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SUMMARY

This report describes the results of a one year program designed to characterize
the mechanical behavior of graphite fiber reinforced and unreinforced thermoplantic
resins, Similar studies were simultaneously performed on an epoxy resin in neat form
and reinforeced with graphite fibers to enable & comparison between the thermo-
plastics and a state of the art material intended for sitructural applications. Par-
ticular emphasis was placed on determining the effects of various envirenmental ex-
posures ou the properties of the resins and the composites. In order to accomplish
this effeciently, statistically designed tests were utilized througheut the study.
Environments investigated included ambient aging, thermal aging at two temperatures,
and 2 combined bemperature, humidity, ultraviolet aging. Tension, flexural, shear,
impact, and creep properties were measured after various exposure times,

In general it was found that the thermoplastics (polysulfone and polyarylsulfone)
exhibited environmental resistance as good as that of the epoxy reference material,
In several instances the polyarylsulfone matrix composites suffersd less degradation
than the epoxy matrix materials. The polysulfone composites wers degraded by the
thermal aging at the higher temperature (177°C) but suffered litile effect as a result
of the other exposures. Several properties of the epoxy materials were degraded by
the ambient, 177°C, and combined exposures. '

Upon completion of the environmental effects study, two complicated gas turbine

. engine structures, a fan blade and a fan exit guide vane were fabricated using the

graphite/polysulfone material. Both parts were successfully made.

o,




1.0 INTRODUCTION

Advanced composites ubtilizing thermosebtbing resing as the metrix are becoming
inereasingly accepted as "engineering materials."” Advenced military sireraft will
most likely have speveral airframe structural components in whirh the meterials
will be utilized. In the field of gas turbine engines, Praitt & Whitney Aircraft
Divigion of United Technologies Corporation now lists carbeii-expoxy as the bill of
material for the fan exit guide venes in the JTID-59 and-f0 engines. The other
broad cetegory of resins, the thermoplastics, have received relstively little
attention as matrices Ffor structural composites, primerily due to poor elevated
temperature mechanical properties. However, developments in the technology over
the past few years have resulted in new materials with elevated temperature per-
formance which may metch or even execeed that of the epoxies wused In the aerospace
industry. TFurthermore it has been shown that significant cost savings can result
in using thermosplastic rether than thermoset matrices as a result of faster fab-
rication lower rejection rate, lower storage costs, ete. (Ref, 1). In addition
their use has led to improvements in composite impasct resistance (Ref. 2)., How-
ever these resins are still largely uncharacterized as structural materials hoth in
negt form and when reinforced with high modulus fibers.

Of particular interesi is the effect of environmental exposure on the proper-
ties of the materisls. Recent experiences with epoxy mefrix composites have
demonstrated that environmentel degradation of ecriticel properties can be a serious

problem. Thus +there is concern over the effect such expogure wight have on the
ney thermoplastic composites.

As a result of the promise exhibited by this new class of meterials and the

large number of unanswered questlons regarding their performence, United Technologies

Research Center (UTRC) conducted the subject program under the sponsorsh:.p of I\TASA-
Lewis Research Center

The objectives of this program were to characterize the mechanical behavior of
thermoplastic resins in neat and reinforced form, and %o compare this behavior with
that of an epoxy resin, typical of those being used in graphite fiber reinforced
gas turbine engine fan blades. Particular emphasis was placed on determining the
effects of various envirommental exposures on these properties. Finally, the
thermoforming characteristics of thermeplastic composites were demonstrated by

" fabricating & graphite fiber reinforced fen blade and a fan exit guide vene, .

The progrem is divided into three technical tagks along the lines of the a- -

".. bove objectives: During Task T, two thermoplastic resins and one epoxy resin were

tested to determine the effect on tensile and flemal behavior of several environ- -
mental exposures including temperature, moisture, and uvltraviolet. During Task II,all
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resins were reinforced with graphite fibers and tested in the same manner as in
Task I. Fabrication of a fan blade and a fan exit guide vane from the bebter thermo-
plastic matrix material as defined by Task I was carried out in Task IIT.

The experimental procedures employed during this program and the results
derived from it are discussed in the following sections,
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2.0 TASK I - RESIN CHARACTERIZATION

The objective of this task was to measure the mechanical behavior of two thermo-~

plastic resin maberials and one commonly-used epoxy. The performance of the
materials were then to be compared in order to judge the thermoplastics relative to
g shabe-of-the-art resin matrix material.

2.1 Experimental Procedure

2.1.1 Test Plan

The two thermoplastics evaluabed under the program were Astrel 360 polyaryl-
sulfone and P-1700 polysulfone. The epoxy reference material was PR-286.

The mgjority of the mechanical tests performed on each of the three resins is
given in Table I. . Asa result of the large number of specimens regquired o measure
each of the properties, a Iabtin Square design was utilized to conduct the study of
all but the as-fabricated resins. For the as~fabricated condition, two tensile and
two Tlexure specimens were tested at each of the three test temperatures,

The Labtin Sguare design for the remeining properties of sach resin in Table L
ig similar to the following example:

Exposure Time

Gy Ca Cq

Ry | To _ T3 T

Test

R T
Temp. 2 Lo T2 T3

g R3 T3 ‘ Tl‘ In

The letters Ry p 3 correspond to test tempevatures of -55°C, 22°¢, and 177°C,

. respectively, while *the exposure times are 720, 1L4LO, and 2400 hrs. The letters:

71,2, .3 in the cells of the above matrix correspond to exposure conditions, (HA;
ambx.ent HA, RH, UV), and represent a randomly chosen assignment for the first

. besk (1 e., first row) while the 2nd and 3rd rows are permubatlions of the first

row consbrained to the eondz't:.on of a Labin Square design.

Other properties mea.sured on the neat resgins included the glass transition
- temperature and creep characheristics before and after 1000 hrs of exposure bo-
heated air (177°C), ambient temperature and humidity, and the combined UV/elevabed

o
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“bempera:bure/ humidity environment. The creep tests were 4o be conducted ab L77°C and
at a stress equal to 50 percent of the zero time 177°C ultimate strength.

2,1.2 Magberials

For the purpose of resin evaluvabtion the P-1700 was procured in sheet form, while
the Astrel 360 was obtained as a molding compound and the PR-286 was solution with MEK,
Thus, it was necessary to further procegs +the latber bwo materials into suibable
form for testing. The procedures ubilized are described below:

Astrel 360

l‘

Heat powder in oven for 2 hrs at 100°C to remove moisture.

2. Preheat press to 400°C,

3. Place mold in press and monitor temperabure with thermocouple. When
mold temperature reasches 3440C (~L min) apply 3.4Y4 My/m2 (500 psi) and
hold for 40 sec.

L, Cool to 260°C under pressure.

5. Remove mold from press, and remove resin molding as soon as possible.

PR-286 (7% solution in MEK)

Heat at B80°C under 30 in. Hg vacuum for aboubt 30 min until rapid
bubbling stops.

Tnerease 'i;empera.ture to 11500 and hold for 15 min, then release

2.

vacuum.
3. ‘I“ncreas"ev tempe'rature. to 125°C and hold for 3 hrs.
k. Increase temperature to 150°C and hold for 16 hrs.
5. Increase ﬁEmpéﬁature ‘to 175°C and hold for 2 hrs.

2.1.3 Tegt Techniques |

" TPension specimens were 22,5 cm long x 1.9 om wide x ,25 em thick (9 in. long

. x 3/b in. vide x 1/10 in. thick) with a reduced section 1.25 em (1/2 in.) wide.

Tests were carried oub ab & crosshead speed of .125 cmf/min’ (0.05 in./min) and strain

was measured with strain gages bonded to the front and back of the specimen to
average out any bending effects. '
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Bending tests were conducted using 3-point loading conditions et a span-to-
depth ratio of 16:1. Mid-point deflection of the specimen was measured with a
deflectomeber and the resulting load-deflection curve was used to caleculzfe a hending
modulus .

Creep/stress-rup'bwe tests were conducted at 177°C on samples in the as-fabricated
condition and on those which have been subjected to envimmental exposures for
1000 hrs. Testing was done in consbant load machines, the temperature being
monitored with chromel-alumel thermocouples positloned adjacent to the specimen,
Pricbion bype grips were used with copper doublers 4o protect ‘bthe specimen surface.
Elongetion was conbinnousgly recorded during the creep tests by means of an extenso-
meter activated LVDT. The extensometer was attached to the grips holding the specimen.
When fracbure occurred the machines shut off automa.ﬁ:.cally, and the time o rupture
was recorded to the nearest 0.1 hr.

The glass transition temperature (Tg) of the resins was debermined through
measurement of thermal expaunsion. The Tg was defined by the intersection of
tangents drawn gt the point of inflection of the expansion vs temperature. The
test specimens were .5 em x .6 cm x 2.54 cem long (.2 in. x .2 in. x 1 in.). Heabing
rebe during the tests wes approximatbely 45°C per hour.

The resin maberials were exposed to three envirommental conditions in the
program, Ambient conditions were those which exist in the lahoragbory at UTRC:
220¢, 50 percent RH. An air clreulating oven was used for the hested dir exposures,
The tempergbure of 177°C was monitored with a thermometer immedistely adjacent to the
specimens, The finagl exposure condition was a combined humidity, temperature, ulira-
violet. The selected temperature was U90C and the relative humidity was 95 percent.
Ultraviolet exposure was provided by placing the specimens 61 cm from a UV lamp.
Specimens were turned over halfway through thelr exposure period.




2,2 Resulbts and Discussion

2.2.1 Tensile and Fl_exure Tests

The results of testing the three resinsg in the as-fabricated condition are given
inTableIT. Tn some instances premabure failure occurred in the tensile tests due
to defects in the specimens and the data were not reported. In general the resulbs

of the duplicate specimens were in good agreement, indicating wniformity of the
materials.

Several points are appavent,based on these results. The Astrel 360 demonstrated
the best resistance to elevated temperature. At lower temperatures the strengths of
all three materials were similar, while “he PR-286 exhibited higher moduli. The
P-1700 polysulfone was apparently in a rubbery condition at the 177°C test tempera-—
ture and had essentially zero strength and modulus. The PR-286 epoxy also had low
properties at 177°C. It should be pointed out that in order to develop maximum
temperatuze resistance, the resin manufacturer recommends a posteure at 200°C for
composites utilizing PR-286 as the matrix. However, it has been UTRC's experience
that such a posteure can vesult in cracks in multidirectional composites due to
thermal stresses. Thus, a lower postcure temperature was selected for this program
{177°C), with the probable result that the resin properties at 177°C were not the
maximum achievable.

