIMENTS

An extensgive serieg of tests were underbtaken on fou.r—ply,'

symmetric balanced * ¢ laminated tubes subjected to internal pressure



loading.over the range O < 0 < 90°. Tt is imporbtant to note that

none of thege test resulks were used in the evaluation of any of

the sbrength components. A descripiion of thg geometbry of the glass
and, grapl_lite tubes is presenbted in Taebleg 10 and 11. The corresponding
failure pressures for each tegt specimen are lisbted in Tables 12 and
13.

Figures 11 and 12 compare the experimental data and calculabed
failure pressures for bobth glass/epoxy and graphite/epoxy ma’teriais,
respectively. Plotbed on each graph are the cubic and quadratic
predictiong. Clearly one can see that the guadratic model is far oo
conservative in The range where high fallure loads occur. On the
other hand, the cubic form of the strength criterion is quite accurgte
b.y comparison. It would appear that for the glass/ epoxy tests, the
data and predicbed results are somewhat offset. -One can readily see
that a swall variance in fiber orientation can lead to substantial
differences in failure loads when one desgigns in the region of opbimum
fiber angle.

It is of interest to caleulate the prinecipal stresses (_o*l R
o and 0‘6) correspondfing to the failure pressure asz a funcbion of
fiber angle . Although the results obbained for the graphite/epoxy
(see Fig..1l3) are based on a linear elastic model, one can uge them
in conjunction with the observed failure modes of the test samples
(Figs. 14-17) to define various regions of sbructural behaviour.

From such a comparative study, the fo:,i_lowing fallure zoneg for pressure

tubes (+ 9) can be described:

Fabimated Range Material Behaviour Structural Behavioun
0° < g < h5e matrix failure Weeping Mode
= ' Ffibers intact Structure Intact

Continued. ..



Estimabed Range Maberial Behavicur gtructural Behaviour

hs5° < g < 60° ?ﬁ;’zi‘xf:;iure } —  Open Fracbure

Weeping Mode

o o matrix failure
€0° < 8 < 70 } Structure Intact

fibers intact

T70° < 6 < 90° leading to
fiber failure

nmabrix failure
} — Open Practure

— Open TFracture

6 = 90° . matrix failure
Tibers intach

L, ENVIRONMENTAL EFFECTS ON STRENGTH PARAMETERS

The various envirvonmental conditions investigated in thig
program include - ambient temperature, high vacuwm, length of post-
cure time and rate of cool down. The firgst two paramebers relate
directly to the performance characberistics o;f‘ the material for space
a.p‘_(‘Jlications. In the la:ttex.' two caseg, They have a bearing on
marufacturing variebles which could affect the mechanical behaviour
of the composite strucbure. It is to be expected that these particular
enviromnental factors would influence the epoxy matrix material Tar
more than the glass or graphite fibers. Hence the test data were
obtained from specimeng degigned to exhibﬂit the largest mabrix response
changes (i.e., 0 = 90":). As far as the strength btensors are concerned,

one can examine the effect of varying F2 and ¥_,. on the overall laming

22
failure loads. For example, using the cubic gbrength cxiterion, the
failure pressure as a function of fiber oriemtation was calculsted
based on a 50% reduction in matrix 'tensile/ compregsion gbrength for
the graphite/epoxy tubes. These results ave shown in Fig. 18 vhere
they can be compared to the ambient predicted values (Fig. 12).
(learly one can see That substantial degradation occurs over the full )

range of fiber angles even though the fiber strength and interaction

termg rewain unchanged.

10



b1 Arbient Temperabure

The effect of awbient temperature over the range -150°F <
T < 250°F was investigated to provide s’créngth data that cou,:l.d be used
in the design of polymer mabrix composites stbjected :l:o thermal
loading. As noted at the oubgetb, the_ major temperabure effects should
occur in the properkties a.ssocia.te-d. with the polymer mabrix. In this
case, gince we are primarily concerned with sbrength, we shall limik
our atbtention to vﬁria.tions in F2 and F22 with temperature.

For the initial test series with glass/epoxy tubular
specimens, internal pressure loading up bto failure was employed. In
Ref. 9, ii': is showm that for 8 = 90°, the quadratic formulation ig '
guite accurabe. This then permibted the solving for F2 and. F22

provided one assumed that the changes in wmabrix bensile and compres-

give strengths were proportionately. the same at a given temperabure,

i.e.,
Fo
_ “ERg
B = mEn
F
Fp(®) =
- (1L + k)

where k denotes the change in sbrengbh 1qi£h 'ten_merafuure and RE
referg to the room tempe:g-a.’oure values., A sumnary‘of the specimens
tested together with the variation in orthotropic eiastic constants
and failure stresses is conmbained in Table 14, The‘correspo‘nding
caleulabed values for F2 and F22 ag a function of temperature are
shown in Fig. 19.

For the graphite/epoxy tests, tubular samples (R = 2.0",
T = 0.015", o = 90°) were loaded directly in axial tension to failure.

Again, the agsumption was made thab the cheange in compressive mabrix

gbrength was proportionally the same ag that found in tension at a

11



given temperabure. Table 15 presents a summary of the specimens
tesbed and the measured (matrix) modulus (E22) and failure strengths.
Uging thig daba, the variafion in F2 and F22 with tempersgbure was
caleculated and plotted in Figs. 20 and 21. One can see that for
bobh maberial sysbems, the qualitebive brends are the same.
Essen'l;_ially one umust only be concerned with temperature effectg
beyoné‘: i50°F for this class of epoxy mabrix composites. Note

that the interaction strength paramsters in‘the cubic model can be
re-calculated baged on new values cbtalned for F2 and F22. This
would. of course necessitate an elevated temperabure biaxial test.