The resin data generated under the designed test matrix ave given in Appendix
A using ‘the Latin Square nomenclature described previously. Utilizing those results
the effects of each of the time, test temperature, and exposure conditions was
estimated for the four properties measured: flexural strength, flexural modulus,
tensile strength, and tensile modulus. These effects are given in Tables ITZ through
VI. Themodel empioyed in the analysis is:

Tige = B +R +C v T
where
Yijk = property of J.ntev*es*c as effeci;ecl by ‘the :E’a.ctors R 1, J, and k
i = the mean
Ri = tesgt temperatures
Cj = exposure times
T = environmental conditions

As an example of how thig can be used, Ta.bles VIT, VIIT andDi:llst the ca.'l cnlatbad

flexursal strengths for the three resing as a Ffunction of exposure time and tesh

- temperature for each of the. three environmental conditions. The data given for.

zeyro exposure bime are the averages caleulated from the as-fabricated results listed
in Takle II. The effects of the variables on the other resin properties were also

- ca.lcula:bed and are g:.ven in Appendzx B along: W:L'ﬁh the flexural streng...hs for com~.
. _pleteness '
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The trends in the date are more easily interpreted by plotiting the results as

a function of exposure time, for example, ag in Figs. 1

thru 3

in which the

room temperature flexural strengbhs of the three resins ave shown for the three dif-

ferent environmental conditions,

From Fig. 1 it can be seen that the flexural strength

of the PR-286 epoxy was significantly degraded by the IL77°C exposure while the other
two resins were essentlally unaffected. Figures 2
bient and the combined HA, RH, UV exposures did not have a serious effect on any of
the materials although the PR-286 epoxy and the Astrel 360 polyarylsulfone were

slightly degraded by the temperabure, humidity, UV conditions.

and 3

indicate that the am-

Similar plots were constructed for each combination of mechanical property,
test temperature and envirommental exposure using the calculated properties listed

in Appendix B. Examination of these plots led to the following conclusions regarding
the effects of the exposures on the measured properties:

Aybient Exposure

ST P

Flexural Flexural Tensile Tensile
Modulus Strength Modulus Strength
P-1700 No Effect Slight drop @-55°C No Effect Drop @-55°C
360 No Effect 8light drop @-55°C No Effect Drop @ R,T,,
‘ : -55°C
PR-286 No Effect 81ight drop @-55°C No Effect Drop @ R.T,,
. -—55”0
HA., RH, UV Fxposure
Flexural Flexural Tensile Tensile
Modulus Strength . Modulus Strength
B.1700 No Effect 8light drop @ R.T., o Effect Drop @-55°C
: ' ~-55°C A .
360 No Effect Slight dvrop @ R,T., No Effect " Diop @ R.T.,
~55°¢ ~55°C
PR-286 | No Effect Slight drop @ R.T., No Effect Drop @ R.T.,
. . _5500 _ . o . . . -.5500 _
177°C Exposure
' - Flexural Flexural Tensile . Tensile
Modulus Strength Modulus '_ Strengbh
P-1760 | No Effect No- serious effect ~ No Effect Drop @—55"07
360 No Effect No serious effect No Effech Drop @ R.T.
' PR-286  [TWo mffect. Drop @ all temps. |  No Effect | Drpp @ R.T., |
~55°¢ |
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The flexural sbrength data shown in Figs. 1, 2, and 3 are reflected in the
comments regarding flexural strength for the 177°C exposure in which the FR-286 suf-
fered a drop at all test temperatures including room temperature as shown in Fig.i,
On the other hand the P-1700 and 360 showed no major effect as indicated above.

The above summary of the environmental effects clearly leads to the conclusion
that the two thermoplastic resins exhibited eavironmental resistance at least as
good as that of the epoxy. None of the materials suffered any loss in modulus due
to the exposures. The awbient and HA, RH, UV exposures affected the strength pro-
perties of all the resins in about the same manner although the P-1700 tensile
strength was unaffected at room temperature while the other two resins showed a
decrease. The 177°C exposure had a significant effect on nearly all the epoxy
flexural and tensile strength properties, while there was very little effect on
the two thermoplastics. This was somewhat surprising since the PR-286 is considered
to be capable of performihg as a matrix material at 177°C service temperature.
Although the cure cycle employed in the study was not optimum for high temperature
resistance; as mentioned previously, it wonld seem that the 177°C exposure would
serve as a posteure condition, and that the strength propertvies might even increase.
However the data showed a clear trend in the other direction as evidenced by Fig. 1.

2.2.2 Glass Trensition Temperature

The vesults. of the glass transition btemperature studies are sumarized in Fig.
L. A1l tests were conducted in duplicabe and the data in Fig. 4 ave the averages
of the two measurements. The only envirommental condition which had a significant
effect on the PR-286 epoxy was the combined temperabure, humidity, UV. Based on
these results there should have been a large reduction in modulus of the PR-286 when
measured at 177°C after the HA, RH, UV exposure. However this was not noted in the
previous seciion. Examination of the tensile and flexural modulus data at 177°C
reveals that the results for the vesin in the as-fabricated condition were so low
as to imply that the test temperature exceeded the T, of the material. Thus the
environmental exposure could not be expected to have a2 degrading effect. The con-
fliet in the data appears to be between the Tg and modulus measurements at 177°C for
the as~-fabricated resin. Based on the T results, the material should have had a
reasonsbly high modulus at 177°C. It should be pointed oubt that a true glass transi-
tion temperature does not exist for the epoxy since it is a cross-linked material.
Inflection points in ‘the thermal expansion curves were indicative of a gradual
softbening rather than a sharp transition. There was, however, a rendily detectable

inflection point in the curves for the specimens. exposed to the HA, RH, UV condition, -

and the softening temperature was clearly lower than for the resin in thé ‘as-fabri-~
cated conditvion. ' '

None of the 'exposures had an ei;fecﬁ on the Tg' of P-1700 polysulfone. The 360
polyarylsulfone suffered a slight decrease in T_ after all three exposuvres, but none
‘were as severe as ‘the change exhibited by ‘the epoxy. ' ' '

-~
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In sumeary the glass transition measurements showed that the thermoplastics
performed the same as the epoxy under the 177°C and ambient conditions, and that
they were also relatively unaffected by the HA, Rd, UV exposure whereas the epoxy
suffered & loss in T under that condition.

2.2.3 Creep/Stress Rupbure

The results of the creep/stress-rupture tests on the rwmab resin specimens are
given in Table X. Some difficulties were encountered in the creep/stress-rupture
tests. The P-1700 polysulfone had no resistance to stress at 177°C, which was nob
surprising in view of the mrevious finding that the resin had essentially zevo ten-
gile strength abt that temperature. Two tests were conducted on as-febricabed PR-286
epoxy. In the first case (No. 28) the specimen falled immediately upon the appli-
cation of 50% of the as-fabricated UTS (k.15 MN/m®), however it appeared that the
Fracture initiated at a void in the specimen. The second specimen (No. 27) was
subjected to the same stress and did not rupture after 621 hrs. The stress level
was thei increased to T5% of the as-fabricated UTS and failure did not occur after
189 hrs of testing. The stress level was subsequently increased several times before
rupture finally occurred at a stress move than three times greater than the sbatic
strength of 177°C., Based on these resulbs, it was clear that the stress-rupture

behavior of the material was governed by flaws or some other wechanism not necessarily '

related to the inherenh properties of the material., The two specimens exposed to
the humidity, temperature, UV condition exhibited a similar scatber in behavior.

The Astrel 360 was somevhat betber behaved. All the specimens ruptured under
the load which was 50% of the static strengbh. This stress was significantly higher
than that ubilized in the PR-286 tests, so a direct comparison of the results is
difficult. Exemination of the 360 data indicates that none of the expostres had an
adverse effect on the stress-rupture behavior of the resin. However there was a
large scabber in the resulbs and it would seem that further work should be conducted

Jin this area.

The effect of the 177°C exposure on the creep behavior of the two resins is
shown in Figs. 5 and 6.  The rapid increase in strain of the PR-286 at 2l hrs (Fig.
5) is believed to be the result of an extensometer malfunction. The steady state
creep rabe of the cross-linked epoxy was less than that of the thermoplastic poly-
arylsulfone.
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3.0 TASK IT -~ COMFOSITE CHARACTERIZATION

The objective of this test was 4o evaluabe composites having each of the three
resins sbudied during Task I as matrices. The reinforcement for all composites was
to be graphite filement. Based on the resulbs of this task and Pask I, a single.
carbon/thermoplastic systen was to be selected for the Fabrication Shudy in Task
IIT,

3.1 Experimental Procedure

3.1l.1L Test Plan

Bobh uwnidirectional and cross-ply 0°/90° laminates were evaluated. Table XI
presents the teshs required for the unidirectional composites. As with the neab
resing, a stabistical approach was Followed to produce the desired information
while minimizing the number of specimens actually tesgbed. The best mabrix for
Task IT specified four envirvommental conditions, four test temperatures, but only
three exposure times, The halance needed for the Labin Square design was achieved
by adding one additional exposure time resuliting in & 4 x b4 Latin Sguare design,
The setup was as follows:

Let the environmental conditions be ‘the treatments:

Tq, = heated air, 177°C

s = heated air, 121°C
T3 = ambient temp., 22°C
T), = HA/RH/UV

Let the exposure times be the columns:

G = 720 hrs | | o
Us = 240 brs (added to debermine short term effects)
C3 = 1440 hrs
¢y = 2400 hrs

Let the test -Eempera"bures be ‘the rows:

Ry. = =559
Ro = 22°C
Ry = 121°¢

By = 177°C

s
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The Labtin Square for the P-1700 matrix composites was
Exposure’ Time ' -

cL G O3 Oy i}

Ry { T3 Tl TL Tp

Test Ro i} T2 Th T3
Temp.

RS T]_l_ T3 T2 Tl

R}_;‘ T2 Ty T3 Tll.

A similar matrix was used for the Tatin Sguare designs of the other two composites, i
but with different sets of treatment assignments to the cells in the matrix.

In addition to these ‘tests on unidirectional composites, the tensile proper-
ties of the 0/90° laminates in the as-fabricated condition were determined ab
room tempersture, 121, and 177°C. The loading direction was in the U45° direction.

The creep/stress rupture properties of the 0/90° laminates were determined at
121 and 177°C for laminates in the ag-Tabricated condition and for laminates having
been exposed for 1000 hrs to heated air (177°C), ambient temperature and humidity _
and to combined .elevated temperature/relativé humidity/ultraviolet environment. |
The load orientation for the creep tests was 45°. The loads for the cree;;/ stress- ‘
rupture tests at 121 and 177°0 were to be 50 percent of the ultimabe loads at the
respective temperatures. '

_ The tensile strengbh in the 45° direction was determined at room temperature e
and 121°C for 0/90° laminates which had been exposed for 1000 hrs at 121°C in ' o
gir and subsequently thermally cycled for 1000 eycles between -55 and 177°C. X

The Charpy impact strength was determined ab room temperature and 121°¢ for
0/90° laminates in the as-fabricated condition and for laminates which had been
exposed for 1000 hrs at 121°C in air, at embient temperature and relstive humidity .
and et the combined elevated temperature/relative humidity/ultraviolet environment. .

3.1.2 Mabterials

During the second task of the program, the seme resins evaluated in Task I
were reinforced with T-300graphite and studied in compom*be form. Commercigl prepreg
tape was used with the PR-286 epoxy, while prepregs were weh-wound in ‘the labora-
- tory for both the thermoplastics. In. both cases a mixture of the resin was
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prepared and the T-300 yarn was passed throvgh it and wound on a drum. For the
P-L700 50g of resin was dissolved in 400 ml dichloromethane. The solvent for +the
polyarylsulfone was DMF in a rabtio of 200 ml to 20g resin, The resin did nob
digsolve in the IMF, bubt formed a fairly sbtable suspension.

 Hot pressing of the P~1700 material was carried out ab 270°C under 13,8 MN/m?
(2000 psi), while the conditions for the Astrel 360 were 371°C, 6.9 MN/m? (1000 psi)
Each material was held under maximum pressure for five minutes then cooled as rapidly
as possible (water-cooled platens) under pressure. PR-286 epoxy comppsites were
" pressed under 2.07 Ml\T/m (300 psi) and the cure/postcure temperature wycle was the
same as thabt used for the neat resin.

3.1.3 Test Techniques.

The test bechniques used for composite evaluation were generally the same
as those used for the resin materials in Task I. The teusile test specimen for
compogites was somewhab different from that used for resins. For unidirectional
composites tested in the longitudinal direction, the specimen was straight sided,
15.2 em long x .64 em wide x .076 em thick (6 in. x 1/B in. x .030 in.). Fiber-
glass tabs were bonded on both ends for gripping. The transverse tensile specimen
was 10.2 cm long x 1.28 om wide x 0.191 em thick (% in. x 1/2 in. x ,075 in.).
Short beam shear specimens were .64 cm wide x .254 em thick (1/% in. x 1 in.) and
were tested at. a span-bo-depth ratio of W:l.

Tensile specimens for the cross-plied composites were similar to the trans- i

verse tensile specimen, but were 15.2 cm long (6 in.). This same specimen vas
used for creep and thermal cycling tests of cross-plied materials. Thermal
cycling test specimens were raised into a furnace then lowered into a cooling zone
to prodnce a thermal cycle over the temperature range of interest. Cyclic rate ]
was about 12 per hour. A total of 1000 cycles was applied to each specimen and :
damzge was measured through visual inspection and a post-test tension test to
determine any changes in modulus and strength. Specimen dimensions were those
vsed in the static tensile Gest.