L.2 Vacwm Environment

Because of the existence of subgtantial outgagsing of
polymer maberials in a hard vacuum such as exists in space, &
preliminary set of tests was undertaken to evaluabe the performance
of graphite/eporqr subjected to ~ J_O"7 torr at room temperature. Tt
is recognized that the addition of thermal loading can also affect
the oubgassing of the po.lymer mabrix material. However, this parbicular
vhase of our shbudy has not been completed and will be the subject of
anotcher report at a later date.

Extensive effort has been devoted to the development of a
thermal ~vacuun test facility having the unique capability of in-situ
loading of sbrucbural specimens up to fallure. This is accomplished
by applying and monitoring thé loads externally through movable .
ledk~proof, accordion-type bellows constructed from thin-walled
stainless sbeel tubing. Tor a detailed descriptién of the facility,
degigned and consbructed at UTIAS, The reader is referred 'tc; Appendix C.

Table 16 presents a summary of the specimens tested, time

in vacuum, change in (mabrix) modulus (E,,) end tensile strength. -

12



Tt should be noted that the two specimens represenbing the ambient
reference gbabe failed asbout 1U4% ~ 26% higher than their counterparts
listed in Table 3. The reason for this increase in performance lies
in the universal gimbals used to support the tubes and apply the load
(see Appendix (). There was no possibility of any eccentric loading
and. thus the apparent strength of the samples increased. -

Pigures 22 and 23 illusbrabe ‘the change in E22 and aa::ia.l
Tailure stress (Y) with exposure time in vacumm. As far as sbiffness
is concerned, no apprecisble difference can be discerned, although
there is some consistent trend in the data for longer duration -
exposures where a nominal 10% increase might be a.ttri'bu‘table o
vacuun.

O;E‘ some concern is the sbrengbh data. At first glance it
would appear thatuno vacuum effect is present, except for two
abnormally low te-st_ values. However, it must be-: pointed oult that
throvghout the whole of the test program involving gra.phi‘be/ EPOXY
specimens which were all manufacbured from Tthe sai’ae material batch,
never have we encounbered two such low best points. They fall
tobally out of the range of strength "scatter". Thus i1t is felt that
there might exist a particulax.' specimen flaw size that can be
‘encountered during fabricgtion which, when subject o vacuum and
: a;ssocia.'bed oubgassing, is of a cribical nature that can lead to
cabasbrophic failure of the structure under load. ‘Based on the data
obtained up to present, probability of occurrence is estimated at
20%. From a design viewpoint, 50% or more strength reductions
(admittedly in the matrix parameter) cammot be tolerabed and recourse
4o more vacuum shrength testing with and without thermal loading
should be undertaken to clarify this anomgloug behaviour. Particﬁla.r

emphasis should also be direcbed towards examining the fracture

13



surfaces of the "loy" and "high" test specimens to determine if
such a flaw exisbs. Much more load btesting of composibe structures
in-situ (i.e., in vacuum) should be stressed.

4.3 ZLength of Posb-Cure Time

Various lengths of post-cure time were invegbigabted to
debermine the variaiti on in msbrix strength. In this phase of the
program, only the glass/epoxy maberial. was studied, the results of
which are sumrarized in Table 17. Using the analysis described
previously in which "burst" strength data were converbed to estimated

parameter changes in F,, and F Fig. 2k was constructed ghowing the

2 ez’

variabions found over the time range from zero (i.e., no additional

posb-cure beyond manufacturer’'s gpecifications) to 24 hours.

h.h Rate of Post-Cure Cool Dovn

An interesbing pa-rameter from & manuvfacturing point of view
ig the rate at which the compogite structure is cooled dowm after
the requi_red. cure cycle time in the autoclave. Cdnsequently a test
progrem was initiabted to study the effects of varying the posgt-cure
cool down rate in Herms of measuring the changes in the mabrix
modulus (E,,) and tensile sbrength (Y). Varying rates of cool down
were achieved and recorded by thermocouples mounted on the specimens.
Typical rates of Lemperature reduction are showm in Fig. 25 where it
is indicabed how the values of (dT/dt) were esgbimated. Table 18
presents a summary of the corresponding values of modulus (Eee) and
tensile strength (¥) as a function of cool down rate. The actual
graphical representation of strength changes is given in Fig._ 26 vhere
it can be seen that little variation was found in the range of
27 < dr/dt < 343 (F°/hr), although a slight trend towards strength

reduction was observed.

1h



5. CONCLUSIONS

Baged on the test results obtained in this program, it would
appear That the cubic form of the bensor polynomial strength criterion
is well sulted for amalysing a composite lamina under plane stress
conditions. There is litble doubt that the general: application of
a guadratic formilation is not accurate over the full range of
lamina orien‘t%‘bions and can yield far too conservabive failure
loads. Although one cannot guarsntee thab a parbticular failure model
will always provide good resulbs, it is recommended that further
complex sbructural configurstions and load cases be sbudied to test
the capabislities Oji‘ the cubic equation propoged. Further work should
also be directed bowards the validation of the hybrid method used
in this report for evaluabing the inberaction strength paramebers.

As far 'a,s environmental effects on the strength of (epoxy)
polymer mabrix composites are concerned, large changes were found
at the high end of the temperabture scale, as expected, with only
nominal. variations exbtending down o temperabures as low as ~150°F. -
V.arying the length of post-cure time and the rate of cool dowm
produced significant changes only in the former case, By fax 'bhe‘ .
mogt intriguing hehaviour was the occurrence of gporadic anomolous
cabagtrophlic strength reductiong for graphi’ce/ epoxy material when
subjected to hard vacuum conditions (~ lO"7 torr). No explanation
for this effect has yet been detexﬁined, except to note that the
variagnce in strength far exceeded any nominal scatter found with the
same batch of maberial uged throughout the test program. This
particular phenomenon deserves more abtention to assess the pc;ssibility

of any existing mechanigm that could accoumt for guch behaviour.
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TABLE I

TENSITE, COMPRESSIVE, AND SHEAR FRAGTURE DATA

(GLASS/EPOXY) ’
SPECIMEN NO. ULTIMATE STRENGTH (P.S.I.)

Longitudinal Tensile Strength Tests

2a O 131,158
2b 0° 111,004
3a 0O° 119,735
3p 0° 121,336
Mean Value 120,808
Longitudinal Compressive Strength Tests
72 0° ~ 83,78l
7o 0° 89,491
8a 0° 86,013
9a 0° 86,885
9 0° 91,629
18a 0° 88,676
19a 0° 87,091
Mean Value 88,081
Transverse Tensile Strength Tests
“1a 90° (I) 2,980
la 90° (IT) 3,520
3a 90° 3,204
sa 90° (I) 3,150
5a  90° (IT) 3,338
6b 90° 3,418
g8b 90° 3,109

Mean Value 3,246



TABLE 1 (cont'd.)

TENSILE, COMPRESSIVE AND SHEAR FRACTURE DATA

SPECTIMEN NQ. ULTIMATE STRENGTH (P.S.I.)

Transverse Compressive Strength Tests

)

2a 90 13,158
3b 90°. 14,035
b 90° 14,246
70 90° 12,218
ge 90° .13,819

: °
165 90° 13,431
17a 90 1, 11L

Mean Value 13,574

~ Shear Strength Tests
20 90° 6,737
Lka 90°(I) 6,777
ha 90°(IX) 6,851
5b 907 6,861
63. 900 6,765
7a 90° 6,497
176 90° 7,336

Mean Value 6,832



TABLE 2

TENSILE, COMPRESSIVE, AND SHEAR FATLURE DATA

(GRAPHITE/ EPQXY)

SPECIIMEN NO., ULTTIIATE STRENGTH (P.S.I.)

Iongitudinal Tensile Strength Tests

LA 0° ' 194,500
LB 0 173,000
5o 0O° 191,200
5B 0O° 190,938
64 O° 180,000
6B 0° 175,000
34 O 186,200
3B 0° 194,300
MEAN VALUE 185,630

Longitudinal Compressive Strength Tests

cL o° 123,140
c2 0° 114,600
c3 0° 132,400
cL 0° 138,200
MEAN VALUE 127,085

Transverse Tensile Test

74 90° 7,751

7B 90° 7,315
8A 90° - 7,505
8B 90° 7,408
94 90° 7,600
MEAN VALUE 7,515

Transverse Compressive Test.

104 90° 31,670

10B 90° 35,010
114 90° 35,030
11B 90° 33,500

MEAN VALUE ihsoz.ﬂv



TABLE 2 {Cont'd)

SP=CIMeli 10, ULTIHATE STREKGTH (P.S.i.)

Shear Strength Tests

o

T-1-1 90 12,170
2-1-2 90° 11,790
T-2-1 90° 10,207
T-2-2 90° 10,940
-3 - 90° 10,933
“po3lz 90°

11,006

MEAN VALUE 110



TABLE 3

SUMMARY OF AVERAGE FATTURE DATA

1
LY

No. of , X ‘ X!

Y T g=g’
Material Tests (XsI) (XsT) (KsT) (XST) (XsI)
Glass-Epoxy L 120.808 = 9%

7 88.081 + 5%

7 3.246 = 8%

7 13.57h + 10%

7 6.832 £ %
Graphite-Epoxy 8 185.630 + 7%

4 127.085 + 10%

5 7.515 + 3%

b 33.802 * &%

6 11174 £ 9%

NOTE % VARIATION .SHOKAIN DENOTES MAXTIMUM IN NUMBER OF SAMPLES TESTED.

AITIVOD ¥00d d0
§I EHVd TVNIDIEO



TABLE 4 - -

MATERTAT, PROPERTIES (GLASS/FEPOXY)

~

SPECIMEN ' E E2 GL Vi Vo1

NUMBER (185 P.5.T.) (156 P.5.T.) (106 P.S.I.)

Calculated Directly From Stress-Strain Curves

2b 0° Lo 7h

3b 0° Lo 79

Mean Value L,765

3a \908 1.2'45

52 90°(I) 1,157

5a 90°(II) 1,285

6b 90° 1.157

Mean Value i.211

2b  90° 0.431

La 90°(I) 0.408

7s  90° 0,420

Mean Value 0.420

‘Calculated Using the Characterization Computer Progl:'am

1¢c - 0° L. OLS 1.170 0.4,888 0.30L3 0.0720

6b - 0° L. 676 1.226 0.46L5 0.2827 0.07412

2b T 30° 5,107 1.426 0.L57h 0.2676  0.07L73

70 F 30° 5447 1.17h 0.5216 0.4165 0.08978

Lb ¥ 60° 5,081 1.6L5 0.,082 0.2230 0.07221

9b * 60° 5,125 1.420 0.4733 0.2377 0.0659
" 5¢  90°. L .669 1.248 0.4215 0.07L 0,1089
10b 90° L.876 1.416 0. 4844 0.4313 0.1252

Mean Values  4.991 1.341 0.465 "0.3213 0,08536
Manufacturer!'s Values

5.7 1.k

* L ply cylinders (-, +, +, -)



LHADLG O L,

MATERIAL PROPERTIES (GRAPWITE /EROXY)

SPECDEN 11 Eaz C12 Vi, WMoy
NUMBER (10® PsI)  (10f PsI) {106 PSI)
" Ozlculated Directly From Stress-Strain Curves
5% ®) 19.6

LA 0 21.L

A 0 20,2

58 0 20,7
MEAN VALUE  20.5

74 Q0 1.45

7B 90 L.42

9 90 1.39

8A 90 1.35

¥EAN VALUE - 1.403

T-3-1 90 ‘ 0.577
Tl.2 GO 0.598
T-2-1 G0 | 0,617
Te2-2 GO 0.583
T-1-1 60 0.593
MEAN VALUE : 0.594
Manufacturer's Values