The impact test was of the pendulum type (instrumented). The instrumented
test is far superior to the standard test since it provides much more information
regarding material behavior. Specimen dimensions were 5.5 em long x 1 cm wide
x 1 em thick (2. 165 in. x .39% in. x .394 in. ). All specimens were unnctched.

3.2 Resulbts and Discussion

3 2 1l As»‘f‘abrlcated Da.’ca.

The results of the tests . cn un:.d:.rect:u onal compos:.tes in the a.s-fa,br:l.ca:hed_
cond::blon are presented in Tables XII and XITTI. '
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The flexvral daba revesl that the epoxy mabrix composite had superior proper-
ties ab the lower test tempersbures. However, ab 121°C a1l three maberials had
essentially the same strength and modunlus, while atb 177°C the Asbrel 360 composites -
were the best. The flexural properties of the Astrel 360 appeared to be insensi-
tive to test temperature over the range studied.

Similar results were apparent in the short beam shear tests in which the
PR-286 matrix materisls exhibited the highest strengbh at lower temperatures, bub
¢ the Astrel 360 was the best at 177°C. The transverse tensile strengbhs abt room
temperature indicate that the epoxy formed s stronger interfacial bond than
; either of the thermoplastics. However, the superior high tempersture strength
1 retention of the Astrel 360 was demonstrabed by the test results at 177°C, where
those composites had higher strengbhs and moduli than the PR-286 matrix maberials.
The P-1700 matrix composites had zero shrength abt thab temperature. Tn general, the
tengile data followed the trend established by the other tesfing. In berms of
strength retention the 360 matrix maberials were the least sensibive to the effechs
of temperature, while the P-1700 matrix composites were the most sensitive. The
best strengbn properties at lower hemperabures were with the epoxy matrix compos-
ites, but this may have been due to better fiber properties in the prepreg.

" The same general conclusions appear valid regarding the tensile data on
cross-plied composites as shoyn in Table XiV. In this instance the betber room
temperature strength of the PR-286 composites can be attributed to a betl r fiber- .
mabrix interfacial bond since the specimens failed along those plahes. The
elevated temperature properties of the 360 mabrix specimens were again the best
of all the materials,

The dharpy impact strengths of both thermoplastic composites were insensitive to

test temperature up to 121°C. Apparently at that temperature the plasticity of the
resin had not increased sufficiently to absorb additional energy. Load-deflection
curves obtaired for the materials during the impact tests indicated that the behavior .
of the Aétrel 360 compésites was essentially linear at both test temperatures while
the P-1700 composites exhibited some plasticity. The PR-286 was the poorest material
at room temperature but was essentially equivalent to the 360 composites at 121°C.

The P-1700 composites had the best impact resistance at both test temperatures. ‘Typical
load-time curves from the instrumented tests are presented in Figs. 7 and 8 for room
temperature and 121°C test temperatures, respectively. Comparison of the PR-286 com-

. posite curves at room temperature and 121°C indicates that failure modefchanged-ﬁrqm:_ .
abrupt rapid creck propagation, characterized by a sha:prdrop in load to a combined
delamination/tensile crack propagation characterized by the intermittant drops then -
relatively constant load carrying ability. . - - ... - - o

Tt #was found necessary to modify the creep/s‘aress-rup‘ture test plan for crogs-
~ plied specimens in the as-fabricated condition. Two specinens were to be -!_:es__tecl_‘ N
" for each condition; one for creep behavior and one-for stress-rupture.  The originel’ - -
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intent was to conduct the tests at a stress level 50% of thait measured at the tem-
perature of interest under static conditions. As the data in Table XV. show,
almost all the specimens ran for excessive periods of time at that stress. In order
to obbtain failares in a reasonable time period, the stress level for several speci-
mens was increased as indicabed in the table. '

3.2.2 Environmental Effects on Static Properties

The composite data obtained under the statistically-designed test program are
presented in Appendix C. From this informstion the effect of each of the exposures
on the seven measured composites was estimated and the data are presented in Tables
XVI through XXII. = As with the resin data, in order to debermine the effect of
& given combination of test temperabure, exposure time and environmental condition,

the appropriate Pactors are added to the mean for the mabterial of interest. As an

example, Table XXITI presents the caleulabed composite shear strengbhs after the
exposure to heakted air (177 C) The zero exposure time daba rre the as-fabricaited
results. Appendix D is a full lisbing of all caleulated composl’be properties whz.ch
were pax*b of the sta:h:.st:.cally designed test program.

The dzta in Table XXTIIT are shown graphically in Figs. 9, 10, 11 and 12 in
which the shear strength at each of the four test temperatures is plotied as a
function of exposwre time gt 177°C. Based on the curves the following
conclusions were reached:

1) The exposure had very little effect on the shear strength of Astrel -
e 360 matrix composites regardiess of test tempera:ture and exposure
. ulmE.

2) The elevabed tempersture shear strength vetention of the Astrel 360 matr:.x
: compos:Ltes was the best of the three materials..

3) _The P-1700 polysulfone and the PR-286 epoxy composites behaved in a
. similar mamer ‘although the absolute values for the epoxy compos:.tes
were generally be*ter.

Another method of examining the daba is b0 determine the relabive effects of
the four exposures on a given composite property. Figures 13, 1k and 15 along -

with ¥ig. 11 1llustra:i:e the effect of the exposures on the composn.te shear strength
_ as measured at 121° C. All four exposures had the same effect on a gqualitative basis
“in ‘that there was some degradation of the PR-286 epoxy and ‘the P-1700 polysulfone

systems, while the Astrel 360 polyaryisulfone matrix comp051tes were uwnaffected as a

-
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function of exposvre time. In several instances there was a good deal of scatter in = .-

© . the- sta’s:.stlcally px-edlcted results and the’ curves were drawn to fit the overall

trend in the data. This practice was followed in the analysis.of all the da‘ba, i.e,

} the overall trend over the 2400 hr exposure was examined. The lack of' effect. of ‘the o
L varlouc environments on ‘the -shear streng;bh of the Astrel 360 matrlx composﬂ:es is
very encouraging, however :m mapy instances the absolute strengths were no better than

those of* the other systems, In order for the Astrel 360 composites to show clear .

- advantage, the relatlvely .'Low as-fabrmated shear s‘srength must be 1mproved
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The effects of the four environments on 121°C composite flexural strength
are presented in Figs. 16 through 19. The resulbs shown in Fig. 16
indicabe that the flexural strength of the P-1700 composites was very slightly
degraded after long exposures at 177°C.The PR-286 and Astrel 360 strengths were
somevhat increased by the thermal aging. The 121°C exposure produced a slight
incerease in the flexural strength of all the materials,

The ambient and RH, UV, temperature conditions had similar effects on the
composites as shown in Figs. 18 and 19, The P-1700 composites showed
no net change after 2400 hrs while the Astrel 360 polyarylsufone and the PR-286
egpoxy flexural strengths increased.

The flexural moduli of the composites responded much the same as the sbrengths
as & result of the two elevated temperature exposures as shown in Figs. 20 and

21, None of the syshtems was adversely affected by the ambient or humidity
exposures given in Figs. 22 and 23.

Plots were constructed to graphically illustrate the effect of each
environmental exposure on each of the seven properties measured at each of four

test temperatures for the three composite systems. As discussed above several of

the curves exhibited scabtter in the data as a function of exposure time. It is

possible that these were real effects and the properties went through maxima and/or
minime ab btimes less than the full exposure of 2400 hours. However such detailed
analysis was beyond the scope of this program and the results reported herein are

the net effects or trendsin the data over the full 2400 hr exposure period.

Sumaries of the analysis of the results for each of the properties measured

are given in Tables XXITV +through XXX. In reviewing these results, 1t was

found convenient to consider groups of properties which would be expected to res;pond
to environment in a similar manner as & result of the properties being conbtrolled by

a common factor. Thus longitudinal flexural and tensile modulus were grouped as
were transverse tensile strengbh and short beam shear strength, and longitudinel

tensile and flexural strenzth. The commonality in the final grouping was bassd on

the assumption of a tensile failure mode in the flexural test. The seventh pro-

 perty transverse tensile modulus should be strongly dependent on the behavior of

the mabrix and the results might be expected to correlate well with the Task T
results for resin modulus.

A great deal of similatr Ji"esﬁonse to environment was found in the longitudinal
modulus properties., These properties which are strongly dominated by the reinforcing

fllaments would be expected to be rather insensitive to environmental effects.

Possible mechanisms for charges would most likely involve changes in the matrix to

such a degree that stress transfer capability would be merkedly altered. It was

found that the ambient and heated air (121°C) exposures had no effect on the compos-
© ite moduli regardless of test temperature. The heated air (177°C) exposure degraded

16
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‘the tensile and flexursel moduli of the P-1700 matrix composites at all test tempera-
tures. This may have been due to interfacial degradabion since Task I studies
showed the resin modulus was affected only at -55°0 test ‘temperatures. The moduli
of the other two composites were unaffected by the 177°C exposures. '

The only point of disagreement bebween the effects of environment on the two
modull was regarding the bumidity/temperature/UV condition. There was no effect on
the flexural moduli of any of the composites. Tensile moduli of the PR-286 matrix
composites were degraded abt all test temperatures. However in g1l cases the ecalcu-
lated values were constant as a function of exposure time for the 240, 720, 1440 and
2Lh00 hr exposures, bult lower than the as-fabricabed measured value by 25-35%. in
view of the flexural modvlus results it seems likely that some waccounted fachor
affected the predicted results and the observed decreases were not caused by the
environmental exposures but by some uncontrolled test variable.

In summary, the longitudinal tensile and flexural moduli were generally nob
affected by the environmental conditions investigated. The one exception was the
P-1700 matrix composites under the 177°C exposure. However this is not a very sig-
nificant observation since testing of materials in the as~fabricated condition

previously indicated that P-1700 matrix composites are not useful for 177°C struc-
tural applications. :

The composite shear strength and transverse tensile sbrengvh also responded in
a similar pattern to the envirommental exposures. In this instance the performance
of the matrix plays an important role in composite behavior since both properties
are largely conbrolled by mabrix and/or interface strength characteristics.

The ambient exposure had little effect on the transverse tensile strengbhs of
the composites. The only exception was the PR-286 matrix composite when tested ab
~55°C which resulted in an indicated loss of 30% of the as~fabricated strength.

The effects of the ambient exposure on shear strength were somewhat more severe in
that the PR-286 composites were affected at all test temperaturés with the largest
effect measured at 121°C where L5% of the original strength was lost. At the 20°C
test temperature there was a 10% reduction. The data were somewhat confusing at
the 177°C test temperature in that the calculated values indicated a clear dowm-
ward trend in strength as a function of exposure time. However the as-fabricated
strengths were approximetely the same as the 2400 hr exposure value, so there was
onl;y' a slight net change in the strength It is possible that the as-fabricated
177°C shear strengbhs were in error (they were lower than a.ntlc:.pa.ted) and that the
ambient exposure had & degrading effect on the 177°C shear strength of the PR-286

matrix composites.

The only other indicasbion of an effect of ambient exposure on sheer strength
was with the P-1700 matrix composites. The 121.°C shear strength was slightly _
reduced as a function of exposure bime. The 177-C results were somewhat similar - -
to those of the PR-286 compos::bes. The calculated values showed a downward trend
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but the value calculated for the 2400 hr exposure was actually somewhat hishsr than
that meesuréd for the composite in the as-fabricated condition. In this case

there was no reason to suspect the as-~fabricated measurement since poor strength
retention of P-1700 at 177°C had been previously demonstrated. Thus it seemed
reasonable 4o conclude that no significant effect resulted from the ambient exposure
of the P-1700 composites. The Astrel 360 matrix composites were wnaifected at all

test temperatures.

The humidity/temperature/UV exposure produced results generally similar to
those of the ambient exposure. The transverse tensile sbrength of the PR-286
composite was reduced at all test temperatures as was the shear strength. Thus
+the exposure was more severe on the PR-286 composites than the ambient which produced
8 reduction in the -55°C strength only. The transverse tensile strength of the
P-1700 matrix composites was unaffected by the exposure at three lowest test temper-

atures, while the Astrel 360 composites were sllghtly degraded at the three highest
test temperatures.