21.9 1.29 — 0.26 0,017



Maberial

TABLE 6

SUMMARY OF PRINCIPAL STRENGTH PARAMETERS

Glass/Epoxy ~3.076x107S

Graphite/Epoxy _
-2.482x10

F F F F
11 2 22 6

(xs7) "2 (xs) ™t (ko) "2 (xsT) ™
9.398x10'5 2.3hhx10"l 2.270x10'2 0
h.239x10'5 1.035x10’1 3.936x10'3 ¢

2.1kox10"

8.009x10"3



TABLE 7

¥y, TENSOR TESLS (GrASS/EPOXY)

SPECTMEN PREDICTED MEASURED ULLIMATE COMPULED

NUMBER Byp Blz ~STRESS (KST) Fio (K$I)

10a  90° - 8.00 - 8.69 o = 108.8 1.869x10fh
0, = -12.88

10b  90° -14.50 -15.h9 o = 103.h —6.690x10—h
Oy = - 6.392

1la 90° -13.80 -13.33 oy = 100.0 ~6.539x10"h
oy = - 6.911

13b  90° ~13.90 -15.13 oy = 105.4 ~5.933x10"h
o, = - 6.669

. - ~h 2

Mean Value of F 5 = ~6.387x10 T KST

L




TABLE 8

e rr——t——

¥, TENSOR TESTS (CRAPHITE/EPOLY)

:UI:TJIVIATE

SPRECIMEN PREDICTED COMPUTTED 5
NO. Bip Bis STRESS (KSI) Fio (KsI)
F-1 90° -3 -3.5 o = 73.3 -4.563x10"”
o, = -20.9
F-2  90° -3 -3.k o, = 85.1 —2.712x10"h
o, = 2.1
F-3 -90° -9.0 -8.8 o = 140.0 --2.686::10“1L
oy = -15.6 ‘
b 90° ~9.2 ~-9.1 o, =155.0 —1.792x10—h
_ oy = -17.5 ~ N
F-5 90° -9.k -9.3 o = 161.5 i -1.609x10"h
i
oy = ~17.4 'ﬂ r¥*
E -
F-6 90° -9.3 -9.2 o, = 160.0 ; -1.623x10 4
g, = -17.6
* Mean Value of F, = -1.616x107" RS
#¥From "best” slope off load graph
s 1S
ORIGINAL PAGE !
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TABLE O

SUMMARY OF TNTERACTION STRENGTH PARAMETERS FOR CUBIC MODEL

M2 T Foo1 . "166 Tag6
Material (KST) {KST) (XST) (KST) (KST)
1073 -5 -l - -5
Glass/Epoxy -4 .23hx10 1.588x10 -1.129x10 1.540x10 -5.041%10
. -l -7 -6 -6 b
Graphite/Epoxy =L hehx10 5,170x10 ~5.985x10 - 05hx10 -2.,268x10




TABLE 10

GEOMEIRY* OF TUBES USED IN PRESSURE TESTS

TUBE
DESLCNATTION

6a O
6b 0
6c. 0

o

7a + 30
7b + 30°
Tc ¥ 30
8a + 45
8b + 45
8¢ F 45
9a ¥ 60°
9b + 60°
9c + 600
10a 90°

106 90°
10¢ 90°

* 4 Ply Cylinders (-, +0, +0, -0)

(GLASS /EPOXY)

R
)
1.017
1.017
1 » 017

1.018
1.018
1.018

1,021

1.021
1.020

1,021
1.021
1.021

.1.021

1.021
1,021

= rt]

.0400
. 0406
.0407

.0397
.0408
. 0405

.0406
.0408
.0397

L0401
0410
« 0404

L0410
.0400
. 0404



TABLE 11

GEOMETRY OF TUBES USED TN PRESSURE TESTS

Tube Degignabtion

1(a) 0°,

1(b) ©°

2(a) * 30°
3(a) *15°
3(p) +k5°
k(a) + 50°
5(a) * 55°
5(b) + 55°
5(c) + 55°
6(a) * 60°
_6(b) T 60°
6(c) + 60°
7(a) +75°
7(b) + 75°
8(a) 90°

8(b) 90°

(Graphite/Epoxy)

R
(in)
2.010
.005
.010
005
010
005
013
ROUNR
010
L0413
.010
.012
013
.010
012
.010

R

O Av T VN A I A R A B A B Ao N o B A T A B A N A v I A+



Spécimen Number

TABLE 12

PRESSURE STRENGTH TEST

DATA

6a 0°
6b 0°
6c 0°
Mean Value
7a + 30°
7b + 30°
7c + 30°
Mean Value
" Ba ¥ hse
8b + 45°

8c ¥ 45°

Mean Valuve
9a + 60°
g9b + 60°
Qe F 60°

Mean Value

. 10a 90°
10b 90°
10c¢c 90°

Moan Value

(Glass/Epoxy)

Measured Failure Pressure
(psi)

131.0

. 135.0
108.0

12k 7

al7.0

589.8

661.0

260.3

O

T ophy .
60,
2ho.

o ©

557.5
582.
630.

o O

<

675 .
L3 .
665 .0

<

250,
oho
289.

c o ©



TABLE 13

PRESSURE STRENGTH TEST DATA .

(Graphite/Epoxy)
. Meagured Failure Pressure

Specimen Number (P.8.I1.)

1(a) 0° 170

1(b) 0° 185
Mean Value 177.5

2(a) ¥ 30° 350

3(a) + b5° 1550

3(b) ¥ h5° 1500
Me;an Value - 1525

h{a) + 50° 2365

5(a) * 55° : 2340

5(b) + 55° - 2175

5(c) + 55° 2290 -
Mean Value ’ 2068

6(a) + 60° 1610

6(b) *+ 60° 1555

6(c) + 60° 1530
Mean Value 1565

7(a) + 75° ' k6o

7(b) + 75° 210
Mean Value 485

8(a) 90° 333

8(v) 90° 295
Mean Value : 31k



TABLE 1L

ELASTIC CONSTANTS AND TRANSVERSE BURST STRENGTH FOR SCOTCHPLY (1002) TUBES AT VARIOUS TEST TEMPERATURES

Taburst

rTvOD Hoed 40
A V4 TVNIDINO

TEST TUBE E11/p Ba2/8 E1g B2z - V2 Va1

TEMPERA- | DESIG- (psi) (psi) (psi) (psi) (psi)
TURE NATION , (Mode 1)

- 80°F | 2ub 90° | 6.23x106 | 1.59x106 | 5.86x106 | 1.50x100| 0.482 0.123 1346
- 75°F | 23c 90° ) 4399
~ 45°F | 23b 90° | 6.43x10% | 1.76x10° | 6.32x100 | 1.73x108| o0.250 0.068 1186
- 20°F | 23a 90° | 5.76x106 | 1.39x108 | 5.04x106 | 1.22x10%| 0.721 0.173 4110
- 20°F | 226 90° | 5.99x10% | 1.51x100 | 5.80x10° | 1.46x10%] 0.356 0,089 4200
- 20°F | 22¢ 90° | LR2L
70°F 12¢ 90° _ 3411
70°F | 13c 90° | 5.86x10% | 1.32x100 | 5.61x10% | 1.26x10°| 0.437 0.098 3369
70°F | 11c 90° | 6.01x100 | 1.29x10% | 5.66x10° | 1.22x10°| 0.520 0.112 3545
158°F | 19b 90° | 6.40x10° | 1.18x10% | 6.11x10° | 1.13x108| 0.495 0,092 3216
158°F | 16a 90° | 6.35x100 | 1.15x106 | 6.07x106. | 1.10x106] 0.495 0.090 2876
200°F | 19a 90° | 6.08x100 | 0.98x105 | 5.78x10% | 0.93x10°| 0.552 0.089 2300
200°F | . 1ha 90° ' 24,50
250°F | 14b 90° | 6.30x106 | 0.57x105 | 5.87x106 | 0.53x106| 0.875 0.079 14,05
250°F | ke 90° | 6.08x106 | 0.66x10% | 5.91x100 | 0.65x10%) o0.511- 0,056 1280

L 250°F | 15a 90° o 1325

B3 = (1 - 12:]‘21/23_),_(:#2 = pR/2%, R =1

015", & = 0.030"




TABLE 15

TEMPERATURE VARTATI ON RESULTS

Maximum Tensile Modulus
Temperature Stress E22

Specimen gt Failure Y 6
Designation (°F) (PsI) PSIx10 )

I-3 -1k9 6362 2.87

F -3 - 92 61LTh

F -~ 3 (REPOT) - Th T 7880 _

G -2 - 65 8ok : 2.10 *

G - 3 - 6h99 1.98 %

H -1 - Lo 7555 1.87

¢ -1 75 7751 T1.hs5

c-2 75 7215 _ 1.45

H-2 145 789k ' 1.22

H-3 195 592k 1.32

LI-2 198 5312 1.05

I-1 226 %391 ' .898

g =90°, R ~1.0", t =~ 0.015"

¥ These bwo sgpecimens were loaded slower than the resb.
The temperature increased slightly during testing. The modulus was
measured at -68°F for ¢ - 2 and -L3°F for G - 3. :

Error in maximm stress and modulus was 3.5 and 4.5 percent respectively.

Frror in bemperature was five degrees Pahrenheit except for those specimens
tesbed at room temperature, whose error in tewmperature was negligible.



TABLE 16

SUMMARY, OF GRAPHITE/EPOXY PERFORMANCE TN VACUUM¥

Failure - Matrix
TR Time in Stress Modulus
Specimen Vacuum ¥ (%22)
No. (hrs) (PsI) - {10° pgT)
1 0 - . 1.k6
18 - , 1.65
87 L4610 1.60
2 1.5 - 1.62
3 - 1.62
20 - .1.58
54 - 1.58
70 : - 1.58
146 ‘ 9528 1.58
3 0 - 1.4
1 - 1.41
18 - 1.4
100 - 1.5k
140 _ - 1.54
21k 8914 : 1.54
?q L8 2766 -~
ﬂb ‘ 0 8560 -
5a, ol 8837 -
S5b 0 gh52 ' -
- 6a 70 9682 - -
b 96 10527 -
7a 18 9375 , -

o 72 9759 -

* Pressure was ~2 x 1071 torr; R = 1.0"; £ = 0.030", 8 = 90°

ORIGINAL PAGE e

OF POOR QUATIT



TABLE 17

ELASTTIC CONSTANTS AND TRANSVERSE BURST STRENGTH FOR SCOLCHPLY (1002) TUBES HAVING DIFFERENT LENGTHES CF POST-CURE

iLENGTH OF TUBE  B11/8 Epo/B 5;1 £22. Vi Yoq J, .
POST-CURE| DESIG- (psi) (psi) (psi) (psi) (psi)
NATION (Mode 1)
0 HRS] 18a 90° |5.896x106 | 1.307x100| 5.591x106]1.239x106 | 0.4832 0.1071 3058
0 HRS| 18b 90° |6,049x106 | 1.L17x108] 5.670x106{1.328x100 | 0.5176 0.1212 2948
0 HRS! 18c 90° 3329
7 HRSY 21a 90° 3523
7 HRS! 21b 90° |6.055x100 | 1.329x106| 5.599x106{1,229x106 | 0.5852 0.1285 3490
7 HRS{ 21c 90° |5.855x100 | 1.260x106! 5.543x106{1:193x100 | 0.L97% 0.1071 3279
16.75 HRS| 1lc 90° {6.013x108 | 1.297x108| 5.663x106]1.222x106 | 0.5199 0.1122 3545
16.75 HRS| 12c 90° 3411
16,75 HRS{ 13c 90° |5.865x106 1.319x106| 5.612x100|1,262x100 | 0.4374 0,098, 3369
2L HRS| 208 90° | 5.978x106 | 1.283x106| 5.743x106]1.233x106 | 0.4280 0.0982 3653
24 HRS| 20b 90° |5.908x100 | 1,273x100| 5.426x100{1,169x100 | 0.6152 0.1326 3972
21, HRS{ 20c 90° 3903