The shear strength of the PR-286 and P-1700 composites underwent the same
changes as the transverse tensile strength. The Astrel 360 was less affected, show-
ing only a slight loss in 177°C shear strength.

The 177°C exposure resulbed in large reductions in both ‘transverse tensile
and shear strengths for the P~1700 composites abt all test temperatures. The
shear shrength of the PR-286 composites showed the same losses, but the transverse
tensile streng‘sh was less alfected, although significent losses were calculated
for the ~55°C and 177°C test temperatures. The Astrel 360 composite was not

affected by the exposuore with the exception of the 177°C transverse tensile strength

which was reduced to zero., This was not too significant since the as-fabricated
value was only 6.9 MN/w® (lksi).

The important conclusion which can be drawn from the transverse tensile and
sheer strength deata is that with the excepbion of the 177°C exposure, both thermo-
plastlc composites performed at least as well as the epoxy matrix compasite. The
177°C exposure caused severe degradation of the P-1700 composite properties bub
this was not suprising. The Astrel 360 matrix composites performed as well or better
than the epoxy in all instances, and in general the shear and transverse bensile
strengths were not affected by the four exposures investigaie The good perform-
ance of the thermoplastlcs is particularly significant because these two properties

are probebly more eas:.ly affected oy ma"c.r:r.x behavmr than the other properties stud::.ed
 in the program. : . : . _ ,

" TPhe next grouping of properties includes the longitudinal strengths, tensile and

flexural, which should be primerily controlled by the reinforeing fiber although

interfacisl bond streng;bh can cer‘sa,lnly play an :meorta.nt part, parta.«'ularly in
flexursl strength..
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It was found that the two properties did not respond in a similar manner in
several instances. The tensile strensgths of the composites frequently were
degraded while the flexural strengths were not, This was unexpected since the
other failure modes possible in flexural loading (shear and compression) seemed
mpch more Likely to be initiated if degradation of the mabrix occurred. If the
tensile strength of the materisls was actually reduced by the exposures, then the
flexural strength should have shown a similar trend. A possible reason for g
tensile degradation not showing up in the flexursl test is that the emtire volume
of material is under maximmm stress in the tensile specimen, while only the ouber
surface under the loading nose is at maximum stress in a three-point flexural test.
Thus on g statistical basis a degradation in tensile strength might not he as
readily detected in the flex test. However for those exposures where moisture
and/or UV would be expected 40 be responsible for any degradation which occurred,
effects should be noticed at the surface of the specimen Tirst, and it could be
argued that the flexural test would be more sensibive to such changes than the
tensile test. A comparison of the data shows this was not the case. For example,
the tensile strength of the Astrel 360 matrix composites underweni a substantial reduc-
tion after ambient exposure when tested at 20°C, 121°C, and 177°C. The flexural
gtrengths of the composites were actuslly increzsed under most of those conditions.

The most reasonable explanabion for the discrepancies bebween the two tests
is that the tensile results were occasionally reduced due bto experimental error
such as grip failure, improper alignment, ete. In general such problems are much
more likely to occur in the tensile test. Proper axial loading of highly aniso-
tropic mgberiale is difficult to accomplish. Ab elevated test temperatures the
testing problems are further compliecated by the possibility of failure in the
adhesive used to bond the doublers tc the gripped portion of the specimens. The
data may point to this problem because many of the contradictory results occurred at
elevated test temperatures.

Such problems do not occur in the flexural test and therefore it is felt that
the flexural data more accurshely reflect theeffects of the environmental exposures
on fiber-controlled strength properties. That being the case the only meterial
which was significantly degraded by the exposures was the P-1700 composite. The

- humidity, temperature, UV exposure caused loss in the ~55°C and R.T. strengths, as

did the 1779C exposure. The fact that the tensile strength of the composite was not changed

by those conditions might point to shear or compression failure modes as the wezk

link which caused the reduction. The P-1700 composite shear strengbh data, discussed
previously, did not show any degradation as a result of the RH, HA, UV exposure, bub
did indicate substantial reduction at all test tempsratures as a result of the 177°C
exposure. '

The final property to be considered is the composite transverse tensile modulus.
This is primarily dependent on the matrix tensile modulus although filament modulus

and volume fraction also play a role. . Since the latber two factors would not be

expected to vary as a result of environmental exposure, the composite transverse
tensile modulvs shouwld respond much the same as the resins.

19

o T

L




o i i AT e, e

For the most part a comparison of resin and composite performence is possible,
The resin daba were presented in Section IX, and the composite data are given in
TPable XXX. Regarding the composite results it should be pointed oub that all
the 360 metrix data were heavily influenced by a strong negabtive effect for 200
hour exposures (See Table XVIII). In several insbances the data showed no effect
of exposure times up to 1440 hours, but the large drop ab 2400 hours resvlted in an
overall downward trend. Although there is no reason to suspect the validity of the
olio0 hour effect other then its abrupbness, the Astrel 360 matrix results would
nave been much bebtter were it not for that single factor.

Taking the composite results as they stand the Astrel 360 matrix materials were
degraded s good deal more then the other composites. Substantial losses in trans-
verse tensile moduluns were indicabed for every exposure. This is definibely contrary
+to the nest resin data in which there was no change in tensile modulus for any of
the conditions., The obther composites more nearly reflected the resin results in
that there were no significent effects with the excepbion of the fact that all the
meberials showed some loss in modulus at the 121°C test temperature for all the

‘environmentel exposures. Since the neat resins were not tested at that temperature,

ho conparison can be made.

Although chenges in transverse tensile modulus are probably of secondary
importance in most structural applications (since it is quite low to begin with),
perhaps further effort should be devoted to examining ibts response to environmental
effects. Tht is the only property for which all the materials exhibited an across-
the~board degradation of property for all the environmental exposures.

There are several important conclusions which can he dravm from the study of
environmental exposure of the composites. The P-1700 composites were generally
degraded by the 177°C exposure. Thi s s coupled with their poor retention of proper-
ties when tested at 177 C, strepgly indicates that the material cannot be used in
structural espplications in which the service temperature is 177°C for a reascnable
period of time, - Although it was realized that 177Cwas slightly above the Tg of the
neat resin, it was Felt that the high volume fraction filler provided by the file-
ment might raise the use temperature, This was not found to be the case.

Excluding the 177°C conditions for the P-1700 composites, additional conclusions
can be reached. None of the composites suffered degradabion of fiber-controlled
modwlus (longitudinel tension and flex). The resin-controlled modulus, btransverse
‘ension, was the only property in which the Astrel 360 matrix composites were apparently
degrsded more than the others, There was some doubd concerning the data in that
perticular case, and further investigebion mey be warranted if a loss ol transverse

tensile modulus is considered significant. The fiber-controlled strengbh proper-

ties (longitudinal tension and flex) were generelly unaffected, although the RH,
HA, UV exposure resulted in dsgradabion of the P-1700 mabrix composites at the
lower test temperatures. In the area of matrix or inbterface-controlled strength,
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the thermoplastic matrix composites performed better than the epoxy material, The
360 matrix materials were particularly good in that neither the transverse tensile
strength nor the shear strength was significantly degraded by any of the exposures.

Both properties were degraded at most of the test temperatures for the epoxy matrix
composites.

3.2.3 Environmental Effects on Pendulum Tmpact

The results of the pendulum impact testing of cross-plied environmentally-exposed
composites are plotted in Fig. 2k and 25 for the room temperature and 121°C tests,
regpectively. Overall the testing indicated no adverse effects due to the exposures.
The P-1700 composites had the highest as-fabricated impact strength at both test
temperatures, and that ranking was retained after the exposures with the exception
of the 121°C test after 100C hrs of RH, HA, UV. In that case the PR-P36 composite
underwent an appreciazble lacrease in impact strength and surpassed the P-1700
composite, The PR-U90 composites exhibited an inerease in impact strength after the
RH, HA, UV exposure when tested at both R, T, and 121°C in comparison with the un-
exposed results. The load-time curves from the tests of the exposed specimens are
presented in Fig. 26 for comparison with the curves for the unexposed specimens in
Figs. 7 and 8. When tested at room temperature the exposed specimens underwent
delamination as evidenced by the intermittant drops in load. This resulted in

higher energy absorption and was probably caused by the slight drop in shear strength _

due to the exposure. Similarly the 121°C curve exhibited more delamination

in the exposed specimen than in the unexposed specimen. In addition the initial
loading portion ol the curve was more nonlinear afier exposure, indicating some
plasticization of the resin, Both these factors would increase the impact energy.

3.2.4  Thermal Cycling

The results of the tensile tests on composites which were agéd for 1000 hrs at
121°C then cycled 1000 times between -55°C and 177°C are summarized in Table X{XT.
The as-Tabricated data were previously given in Table XIV.

Some difficulty'was'encountered in thermal cyclihg of the P-1700 matrix composites.

The desired upper temperature was 177°C which is sufficient to cause the P-1700 to
soften considerably. As a result of the thermal gradients in the furnace (~10°C)

~ several of the specimens were distorted since one end was above the softening tempera-

ture and the other end was below. This resulted in most of the specimens being
unsuitable for testing in tension, although one specimen was tested. The thermal
cycling tests on the other materials were conducted satisfactorily. L

The FR-286 composites were slightly degraded in strength at the 20°C test tempera-
ture, but showed an increase at 121°C. In both cases the effect was not large. There
was a good deal of scatter in the modulus measurements, bub again there seemed o be
no significant changes &as a result of the exposures.- ' '
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Due to the problems discussed above, the one test conducted on the P-1700 matrix
composite has very little significance. The measurement did not indicate much effect
on strength bubt the wmodulus appeared to be degraded.

The 360 matrix composites apparently were reduced in strength, especially at the
121°C test temperature where the strengths after exposure were less than half of
those in the as-fabricated condition. Modulius values were reduced in a similar
manner,

3.2.5 (reep/Stress Rupture

The results of the stress-rupture testing on 0° -~ 90° cross-plied composites with
the three matrix resins are presented in Tables XXXITI, XXXITI, and XXXIV. In every
case the loading direction was at 45° to the reinforcement direction. As with the
neat resin results, the PR-286 composites exhibited a good deal of scatter. For
example, specimens 41 and 42 which were both expused to 177°C for 1000 hrs responded
very differently in the stress-rupture test at 121°C. . The 121°C tests did indicate de-
gradation in stress rupbure life as & result of the exposure to the RH, HA, UV con-
dition. Both specimens essentially failed during initial loading. The 177°C results
for the PR-286 composites were complicated by the fact that the specimens did not
rupture under the 50 percent UTS load. Specimen L8 finally failed at a stress over
50 percent higher than the static strength at that temperature. Again, this behavior
was similar to that experienced with the PR-286 resin.

The P-1700 composite data, Table XITITI, were more consistent. At 122°C test
temperature the 177°C exposure reduced the rupture life to zero for both specimens.
This fits with the other data which indicate that the material loses structural
integrity at that temperature. The RH, HA, UV envirorment appeared to increase the
stress~rupture life, possibly due to chemlcal changes caused by the UV. The ambient
exposure had little effect on the material. The stress rupture life atl77°C was

. guite short for all the specimens subjected to environmental exposure, again ref1ECt1ng
- the unsuitebility of the materlal for use at that temperature.

The 360 matrix composites showed enough scatter to make interpretation of the
results difficult. The results did show that the as-fabricated specimens withstood
52.5 Mm/m' (7.6 ksi) at 12i°C for 189 hrs without failure, while the specimens sub-
Jjected to the RH, HA, UV and ambient enviromments failed after 62 and 4B hrs,
respectively, under the same conditions. The 177°C tests showed much more variation.

Typical creep curves for the 121°C test temperature are presented in Figs. 27,

28, and 29 for the PR-286, P-1700 and 360 matrix materials, respecbtively. Steady state

creep rate for the epoxy composite was much lower than that of either of the thermo-
plastic composites. This observation is in agreement with similar findings for the

- neat resins, and leads to the conclusion that creep of thermoplastic matrix comp951tes_

is an area of concern in stluatlons such as those studled under tlis pvogvam, 1. e.,

-
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when there are no continuous fibers in the loading direction. It is clear that
fibers will always be present in primary load-carrying directions, but secondary
stresses could be sufficient to cause the behavior evident in Figs. 28 and 29. This
is an area where further work is needed.
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h,0 TASK IIT - FABRICATION OF DEMONSTRATION COMPCNENT

The purpose of this task was to study the fabricabllity of gra.phite/ thermoplastic
composites using two gas turbine engine structures as demonstration items. The first
was a blade in the configuration of the TP 30 third stage compressor blade. The
second was the fan exit gunide vane utiliged in the JTYD-T0 engine. In neither case
was there an attempt to actually design a useful structure. PFly configurations
were selected based on experience with other composite systems,

4.1 Masterisls
The prepreg for the febrication study was prepared by UTRC using the procedures
described previously, Maberial was supplied to Pratt & Whitney Aircraft in the form
of prepreg tepe, each tape being 152 cm lg. x 11% em wide (5 £, x L3 in.),

4,2 Blade Febrication

The gteps involved in febrication of the blade were as follows:

Preparstion of root blocks and wedge
Ply cutting

Ply layup

Die lecad

Hot press

.  Machining

-

G\ W o=

The root blocks and dovetail wedge were titenium alloy. The wedge was etched

with sodium dischzomate solution dried, coated with polysulfone solution, then

baked for 15 min. at 285°C. Root blocks were solvent rinsed, grit blasted, then
coated with polysulfone in a similar manner,

A1l ply cubbing was dope in a clean room using cardbosvd templates and scissors
or razor blades for ecutting., Ply configurstion wes of the core-shell type with an
outer shell of + 45° plies and an imner core of 0° plies. There were a tosel of 23
plies in the blade, with eight being -+45°, :

Leyun was accomplished by thermoforming each ply with & heat gun to the spproxi-
mebe contour required. Polysulfone solution was used to spot bond the plies to-
gether, (lamps were applied for a few minubes &s each leyer was edded in order %o°
allow the solvent (methylene chloride) to evaporate in asir and bond the plies.

ol
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The layup and root blocks were placed in the die then placed in the hot press.
The die contained five thermocouples for monitoring temperature during the hot press
| cycle. After placing the die in the press, contact pressure was applied during the
heating cyele which took approximately 50 minutes., Full pressure of 13.8 MN /m2
(2ksi) was then slowly apolied and held for five minutes. The part was cooled to
121°%C under pressure, then removed from the press. Cooling time in the press was
about 3% hrs, TFig, 30 shows the blade after removal from the mold. A small amount
of fliash is apparent around the leading and trailing edges and the tip, indiecating
| that the entire surface received pressure during the molding operation.

The machining of the airfoil radii and the root was accomplished without prob-
lems, and the finished blade is shown in Fig. 31.

4,3 Vane Fabrication

: The steps involved in the fabrication of the fan exit guide vane were gssen-~
tially the same as those followed for the blade. An aluminum leading edge protec-
tion strip was integrally bonded in place during the molding operation. The
attachment mechanism for the vane involved polyurethaneblocks which were molded in
place in a secondary dipping operation after the fabrication of the vane. Figure
32 shows two views of the finished fan exit guide vane.
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5.0 CONCLUSIONS
Based on +the results of this program, the following conclusions have been
reached:
. Resin Behavior

The two thermoplastics exhibited envz.ronmenﬁal resigbtance as good as that of
J the epoxy reference material.

i The strength properties of a2ll the resins were somewhat degraded by the anblent
and the conbined humidity, bempersture, vibraviolet exposures.

The 177°C thermal aging degraded the strength properties of the epoxy but had
little effect on the thermoplastics.

None of the resins suffered any loss of modulus as & result of the environmenté.l
eXposures.

1
! L
it The glass transition temperature of the epoxy was reduced after the humidity, 1 It

i temperature, UV exposure, while the thermoplastics showed Llittle effect.: : :

!

i

i

§

i

-~ P~1700 polysulfone had no creep resistance at 177°C. TPFurther work should be
done on cree;p/ stress-rupture to resolve guestions which arose from scatber in the
dats.

. Composite Behavior

Longitudinal moduli (tensile and flexural) were unaffected by the environme.n-.
tal exposures with 'bhe exception of the P-1700 composi’ﬁes which were degraded by _ :
177°C aging. | o | o 3

- The Astrel 360 polyarylsulfone suffered very little loss in compos::.te shear or
transverse tensile strength properties which are controlied by ma,tmx or interface
strength, The P-1700 polysulfone composites were degraded by the 177% exposure,;
but showed little effect as a result of the other exposures. The shear and trans-
verse tensile strengﬁhs of the PR-286 epoxy compos:x.tes were degradea by the ambient .
RH, HA, UV, and 177°C environments. : _ : :

. The longitudinal tensile and flexural strengbh tests produced incounsistent re- =
ults in that tensile sﬁrength of ‘the composites wag degraded in several instances _ 4
where the flexural sbrength was not. The most ressonable explanstion of this a.pparent - ﬁ
contradiction was that the tensile data were erroneous, and that the flexural results
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were more representative of fiber-controlled compogite strengbh. That being the
case the P-1700 composite was the only system which suffered loss in strength; that
occurring as a result of the 177°C and the RH, HA, UV exposures.

The transverse tensile modulus of the Astrel 360 matrix composites was apparently
degraded under all exposure conditions. More testing should be conducted to verify
this conclusion.

Pendulum impact behavior of all three composites was essentially unaffected by
the exposures.

Thermal cycling between -55°C and 177°C resulted in little effect on the epoxy
composites. The P~1700 polysulfone composites were severely distorted after the

eycling, whilo the tensile properties of the Astrel 360 composites were significantly
reduced. This is the one area where the thermoplastic composites suffered more damage

than the epoxy composite.

Creep rates for the thermoplastic composites were higher than that of the epoxy

composite. More testing should be conducted to clarify this behavior since there was

a good deal of gcabter in the results.
. Fabricabion

Two complicated gas turbine engine structures, a Tan blade and a fan exit guide
vane, were fabricated from graphite fiber reinforced polysulfone without problems.
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Table I
Tagk I - Test Matrix for Neat Resins
Exposure Exposure Exposure Test Temp.
Property Conditions Temp. °C Time, Hr °c
22 177 0 720 1hko 2400 ~55 22 177

As-~fabricated b'd X X b'd
Tensile Strength
and Modulus Heated Air (HA) X B C b BCD BCD BCD

and

Flexural Strength Amhient® x E F G EFG  EFG EFG
and Modulus .

HA/RH/UVP H I J HIJ  HIJ HIJ
8p0°c, 50% RH
bygec. 95% RH, 61 em from UV light




Table IT

As-Fabricated Heat Resin Data

3-Pt. Flexure Tension
Test Temp. a B o] [N

Resin oc My/m?®  (ksi) GH/m? (msi) MH /m? (ksi) GH/m2 (msi)
PR-286 -55 163 23.6 h.13 0.598 4o Tl 6.10 0.885
Epoxy 211 30.6 .3k 0.629 52 7.6 5.73 0.832
22 139 20,1 3.0k 0.4ho - - L.23 0.613
130 18.9 3.21 0.465 63 9.1 4.1k 0.600
177 17 2.k 0.29 0.0Lk2 5 0.7 0.28 0.0k0
19 2.8 0.29 0.042 6 0.8 0.33 0.048
11_3-_.}700 ~55 132 19.2 2.33 0.338 - - 3.10 0.450
olysulfone 128 18.5 2.31 0.335 7 11.1 3.36 0.188
W 22 118 17.1 2.71 0.393 Ly 6.0 3.08 0.L46
117 16.9 2.56 0.372 51 T4 3.04 0.4ho

177 0 0 0 0 10 1.5 - -

0 0 0 0 0 0 0 0

360 -55 159 23.0 3.58 0.37h 53 7.7 3.hy 0.498
Polyarylsulfane 163 23,6 2.54 0.368 60 8.7 3.37 0.488
22 139 20.1 2.65 0.384 57 8.3 2.81 0.ko7
145 21.0 2.82 0.408 80 11.6 2.99 0.433
177 p 10.4 2.48 0.360 17 2.5 2.34 0.339
56 8.1 2.10 0.30h 19 2.7 2.37 0.34)h

i
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Mean

Rows

Test Temps.
%1 (-55°C)
R ( 20°C)
Rz (177°C)

Columns
Exposure Times

¢y ( 720 hrs)
Co (1440 hrs)
G3 (2400 hrs)

Treatments
Environmental
Conditions
?1 (177°C)
Ts (ambient)
75 (HA, RH, UV)

P-1T700
Polysulfone

73.91 Mi/m®  10.72 ksi
3k.10 L.gh
39.76 5.68
-73.22 -10.62
5.79 0.84
6.48 0.94
=12.27 -1.78
-9.17 ~1.33
7.03 1.02
2,55 0.37

Table ITI
Estimate of Environmental Effects on Resin
Flexural Strength
360 PR-286
Polyarylsulfone Epoxyr
106.11 MH/m®  15.39 ksi Th.26 M¥/m®  10.77 ksi
21.hh 3.11 47.78 6.93 §
21.93 3.18 13.03 1.89 g
-43.37 -6.29 -60.81 -8.82 |
|
10.96 -1.59 14,20 2,06 }
2-3’4 Oo3h —10c82 -1157
8055 102]‘!‘ -3-31 "Ocl"8
9.58 2.68 ~-h3.92 -6.37 p
1.2k 0.18 32.61 4,73
-19.7 -2.86 11.38 1.65
W"i, .. . ke it A
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Mean

Rows

Test Temps,
&y (-~55°C)
ﬁe ( 200n\
Ry (177°C)

Columms
Exposure Times
Gy ( 720 nrs)
62 (1440 nrs)
63 (2800 hrs)

Treatments
Environmental
Conditions
Py (177°C)
5 (ambient)
95 (HA, RH, UV)

Estimate of Environmental Effects on Resin
Flexural Modulus

P-1700
Polysulfone
1.8 GN/m% 0.26 msi
0.97 0.1k
0.83 0.12
‘-1079 -0126
-0.21 ‘-0003
0 1
0,21 0.03
o 0
=0.07 -0,01
0,07 0.01

Table IV

360
Polyarylsulfone
2,6 GN/m?2 0.37 msi
0.3k 0.05
0.1k 0.02
-0.55 -0,08
0.07 0.0L
-0021 -9-03
0.07 0,01
~0,1k -0,02
0 0
0.1k 0,02

N VY

PR-286
Epoxy
3.0 Gli/m2  0.hb msi
2.13 0.31
0.07 0.01
-2.%) -0.32
0.55 0.08
-0.76 ~0.11
u.21 0.03
0.62 0.09
0.21 0.03
-0.83 -0,12
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Mean

Rows
Test Temps.
By (-55°¢)
Ra ( 20°C)
Ry (177°C)

Columns
Exposure Times

él ( 720 hrs)
8o (1LL4O nrs)
63 (2400 hrs)

Treatments
Envircnmental
Conditions

T (177°C)
To {embient)

n

el

Estimate of Environmental Effects on Resin

P-170C
Polysulf

Table V

Tensile Strength

one

33.30 Mil/m2

10.96
22,34
33.30

7.58
~5.45
~2,21

1.52
2.07
-3.59

4,83 ksz

1.10
-0.79
-0, 32

0.22
0.30
~0.52

360
Polyarylsulfone

41.58 Mi/m? .03

11.72 1.70
6.76 0.98
-18.11 -2.67
2‘07 0530
11.38 1.65
-13.L44 -1.95
3.03 0.4k
-1.86 -0.27
~-1.2h -0.18

P T T LT T

ksi

PR-286
Epoxy
21.03 Mi/w?  3.05 ksi
9.03 1.31
2.41 0.35
12.13 1.76
-3.10 -0.45
'_9- 03 _lc 31
-3.03 -0, 57
1.03 0.15
2.90 g, h2
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Mean