(IFIVAD Y0Od-J0
1 #OV TVNIOIEO

B=(1- vipv) o =pR/2%, R =1.016", § = 0.030"




Specimen
Degignation

HH Y Y o o
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TABLE 18

VARYTHG POST-CURE COOL DOWN RATE RESULTS

Cool Down Rabe

. {Nominal)
(F°/br)
-27 ”{?Nbrmal Cool
o7 Down Rate
~100
-100
-343
-343

Maximum
Tensile
Stress

(Es1)
7151
6679
6703
7505
6990
657k -

g =90°, R = 1.0", £ =~ 0.015"

Moduwlus

Bop -

(PSTx100)

1.5 _
1.h45
1.50
1.35

1.37
1.46
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Fig. 16 Transition Failure (Weeping) Mode
Due to Matrix Failure
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APPENDTX A

FABRICATION OF SPRCTIMENS

Mozt of the experimental besgt articles used in bhis study
were circular cylindrical. tubes fabricated in a beli-wrapper machine
as shom in Fig. A.l. Thig particular apparabus applies constant
pressure around approximately 340° of a mandrel through the use of
a sllicone coabed fiberglass belt under tension. The mandrel is -
positioned on the loose silicone/fiberglass belt bebween two rollers.
One of These rollers can be moved forward in a groove and tightened
downt so that there is a gap of aboub 1.5 inches bebween the two rollers
(Fig. A:E) . One of the lower rollers is mounted at both ends- on air
cylinders and these cylinders are connected through a pressure
regulator to an alr supply. When the alr cylinders. are pressurized,
the lower roller is pushed forward so that tension-is applied %o
the belt. This causes the mandrel o be pressed up sgainst the .two
upper rollers and the belt applies pressure sround the mandrel. — There
is a revergible, varisble speed mobtor commected to one of the lower
rollers. When the motor is engaged, the roller rotales caunsing the
belt to move, which, in turn, caugses ‘the mandrel to robtate. In this
way, the prepreg tape can be wrapped Tightly onto the mandrel.

In order to wrap a parvticular fiber angle on the mandrel
and to avoid overlapping or geps ab the seams of the material,

‘the pre-impregnated (pre-preg) tape mush be cub very accurately o
the desired width. The following procedure is used to determine the
length and width of the tape required to fabricate ;. specimen having
any Tiber angle, 8.

Figure A.3 shows the‘ dimensiong of the finighed specimen
and of the tape required to make that specimen. In this figure, D
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is bhe oubside diameter of the mandrel, I is the required length of
the test specimen, ¢ is the oubside circuwmference of the mandrel,

W is the width of the pre-preg tape, } is the length of the pre-preg
tape and 6 is Tthe Tiber angle. The dimensions of the pre-preg tape

are calculabed uging the following relabtions:
C=7D, W=1D sind, and 4 = I,/cose

where @ = 90 - ¢ degrees. When performing these calculations for
additional laminas obher than the first, the value of D must be
increased by twice the thickness of the pre-preg bape each time.

The two pre-preg materials used in this study were dbbtained
from 3M and are denobed by "Scobchply” type 1002 (glass/epoxy) and
type SP-28813001 (graphite/epoxy). Note that in all cases, the
manufacturer's curing specificsbions were followed except where
deliberate deviations were imposed in pogb-cure times and cooi down
rates.

Once all c;f the plies are wrgpped onto the mendrel, a porous
‘teflon coated fiberglass clobh is wrapped around the tube again using
the belt wrapper to ensure a wrinkle-free gpplicabion. Tha specimen
is then removed from the belb-wrapper and bagged in Vac-Psk type E3760
film and seale-d. with a vacuum bag sealant. Canvas ‘sbrips are placed
along the bag seam and around the ends of the mandrel, inside the
vacuun bag, to allow a vacuum over the enbire tube (Fig: ALY,

Using a vacuum pump, a vacuum of ~ 29 inches of Hg is esbablished
and mzinbtained in the bag arownd the specimen. .

For some materials, such as graphi'l:e/epoxy, external pregsure
curing is required. This necegsgitated the development of a porbable
presgure chamber to get in the ‘oven, as depicted in TFig. A.5. Debails.
of the vacuum bagged specimen moumbed in the high pressure cylinder

ere shown schematically in Figs A-6,7. _
ORIGINAT: PAGE IS
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FIG. A.2aWRAPPING A LAYER OF GRAPHITE-EPOXY
TAPE ONTO THE ALUMINUM MANDREL
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APPENDIX B

TEST METHODS

GENERAL, FPREPARATION OF SPECIMENS

AfGer removal of the tubes from the autoclave, they are cub
b0 the desired length by sliding them over a cuttir;g mandrel. mounbed
on a lathe (Fig. B.l). Using a slow lathe speed, the tube is turned
and an air operated sbrasive cubting dise, mo{nnted in the tool pos:t R
1s used to make a sguare cut. The tube ends are sandeé. smooth: and
thickness measurements are taken at eight pogitions equally spaced
arownd the circumference at both ends and in the middle gection in
order to cbtain an average tube wall thickness. The specime:;ls are
ther readied for testlng by reinforcing the ends with sbtepped down
layers of -fine mesh fiberglaés cloth and epoxy and potting them in
end plates, made of a suitable maberial, To a depth of one inch with
a room 'be%nperature curing epoxy. Several specimens were ghrain gauged
with 350 ohm, 0.5 inch foll gauges to provide sbress-sirain daba up
to failure (see Fig. B.2).