Rows

Test Temps,
By (-55°C)
32 { 20°C)
R3 (177°C)

Columns

Eggosure Times
&1 ( 720 hrs)
€5 (1440 hrs)
63 (2400 hrs)

Treatments
Environmental
Conditions

1 (177°%C)
Ty (ambient)
T (HA, RH, UV)

Table VI

Estimate of Environmental Effects on Resin
Tensile Modulus

P-1700 360
Polysulfone Polyarylsulfone
2,21 GN/m2 0.32 msi 2,90 GN/m2 0,42 msi
1,24 0.18 0.55 0.08
0.97 0.97 0 0
-2.21 -2.21 0.62 -0.09
6.93 0.03 0.21 .03
-0.07 -0.01 0.14 -0.02
0.14 -0.02 0 0
-0.0? -0.01 0128 0.01}
Ooll‘ 0.02 "‘Oclh "0-02
-0.07 -0.01 ~0.1L -0.02

PR-286
Epoxy
3.38 GN/m? 0,49 msi
2,21 0.32
0.83 0.12
—3-03 -Oo‘l-l-h
0.07 0.01
0.07 0.01
0.07 0.01
-'0- 07 "0- 01
0 0
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Table VIL

Effect of 177°C Exposure on Recin
Flexural Strergih

0 720 his 1440 hrs 2400 hrs
N/ m2 {ksi) M /m2 (kai) M/ m2 (ksi) MN/m2 {xsi)

P-1700 129,.6 18.8 104,66 15,18 105.29 15.27 86.53 12.55
360 160.7 23.3 135,07 19.59 148,38 21.52 154.58 22,42
PR-286 186.9 27.1 92.26 13.38 67.23 9.75 71.29 10.34

P-170G 117.2 17.0 109.70 15.91 110.32 16,00 91.63 13.29
360 141.3 20.5 135.56  19.66 148,86 21.59 29.39 22.hg
PR-286 134,k 19.5 57.57 8.35 32.L48 Y71 39.99 5.80

P-1700 0 0 -2,690 -0.39 -2.,07T -=0.30 -20.75 -3.015
360 63.4 9.2 70.26  10.19 83.57 12.12 89.77 13.02
PR-286 17.9 2.6 -16.27 ~2.36 -41.37 -6.00 -33.85 -L,01

el a L A wTb AL e aditd g

BT I TP 2N TP ET 4 o N PP ¥



b T Rl o R~ O A o ip mm

9t

-\\

il e R Aot

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table VIII

Effect of Ambient Exposure on Resin
Flexural Strength

0 720 hrs 140 hrs

M /m? (ksi) MN/m? (ksi) M /mZ {ksi)

129.6 18.8 120.87 17.53 121.49  17.62
160.7 23.3 117.8%  17.09 131.14 19,02
186.9 27.1 168.79 24,48 143.76  20.85

117.2 17.0 125,90 18.26 126.52 18.35
141.3 20.5 118.32 17.16 131.63 19.09
1344 19.5 134,11 15,45 109,01 15,81

. ate — v ma- —

0 0 13.51 1.96 1h.13 2.05
63.4 9.2 53.02 T.69 66.33 9.62
17.9 2.6 60.26 8.74 35.16 5.10

e o " s PR R

i

2L00 hrs
MI§/m2 {ksi)
102,78 14,90
137.35 19.92
151.28 21.94
107.77  15.63
137.83 19.99
116.53 16.90
“h.62  ~0.67
72.53 10.52
ho,68 6.19
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P-1700
360
PR-286

P-1T700
360
PR-286

P-1700
360
PR-286

Table IX

Effect of HA, RH, UV Exposure on Resin
Flexural Strength

T20 hrs 1440 hrs
Mi/m®  {(ksi) Mi/m2  (ksi) M /m2  (ksi)
HA, BRH, UV _Exposure, -55°C Test Tempersture
129,.6 18.8 116.39 16.88 117.00 16,97
160.7 23.3 96,94 14,06 110.25  15.99
186.9 27.1 147.55  21.40 122.52 17.77
HA, RH, UV_Exposure, 20°C Test_Temperature_
117.2 17.0 121.hk2 17,61 122,11 17.71
151.3 20.5 97.36 1b.12 110,73  16.06
13k, h 19.5 112,87 16,37 B7.8% 12,74
HA, RH, UV_Exposure, 1T7°C Test Temrerature
0 0 9.03 1.21 9.72 1.41
63.1 9.2 32.13 L, 66 L5, by 6.59
17.9 2.6 39.02 5,66 14,00 2,03

2400 hrs

MN /m2 (ksi)

68.32 1kL.26
116.46 16,89
130.04 18.86

103.36 1k.99
116.94%  16.96
95.36 13.83

—9003 ‘-ln 31
51.64  T7.49
21.51 3.12



Neat Resin Creep/Stress-Rupture Data
177°C Test Temperature

Table X

Rupture
Stress Time Environmental i
Resin  No. M /m ksi. hrs EXposure .
PR-286 27 2,1 .30 >621 As-fabricated
3.1 b5 >191 N
3.7 55 >1hh o
b, 60 > 96 S
5.2 .75 >119 D
6.2 .90 122 ’;
6.9 1.0 > 71 :
8.3 1.2 >119
10,3 1.5 >1h3 ‘
13.8 2.0 177 )
28 2.1 .30 0 As-fabricated ]
29 2.1 .30 >k 1000 hrs @ 177°C
30 2.1 .30 167 " '-J
6.9 1.0 > ok T
13.8 2.0 0 }_\
31 2.1 .30 >if1 1000 hrs @ ambient SR
32 2.1 .30 0 1 o
33 2.1 .30 >161 1000 hrs @ ®H, HA, UV L
34 2.1 .30 0 " '
360 27 9 1.3 0.5 As-febricated
28 9 1.3 30 "
29 9 1.3 65 100 hrs @ 177°¢C
30 9 1.3 127 u
31 9 1.3 81 1000 hrs @ ambient
32 9 1.3 16 n
33 9 1.3 1 1000 hrs @ RH, HA, UV
34 9 1.3 33 " .
38
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Table XI
Task II ~ Test Matrix for Unidirectional Fiber Composites
Exposure Exposure Exposure Test Temp. ;
Property Conditions Temp. °C Time, Hr oc ;
22 121 177 720 1hko  2koo -55 22 121 177
Tensile Strength] | As Fabricated b4 bs b 4 X '
and Modulus
Trans. Tensile Heated Air (HA) X1 X2 BBjp C1Cp DDy (BCD)y and (BCD), at each temp,
Strergth J
Interleminar Ambient? x B Fp Gy (EFG); at each temperature
Shear Strength .
i
Flex. Strength | |HA/RH/UV Hoo1 3 HIJ HIJ  HIJ HIJ
and Mod.
450% RH
bygoe, 95% RH, 61 cm from UV light
I T DT | e e ik L, WIReS. ' 2 ikl i e s inlin s e ol




Taeble XII

As-Fabricated T-300 Composite Bending Data
Unidirectional Reinforcement

3-Pt. Flexure Short Ream Shear

J Test Tenp. a E T
Matrix oc GN/m? (ksi) GN/m? (msi) MN/m2 (ksi)
! PR-286 -55 1.96 28k 119 17.3 141 20.k4
1.86 269 118 17.1 151 21.9
22 1.93 280 1h2 20.5 120 17.4
1.7h 252 139 20.1 121 17.5
121 .88 128 125 18.1 81 11.7
.90 130 116 16.8 68 9.9
171 .37 53 17 2.5 26 3.8
.30 43 15 2,2 25 3.7

Y

P-1700 -55 1.19 i72 oL 13.6 82 11.9
1.18 171 95 13.8 Bo 11.6
22 1.25 181 115 16.7 68 9.9
1.21 175 130 18.8 65 9.4
121 .8h 121 109 15.8 hi 6.0
.Bo 116 110 16.0 58 8.4
. 177 .10 1L - - 22 3.2
§ .08 11 - - 21 3.1
: 360 =55 1.21 175 108 15.7 50 7.3
i .73 106 ok 13.7 54 7.8
i 22 .72 105 81 11.7 36 5.2
i .80 116 93 13.5 37 5.b
| 121 .88 127 99 1h.h 38 5.5
i 97 141 112 16.2 L1 5.9
| 177 .95 138 11k 16.5 Lo 5.8
.88 128 111 16.1 39 5.6

E.
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Matrix

PR-286

P-1700

360

Teble XIIT

As-Fabricated T-300 Composite Tensile Data

Unidirectional Reinforcement

Transverse Tension

Longitudinal Tension

I A T B
I T P TR Ty TON ]

Test Temp. a E o E

°c MN /m? (ksi) ol /m? (msi) G /m*? {ksi) an/m (msi}
~55 52 T.48 11.2 1.63 1.34 195 142 20.5
59 8.53 10.8 1.57 1.17 169 135 19.5
22 Tl 10.25 10.6 1.54 1.0k 151 137 19.9
Ity 6.34 10.5 1.52 1.17 170 156 22.6
121 2} 3.46 6.0 0.87 1.26 183 139 20.1
23 3.31 6.2 0.90 1.1k 165 130 18.8
177 7 1.06 0.9 0.13 T 103 128 18.6
0.97 1.0 0.1k .50 73 131 19.2
=55 33 L.78 T.7 1.11 1.03 1k9 129 18.7
19 2.89 8.7 1.26 .03 1ko 13k 19.4
2D 28 3.9h 8.2 1.19 .96 139 139 20.1
30 4,30 8.2 1.19 .90 130 143 20.8
121 1h 2,05 7.0 1.01 .90 131 141 20,4
16 2.31 T.2 1.05 1.05 152 1h2 20.5
177 0 0 0 0 .28 ko 130 18.8
0 0 0 0 .23 33 125 18.1
=55 2L 3.03 8.4 1.22 .90 131 148 21.5
19 2.78 7.9 1.15 7 111 1hlh 20.9
22 21 3.02 7.8 1.13 .82 119 1k2 20.6
16 2.35 - - .86 125 1L2 20,6
121 12 1.7h 6.6 0.95 .96 140 141 20.4
11 1.66 6.8 0.99 1.05 152 157 22.7

177 8 1.19 5.7 0.82 .83 120 - -
8 1.16 5.5 0.79 .90 131 149 21,6

e i e eiad s e e & s s e it el mal s e L y



System

T-300/PR-286

ef

T-300/P-1700

T-300/360

Table XIV

As-Fabricated Cross-Plied Composite Data
Tested at 45°

Test Tension Unnotched Charpy
Temp. g E Energy
°c M /m2 (ksi) GN/m2 (msi) Joules (£t--Lbs)
22 228 33.1 22.1 3.22 18 1/2 13 1/2
285 41.3 19.8 2.87 25 18 1/2
121 81 11.8 9.0 1.31 30 22
66 9.5 10.0 1.45 21 15 1/2
177 29 h,2 1.6 0.23
21 3.1 0.9 0.1k
22 99 1k4.3 19.5 2.82 38 28
112 16.2 18,2 2,63 33 24
121 59 8.5 14.8 2.15 34 1/2 25 1/2
11.0 18.5 2.68 33 2L
177 29 4,2 9.3 1.35
Lo 3.9 11.1 1.60
z2 90 13.0 18.9 2.7 23 1T
90 13.0 18.6 2.70 30 1/2 22 1/2
121 69 10.1 17.3 2.50 23 17
70 10.2 17.3 2.50 30 1/2 22 1/2
177 62 9.0 17.3 2.50
. 61 8.8 15.6 2,26




Table XV

Creep/Stress-Rupture of As-Fabricated Cross-Plied Composites
Tested at 45°

Test Temp, Stress Rupture Time
Material Yo, (°¢) MN/m% (ksi) % of Static {hrs)
T-300/P-1700 39 121 52 T.5 75 >113
59 85 85 16 1/2
u7 7T 21 3.0 7% 0.1
L8 177 14 2.0 50 25
7.-300/360 39 121 35 5.1 50 >308
52 7.6 75 >189
62 9.0 88 2.3
b 17T 31 4.5 50 >426
46 6.75 75 >191
56 8.1 90 1.b
L8 177 31 4.5 50 >2ho
L6 6.75 75 3.6
T7-300/P 286 L8 177 19 2.7 75 >113
22 3.2 89 >132
24 3.5 97
L3

bl s T i v




i

L et O b e e R P : S WL T PC S U LI R

Table XVI

Estimate of Environmental Effects on Composite
Interlaminar Shear Strength

P-1700 360 PR-286
Polysulfone Matrix Polysulfone Matrix Bpoxy Matrix
Mean 48.33 Mi/m*  7.0L ksi 43.99 MN/m® 6,38 ksi 76,67 M§/m®  11.12 ksi
Rows
Test Temps.
Ry (~55°C) 2k, 75 3.59 5.72 .83 45,92 6.66
Ry ( 20°C) 13,72 1.99 2.69 .39 34.96 5.07
Ry (121°C) -11.58 -1.68 -1.17 -.17 -28.89 -4.19
Ry (177°C) -26.89 -3.90 -T.24 -1.05 ~51.99 =T.54
Columns

Exposure Times

€1 ( 720 hrs) 1.65 .2k 1,17 17 8.27 1,20
€ (1000 hrs) 8.69 1.26 -h.18 ~.65 -0.28 -.0L
€3 (1440 hrs) ~5.17 -.T5 3.72 .5k k.90 71
¢, (2400 hrs) ~5.24 - T6 -0.41 -.06 -12.89 -1.87.

Treatments
Fnvironments
Ty (177°€C) ~11.93 ~1.73 -0,028 -.00k ~12.89 -1.87
To (121°C) 0.76 11 2.69 .39 11.51 1.67
Ty (ambient} T.79 1.13 1.48 .21 5.52 .80
Ty (HA,RH,UV) 3.24 AT 4,1k -.60 L.1h -.60




&

Mean

Rows
Test Temps.
By (-55°C)
Ro ( 20°C)
Ry (121°C)
Ry, (177°C)

Table XVII

Estimate of Environmental Effects on Composite
Transverse Tensile Strength

PR-286
Epoxy Matrix

T20 hrs)
1000 hrs)
1440 hrs)
2L00 hrs)

na
— e

Tregtments
Environments

%, (177°C)
f5 (121°C)
{3 (ambient)
T, (HA,RH,UV)

P-1T700 360
Polysulfone Matrix Polysulfone Matrix
13.58 M/m%  1.97 ksi 13.86 MN/m> 2.01 ksi
8.00 1.16 8.69 1.26
8.h1 1.22 -0,28 ~0.0h
-3.93 -0.57 -1.86 -0.27
-12.55 ~1.82 6,48 ~0.94
-1.38 ~0.20 -1.86 -0.27
2.83 0,41 -2.28 -0.33
~6.92 -0,03 7.58 1.10
~7.07 -0.17 -3.38 -0.49
-6.62 -0.96 bt ~0.62
1.52 0.22 7.10 1.03
0.76 0.11 -1.10 -0.16
L,27 0.62 -1.59 -0.23

. T, S Sy e T

2l.82 MW/m®  3.60 ksi
|
8.27 1.20 |
17.86 2.59
~5.38 -0.78
-20.75 -3.01
-2.h1 -0.35
8.27 1.20
~-4.55 ~0.66
~1.17 -0.17
-1.72 -0.25 |
1.3% 0.19 |
5.72 0.83
~5.38 -0.78
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Mean

Rows
Test Tenps.

By (-55°C)
Ry ( 20°C)
Ry {121°¢C)
R, (171°C)

Columns
Exposure Times

Gy ( 720 nrs)
Cs (1000 hrs)
§3 (1440 hrs)
&, (2400 hrs)

Treatments
Environments

1 (177°C)
%5 (121°C)
T3 (ambient)
@h (EA,RH, UV}

T T S P

Table XVIIT

Estimate of Environmental Effects on Composite

Transverse Tensile Modulus

P-1700

Polysulfone Matrix

4.69 GH/m?®  0.68 msi

2.55

2.76
0,50
=4.34

0.3h
1.17
~1.45
~0.07

-1.86
-0.k1
1.10
1.17

T U T PP T PP

C.37
0.40
-0.13
-0.63

0.05
0.17
~0.21
-0.01

-0.27
~0.06
0.16
0.17

Polysulfone Matrix

6.3k GN/m2

1.72
~0.48
-2.07

0.83

=0.97
1.10
0.kl
-2.,55

~2.07
1.38
1.2k
-0.55

I T S Ao VT A A T

0.92 nsi

0.25
-0.07
-0.30

0.12

~0.14
0.16
0.06
-0.37

~0.30
0.20
0.18
-0.08

PR-286
 Bpoxy Matrix
6.1% GU/m® 0.89 msi
b, 27 0.62
2,96 0.43
-1.79 -0.26
~5,kh -0.79
0.07 0.0
0.21 0.03
Oahl -0.06 .
0.07 0.01
0.41 0.06
0.07 0.01
0.21 0.03
~0.76 ~0.11

e ity Ll




Table XIX

BEstimate of Environmentsal Effects on Composite
Longitudinsl Tensile Strength

P-1700 360 PR-286
Polysulfone Matrix Polysulfone Matrix Epoxy Matrix
Mean 825,68 MN/m? 119.75 ksi 870,91 M¥/m2 126,3 ksi 890.97 Mi/m2 129,22 ksi
Rows
Test Temps.
By (-55°C) 198,23 28.75 141.55 20.53 199. 82 28,98
Ro ( 20°c) -36.68 ~5.32 -28,50 -4.13 157.07 22,78
Ry (121°C) 65.85 9.55 -27.30 -3.96 -45.78 -6.6h
Ry (177°C) -227.33 -32,97 -85.70 -12.43 311.03 45,11
5
Columns
Exposure Times
Cy ( 720 hrs) ~82,Th -12.00 168. 1k 2k .43 -95.77 ~13.89
Co (1000 hrs) 149,97 21,75 133.97 19.43 146.73 21.28
Cy {1440 nrs) 83.43 12,10 -128.11 ~-18.58 -39.03 ~5.66
Cy (2400 hrs) -150.59 -21.84 ~173.16 -25.18 -11.79 -1.71
Treatments
Environments
£1 (177°C) 15.38 2.23 228.98 33.21 96.05 13.93
T2 (121°C) -135.62 -19.67 -138.59 ~20.41 ~159.90 -23.19
T3 (ambient) 105,15 15.25 -158.10 -22.93 109.8% 15.93
T, (HA,RH,UV) 15.17 2.20 69.85 10.13 -45.92 -6.66

o
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Mean

Rows
Test Temps.
& (-55°C)
Ro ( 20°C)
Ry (121°C)
Ry {177°C)

Columns
Exposure Times

Table XX

Estimate of Environmental Effects on Composite
Longitudinal Tensile Modulus

61 ( 720 hrs)
&> (1000 hrs)
63 (1440 hrs)
¢, (2400 hrs)

Treatments
Environments

T3 (177°C)
fis (121°C)
T3 (embient)
), (HA,RH,UV)

P-1700 360 PR-286
Polysulfone Matrix Polysulfone Mairix Epoxy Matrix
124.04 GH/m? 17.99 msi 135.76 GH/m® 19.69 msi 119.70 GN/m? 17.36 msi
-3.17 -0.46 -5.45 -0.79 1.93 0.28
0.21 0.03 5.38 0.78 1,45 0.21
12.27 1.78 0.83 0.12 6,541 0.93
-9.38 -1.36 -0.76 -0.11 -8.96 -1.h3
-15.2h -2.21 5.31 0.77 -1L,69 -2.13
2.96 0.h3 ~0.69 -0.451 3.17 0.46
20,89 3.03 2.07 0.43 3.17 0.46
-0869 ‘_0126 _5'}‘]'5 "'0.79 8-31} 1.21
-25.2h -3.66 0.90 0.13 18,82 2.73
18.48 2,68 ~4.90 -0.71 ~9.72 I
T-lo lc03 —1.2]4 -0018 1.93 0028
-0.h1 -0.06 5.2k 0.76 -11.10 ~1.61

e i - T R
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P-1700 360 PR-286

Polysulfone Matrix Polysulfone Matrix Epoxy Metrix

Mean T73.76 Mi/m? 112.22 ksi 943,58 MN/m2 136,85 ksi 1200.90 MN/m? 174.17 ksi
Rows
Test Temps.
R1 (~55°C) 88.12 12,78 48.95 7.10 209.95 30.45
Ry ( 20°C) 409.08 59.33 189.61 27.50 631.17 91.54
Rq (121°C) 194,78 28.25 80.33 11.65 33.23 L. 82
R, (177°C) -691.98 -100.36 -318.82 46,24 87k .42 ~126.82
Columns
Exposure Times
C; { 720 nrs) ~145,21 -21.06 -277.32 ~h0.22 -242, 8k ~35.22
Co (1000 hrs) 121,01 17.55 82.19 11.92 67.71 9.82
C3 (14L0 hrs) 137.21 19.90 151.00 21.90 53.92 7.82
Cy (2400 hrs} 113.01 -16.39 L4.13 .40 121.15 17.57
Treatments

Environments
) (177°C) ~245,16 -35.46 56.81 8.42 83.08 12.05
To (121°C) 22k, 78 32.60 -115.8% -16.84 ~1k6.17 -21.20
T3 (awbient) 55.T1 8.08 60.33 8.75 -9.79 ~1.k2
Ty, (HA,RH,UV) -35.92 -5.21 ~2,21 -0.32 72.88 10.57

Table XXI

Estimate of Environmental Effects on Composite
Flexursal Strength

PN SRS



Mean

: Rows

é Test Temgs.

! B (-55°C)
Ro ( 20°C)
Ry (121°C)
Ry (177°C)

0s

Columns

Exposure Times

Gy ( 720 nrs)
8> (1000 hrs)
ﬁ3 (1440 hrs)
&, (2400 hrs)

Treatments
Environments

1 (177°C)
To (121°C)
T3 (ambient)
i (HA,RE,UV)

Table XXII

Istimate of Environmmental Effects on Composite
Flexural Modulus

P-1700

Polysulfone Matrix

76.46 GN/m?

=97
31.58
106.46
15.79

~17.37
12,h1
-.T6
5.72

-23.4%
16.55
5,03
1.72

11.09 msi

~0,14
4,58
15,44
2,29

-2,52
1.80
-0,11
0.83

-3.40
2.0
0.73
0.25

104,18

-6.00
8.20
12,34
-1k, 48

~-27.51
6.96
-1.93
22,48

6.1k
-18.49
T.17
5.31

360 PR-286
Polysulfone Matrix Epoxy Matrix
GN/m?  15.11 msi 106,87 GN/m?  15.50 msi
-0.87 10.68 -1.55
1.19 25.86 3.75
1.79 22,20 3.22
-2,10 =37.37 ~5.42
-3.99 -22,40 -3.27
1.01 11.86 1.72
-0,28 -10.83 -1.57
3.06 21.51 3.12
0.89 17.58 2.55
-2.70 -11.03 -1.60
1.0L -13.38 ~1.9%
0.77 6.89 1.00
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Table XXIII

Effect of 177°C Exposure on Compasite
Shear Strength

0 720 hrs 2h0 hrs 1440 hrs 2400 hrs
Matrix Mi/m?  (ksi) Mi/mZ  (ksi) Mi/m*  {xsi) Mi/m?  (ksi) MU/m?  (ksi)

177°C Exposure, -55°C Test_Temp.

— v e o —— — e

P-1700 81.h 11,8 62.81 9.11 69.85 10.13 55.99 8.12 55.92 8.11
360 52.h 7.6 50,88 7.38 45,23 6.56 53.4L 7.75 49,30 7.15
PR-286 145.5 21.1 117.97  17.11 109.42 15,87 11k.59 16.62 96,81 1k4.0b

P-1700 66.2 9.6 51.78 7.51 58,81 8.53 bl 96 6.52 L, 89 6.51

360 36.5 5.3 47.85 6.94 ko,12 6.12 50.40 T.31 46,26 6.71

PR-286 220.0 17.h 107.01 15,52 98.h6  1k,.28 103.63 15.03 85.8k 12,45
177°C Exposure, 121°C Test Temp.