Tt should be noted that our original design for the end
fittings (Fig. B.3) was used throughout the prograwm, except for the
vacuuwm tests., In this case, a superior end clamping device ubilizing
wniversal gimbals was employed, as shown in Fig. B.k.

Tegh Apparabus

To debermine the orthotropic stiffness and strength para-
weters in the fiber and mabrix direciions, requiring only uniaxial
load conditions, a four-screw, electbrically driven Tinius~Olsc;n
tension/ compression machine was used. In addition, a strain gauge
conditioning wnit, X-Y plofter and other associated electronic equip-

ment were necessary to record load, sbrain response and specimen
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temperature, as shown in Figs. B.5-B.7. Note that the graphite/
epoxy thermal studies were performed in this apparatus while the
glass/ epoxy thermal studies were conducted in a temperature chamber
using internal pressure loading (seé Ref. 9 f‘or details).

For shear measurements, a simple frame apparabus was used
to torsionally load the cylinders by means of hydraulically driven
pistons {see Fig. 3.8)..

For the biaxial load tegts, a conbination of axial compression
and intemal -pressure was reguired. The actual test seb-up is showm
in Fig. B.9 with a schemgtic illustration of the eguipment provided
in Fig. B.1O. As shown, an air-operated hydraulic oil pump was used
to maintain the reservoir at a pressure of approximately 6,000 psi.
The spec:i.me;ns were pressurized from this reservoir by adjusting a
flow valve while moniboring the inbernal pressure by means of a pressure
bransducer downsbream from the valve. The specimens were mounbted in
the Tinlus Olsen machine which provided the axial compressive load.
This load was converbted Lo a wolbage by means of a poten%meter
moun:t:ed in the testing machine. By knowing the preggure bransducer's
calibration in psi/volt and the testing machine's calibration in 1b/voli,
the required pressure versus axial compressive load curve can be plobted
for a partiewlar biaxial sbtress rabio Ble’ This curve was recorded
on an X-Y plobber having inbernal pressure and axial compressive
load as ilnpuls. The va.lv—e was opened jus’(; enough to allow a slow,
gbeady increase in pressure in the tube, while the amount of axial
load applied by the tegting machine was controlled manuvelly to ensgure
that the loading followed the pre-calculated load curve up to-failure.
In this way, a consbant biaxial stress ratio was maintained throughout

the test. Typical oubput for the glass specimen is given in Fig..B.ll.

ORIGINAL PAGE IS
- OF POOR QUALITY

B-2



FIG.

FIG.

B.| GRAPHITE-EPOXY TUBE BEING CUT

B.2 FIBERGLASS REINFORCEMENT APPLIED
TO END OF SPECIMEN
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FIG. B3 END FITTING READY FOR POTTING

FIG. B4




FIG.. B.5 TEST SET UP FOR ROOM TEMPERATURE TESTS
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APPRIDEX C

VACUUM TEST FACILITY WITH TN-STTU LOADIWG

Tutroduction - The Weed for Such a System

‘The central parameter in a spsce enviromment ig an
extrewmely high vacuum of infinite pumping capacity. Pressures of
approximately lO~J_2 torr and lower are encountered ab orbital
altitudes. The effect of this vacuum on materials ls the loés of
adsorbed and absorbed gases as well as sublimabion or evaporabion
of the more volatile constituents of the material itself. This is
particularly true of many organic/polymeric materials which are used
as mabrix or bonding agents in compogite mabterials. Most commercigl
polymers are mixbtures of bagic polymeric materisl and various additives
such as solvents, cabalysts, anti-oxidants, manufacturing aids, etec.
These additives ugvally disbill oub of the base polymer mixture to
form significant portiong of the weight loss and the remaining polymer
frequently will have properties significantly different than the
Yadvertised product”. Elevated temperabure accelerates the process
by increasing molecular mcbility.

12 torr is exbremely

Maintaining a working vacuum of 107
difficult, however, the same oubgassing effect is obbained at somewhat
higher, more easily obtained pressures. The effect of a perfect
vacuum (O forr) ig that each molecule leaving an exposed surface
never returng. In this case, the molecular loss rg;xte is a funcbion
only of the nature of the material (i.e., vapor pressure and molecular
weight) and absolube temperabure. This effect is closely approached

when the mean-free-path is sufficiently large in comparison to systenm

dimensions. In actual practice, this can be achieved at pressures as
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high as ZLOJ} and 1077 torr (mean-free-path for air .5 to 5 maters).
A system maximm operabing pressure of 1077 torr is therefors
congidered sufficient for the proposed simitation. At this pressure,
radiation i1g by far the dominant thermeal energy transfer mechanism
80 heating/ cooling efftects similar bto those encountered in space can
he achieved.

A primary requirement in the evaluation of polymer mabrix
composites for space applications is an assessment of their behaviour
in hard vacuum. Since the topic of interest in this project concerns
‘the composite strength and stiffuness, it is therefore necessary to
develop a space simulator facility capsable of mechanically loading
the materials while they are subject to the vacuum (and thermal +
radiation) envivonmment. It is fels ’-cha.t unless these in-situ tests
are conducted, it is possibie to obtain erronecus results that are
not indicabive of the maberial response while it is actually
operating under space conditions.

Facllity Desgcripbion

The space simulator facility with an in-situ loading ceapability
which has been designed® and constructed at UTIAS ig shown in Fig. C.1.
The high vacuum system ig compoged of several major components for
pumping, valving, pressure measurement, baking, trapping and piping.
The indlvidual specificabions and limitations of thege components are
the subject of this section. Of grest significance is the mamer in
which these components are joined together and operated to form the

total system. Refer to Fig. C.2 for the system schematic.

* I wish to ackmowledge that we could not have developed this facility
without the use of a vacuwr chamber and design guidance supplied by
Prof. J. B. French (Associate Director, UTIAS) and his co]_'Lea,gue,
Dr. . M. Reid.
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1. The Main Chawber is cylindrical in shape measuring 51 centimebers _
in dameber by 117 cenbtimeters long. It is construckbed of 300 series
sbtainless steel with semi-smooth unpolished interior walls. Several
ports and feedbhiroughs of various sizes are avallsble for use around
the chavber. Main loading access is provided through a hinged, full
diameter door st one end of the cylinder (see Fig. C.1).

2. The Roughing Pump is a robary, oil sealed displacement type pump

(Welch "Duo-Seal" model 1402B). This pump has an initial optimum
capacity for air of 100 liters/min. or 1.67 liters/sec. and an
advertised base pressure of 10"4 torr, however, a working pressure
of 1075 torr is more realisbic. This one mechanical pump provides ‘

both gysbem rovghing and diffusion pump backing.

3. The Diffusion Pump is a four stage, progressive compression jeb
pump using low vapor pressu:c:e 0il as a working fluid. It is an
BEdwards Model F-903, having a pumping capaciby of 2300 liters/sec.
and an ultimate pressure of aboub 1079 torr.

k., valves - The proper placement of high vacuum valves i;a system
can greatly increage its versatility and prevent  contamination in
the event of a component failure. This system has four valves, two
aubomgbic and two manual (see f‘ig. ¢.2). Aubomatic electric valves
which close when power is lost are pogitbioned abt the mechanical
pump inlet and at the diffusion pump oubleb. The.se valves geal the
system and prevent repressurizabion through the mechanical pump in
the event electrical power is lost. Such back flow would conbtaminate
the system with oil. A manual gate valve allows isolation of the
chawber from the pumping stack which facilitates access to the

chanber without shutting down the pumps or warming the cold trap. A

manual bypass valve connects the mechanical pump directly t o the
chamber for re-evacuabtion so the gate valve can be re-opened and-
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operabion resumed.

5. Traps - A high conductance, liquid nitrogen cooled, eryogenic
Grap is.located above the diffusion pump. The ;g;urpose of this trap
is %o condenge backgbreaming oil from the diffusion pump keeping
conbamination from the chamber. The trap also acts, to gome extent,
ag a cryopump for condengables coming from the chawber, especi-a.lly
waber vapor. An activated alumina trap is used in the backing line
of the improved system (Fig. (¢.7) to prevent backstreaming of oil

from the mechanical pump.

6_. Pressure Meagurement - Two thermistor-type, Pirani gauges are

uged to measure pressures from anmbient to 3_0'_3

torr. One gauge is
located near the main chamber in the roughing line to monitor the
upper range of pressure during pump-down. The other is locabed ab
the diffusion pu'mp outlet to monitor backing pregsure, This type
of gauge measures pressure indirectly by the thermal conductivity
of\ the gas surrounding the thexmistor bead and is limited by the
decreaging ofpressure-dependent conductance, compared o radiation,

as the dominant heat transfer mechanism below 1073

torr.

Main chamber pressure below 10"3 torr is monitored by a
Bayard-Alpert hob-cathode icnization gauge. This gavge actually
measures gas molecular density between an electron source (ﬁeated
filament in this case) and an electron collector (-grid) . Gas
molecules struck by electrons are ionized; and atbtracted to a collecbor
wvire maintained at ground pobtential. The electron emission current
is carefully combrolled so that the current in the collector ecircuit
is only a function of gas molecular density (pressure). As pr;:ssure
is reduced, fewer electrons collide with a gas wolecule so they

directly bombard the grid, producing soft x-ray photons. These

¥-raye releage pholo-elecbrons from gurfaces within the gauge which
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in sufficient numbers cause a current in the collector circuit which
overpowers the lon current. The Bayard-Alpert gavge has been designed
o minimize this effect, however a pressure of sboub 1070 gorr is

the practical lower limit duve fo photoemissioﬁ current.

7. Baking - The chamber is surrounded by heabing elements of k500
watts power. Power to bthe elements is cycled during baking to hold
"the chanber walls at 200°C. Baking accelerabes the desorption of
gases from the chapber walls resulting in lower pressures at the end

of the bgke process.

8. (Conbrol System - Electrical power is chameled to the pumps and

valves by three switches and two relays. The diffusion pump requires
three things: 1. 220 volts for the coil heater; 2. water for cocling;
and 3. backing vacuum provided by bthe backing pump. The conbrol
system is set up so that if eifther the diffusion pump overheabts or
110 volt power to the backing pump is lost, the 220 wvolt power will
be automabically cut off. This simple system is inbended to allow
safe unabtbtended overnight operabion. The only service the system
requiresg is refill of the cryotrap with LN2 every day.

System Response

A cowparison between the predicted and actual meagured
response of the vacuum system in terms of pressure drop as a funcbion
of time is shown in Figs. C.Z and C.&., Nobe that only the "empty™
configurabion is reported since the presence of a btest sample affects
the behaviour due to oubgassing. However, it was found that these
curves did not change appreciably and after about two hours, an

operating pressure of ~ 2 x lO'-7 torr was achieved(F,{g.C.S) ,
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In-Situ Loading

As noted earlier, a loading fixture was mouwnted on the one
clogure plate of the vacuum chamber. If one examines Tig. ¢.1(b),
a graphite/epoxy test cylinder can be seen abtachbed to this fixture
by means of universal ginbals Tasbened to the specimen's end caps,
as shown in Fig. C.6. Loading was applied to the sample while it
was in the vacuum chanber by means of exbernally positioned hydraulic
pressure pigbons which can be geen in Fig. C.7. Actual load trans-
mission from oubside the chamwber was accomplished ubilizing stainless
glteel , -leak-proof flexible bellows. Also shown in Fig. C.Tgare
measurements being taken of the specimen temperature and axial sbrain

while in vacuum during loading up to failure,
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