P-1700 Lho,6 7.2 26,48 3.84 33.51 k.86 19.65 2.85 19.58 2.84

360 39.3 5.7 43,99 6.38 38.34 5.56 k6. 54 6.75 L2.ko 6.15

PR-286 4.5 10.8 43,16 6.26 34,61 5.02 39.78 5.77 21.99 3.19
177°C Exposure, 177°C Test Temp.

P-1700 22.1 3.2 11.17 1.62 18.20 2.64 k,3h .63 h,27 .62

360 39.3 5.7 37.92 5.50 32.27 4,68 4o, 47 5,87 36.3L 5,27

PR-286 26,2 3.8 20.06 2,01 11.51 1.67 16.69 2.h2 T.65 1.11




Table XXIV

Sumary of Environmental Effects on
Composite Longitudinal Tensile Modulus

Test Temperatures

Exposure  Matrix -55°0 20°¢ 121°%
Ambient 286 N/ Slight drop N/E

1700 N/E Slight drop N/E

360 N/E N/E Slight drop
RH,HA, UV 286 Drop to 60% Drop ‘to ~70% Slight drop

1700 8light drop 8light drop Slight drop

360 Slight drop W/E N/E
177% 286 W/E N/E Slight increase

1700 Drop to 7C% Drop to 65% Drop to 75%

360 Slight drop N/E N/E
121°¢ 286  Slight drop Slight drop N/E

1700 N/E N/E Increase

360 Slight drop N/E Slight drop

N/E = No Effect

52

177°¢

8light drop

Slight drop
8light drop

Drop to

75%
Drop to

85%
N/E

/B
Drop to
65%
N/E

Slight drop
N/E
Slight drop
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Table XXV

Sumary of Environmental Effects on
Composite Flex Modulus

Test Temperstures

Exposure Matrix -55°C
Ambient 286 N/E
1700 W/E
360 S8light increase
RH,HA,UV 286 N/E
1700 8light drop
360 Slight increase
8]
177 C 286 81ight increase
1700 Drop to 60%
360 Increase
121°%¢ 286  Slight drop
1700 W/E
360 N/E

N/E = No Effect

2000

N/E
N/E
Increase

N/E
N/E
Increase

S8light increase
Slight drop
Increase

N/E

N/E
Slight increase

53

121°¢

Slight increase
8light increase
Increase

Increase
u/E
Increase

Increase
Drop to 60%
Increase

Slight increase
Slight increase
N/E

177°%¢

Increase
N/E
/B

Tnerease
~O
/%

Increase
~0

N/&

Increase
Increase

Slight drop

2 o
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Exposure Matrix

Ambient 286
1700
360

RH,HA,UV 286
1700
360

177°C 286
1700
360

121.°c 286

1700
360

N/E = No Effect

Table XXVI

Summayy of Environmental Effects on
Composite Shear Strength

Teat Temperatures

-55°C 20°C 121°¢c 177°C
Drop to 80% Slight decrease Drop to 55% Slight decrease
N/E N/E Slight decrease N/E
N/E Slight increase W/E N/E

Drop to 75% Slight drop Drop to 45% Drop to 25%
N/E N/E Slight drop Slight drop
N/E N/E N/E Slight drop
Drop to 65% Drop to 75% Drop to 30% Drop to O
Drop to 65% Drop to 70% Drop to 45% Drop to~0
N/E 81ight increase N/E Slight decrease
Slight drop W/E Drop to 65% N/E*
N/E N/E Drop to “5% N/E*
N/E N/E Slight increase W/E

*¥0 exposure value appeared low

Sk
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Exposure Matrix

Anbient 286
1700
360

RH,HA,UV 286
1700
360

177°¢C 286
1700
360

121°¢ 286

1700
360

N/E = No Effect

Table XXVII

Summary of Envirommental Effects on

Composite Transverse Tensile Strength

Teat Temperatures

-55°C

Drop to T0%
N/E
N/E

Drop to 50%
L E
/B

Drop to 60%
Drop to 60%
Slight Drop

Drop to 60%
Slight Drop
W/E

20°¢

e
N/E

Slight Drop
/E
Slight Drop

N/E
Drop to 60%
Drop to 60%

W/E

N/E
W/E

22

121°%¢

N/E
N/E
N/E

Drop to 65%
N/E
Slight Drop

Slight Drop
~0
Sliight Drop

N/E
Slight Drop
W/E

177°¢C

N/E
0
N/E

Drop to O
r\.o
Slight Drop

Drop to O
0
Drop to ~0

N/E
0
Increase

laag o
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Table XXVIII

Summary of Enviromnmental Effects on
Composite Longitudinal Tensile Strength

Test Temperabures

Exposure Mabrix -55°C 20°¢ 121°¢c 177°C
Ambient 286 N/E N/E Slight Decrease N/E

1700 N/E Slight Decrease Slight Decrease  Increase

360 Slight Decrease Drop to 65%  Drop to 65% Drop to 60%
RH,HA,UV 286 Slight Decrease N/E Drop to 70% N/E

1700 N/E 8light Decrease Slight Decrease Slight Increase

360 N/B W/E Drop to 75% S8light Decrease
177°¢C 286 N/E N/E Drop to 80% N/E

1700 N/E Drop to 80% Drop to 80% Increase

360 Increase N/E 8light Decrease N/E
121°¢ 286 N/E N/E Slight Decrease N/E

1700 Drop to 60% Drop to 60%  Drop to 65% N/E (~0)

360 Increase W/E N/E N/E
N/E = Ho Effect

56
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Txposure

Ambient 286
1700
360

RH,HA,UV 286
1700

177C 286
1700
360

121°¢ 286

1700
360

N/E = No Effect

Matrix

Table XXIX

Summayy of Envirommental Effects on
Compogite Flex Strength

Tegt Temperatures

~55°C

Slight Decrease (85%)

8light Decrease
N/BE

8light Decrease
Drop to 607
N/E

S8light Decrease
Drop to L5%
N/E

S8light Decrease
Slight Decrease
N/E

e

20°C 121°¢

N/E Increase

N/E Slight Increase
Inerease Increase

Slight Increase Increase
Drop to 70% N/E
Increase Increase

Slight Increase Increase
Drop to 70% 8light Decrease

Inerease  Slight Increase
N/E Increase
N/E Increase
Tnerease N/E
5T

177°¢

N/E
0 Strength
8light Decrease

Slight Increase
0 Strength
Slight Decresse

S8light Tneresse
0 Strength
Slight Decreagpe

N/E
W/E
S8light Decrease

)
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Table XXX

Summary of Environmental Effects on Composite
Composite Transverse Tensile Modulus

Test Temperatures

.‘
R T R T r

Exposure  Matrix ~559¢ 20°¢ 121% 1779
Anbient 286 N/E N/E N/E ~0

L700 N/E N/E Slight Drop ~0

360 i/E Drop to 60% Drop to ~50% N/E
RH,HA, UV 286 Slight drop N/E Drop to 654  N/E (~0) ;

1700 N/E N/E Drop to 75%  N/E (~0O)

360 Drop to 65% Drop to 35% Drop to 20% Slight drop
177% 285 N/E N/E Slight drop  N/E {(~0)

1700 Slight drop Slight drop Drop to 25% 0 mod.,

360 Drop to 50% Drop to 20% Drop to O Drop to 504 -
1219 286 N/E N/E Slight drop ~O

1700 /B /% Drop to 50% 0 mod.

360 N/E Drop to 60% Drop to 50% N/E

Data reflect resin modulus results a&ssuming 2400 hr, effect on 360 composites is

incorrect.

N/E = No Effect
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PR-286

P-1700

360

Table XXXT
Effect of 121°C Aging Plus Thermal Cyeling® on Cross-Plied Composite Tensile Properties
Tested at L5°
Test
Temp. Tensile Strength Tensile Modulus
°C MN [mg ksi. Gl /m? msi
20 220 31..8 b 2.09
188 27.3 21.0 3.0
121 119 17.2 1.1 1.60
88 12.7 7.6 1.10
20 86 12.5 10.5 1.52
20 76 11.1 15.5 2.25
53 9.2 k4.6 2.12
121 Lly 6.4 9.7 1.h1
50 7.3 11.0 1.59
aSpecimens aged 1000 hrs. @ 121°C then cycled 1000 times between -55°C and 177°C f
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39
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Lo
43

L6

47
48
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50
51
52
53
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Table XXXII

PR-286 Composite Stress-Rupture Results

Test
Temp. Stress

°g My/m° ksi

121 60
62
69
62
62
60
62
60
N 62
69
177 14
19
22
ol
26
28
30
31
35
38
L1
45
1
45
il
L5
1k
v l’-l‘
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.
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60

Rupture

Time

hrs

> 89,1
>281
33
o]
=208

0.1
0
>11h
>328
>256
>137
>115
>143
> 96
>143
>169
>108
>271
> 65
> 72
> 96
43

0.3
0
>1h0
0
>162
>208

Environmental
Exposure

As-Fabricated
As-Fabricated

1000 hrs @ 177°C
1000 hrs @ 177°C
1000 hrs @ RH,HA,UV
1000 hrs @ RH,HA,UV
1000 hrs @ ambient
1000 hrs @ ambient

As-Fabricated
As-Febricated

1000 hrs @ 177°C
1000 hrs @ 177°C
1000 hrs @ RH,HA,UV
1000 hrs @ RH,HA,UV
1000 hrs @ ambient
1000 hrs @ ambient
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Table XXITT

P-1700 Composite Stress-Rupbure Resulis

Test Rupture Environmental
Temp . Stress Time Exposure
¢ Mi/nf  ksi nrs
121 52 7.5 >11h As-Fabricated
59 8.5 16
59 8.5 0.2 As-Favricated
59 8.5 0 1000 hrs &€ 177°C
59 8.5 o} 1000 hre @ L77°C
59 8.5 128 1000 hrs @ RH,HA,UV
59 8.5 >185 1000 hrs @ RH,HA,UV
59 8.5 0.4 1000 hrs @ ambient
v 59 8.5 L5 1000 hrs @ embient
177 21 3.0 0.1 As-Febricated
i 2.0 25,2 As-Febricated
1h 2.0 3.8 1000 hrs @ 177°C
1l 2.0 0.9 1000 hrs @ 177°C
b 2.0 2.7 1000 hrs @ RH,HA,UV
1k 2.0 5 1000 hrs @ RH,HA,UV
1 1 2.0 h.2 1000 hrs @ ambient
14 2.0 0.3 1000 hrs @ ambient
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Table XXAIV

360 Composite Stress-Rupture Results

Test Rupture Environmentsl
Temp. Stress Time Exposure
°c MY /n° ksi hrs
121 36 5.1 >308 As-Pabricated
52 7.6 >189
62 9.0 2
62 9,0 0 As-Fabriecated
62 9.0 0 1000 hrs @ 177°C
62 9.0 0.3 1000 h»s @ 177°C
52 7.6 T6.2 1000 hrs @ RH,HA,UV
62 9.0 1l.h 1000 hrs @ RH,HA,UV
52 7.6 L8 1000 hrs @ ambient
- 62 9.0 8.3 1000 hrs @ ambient
177 31 L.5 >L26 As~-Fabricated
46 6.7 >191
56 8.1 1.4
31 k.5 >2Lo As-Fabricated
46 6.7 3.6
L6 6.7 > 65 1000 hrs @ 177°C
h6 6.7 o 1000 hrs @ 177°C
T 6.7 1.7 1000 hrs @ RH,HA,UV
46 6.7 3.6 1000 hrs @ RH,HA,UV
46 6.7 Lh.,o 1000 hrs @ ambient
Y 46 6.7 0.7 1000 hrs @ ambient
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EFFECT OF 177°C EXPOSURE CN —55°C COMPOSITE SHEAR STRENGTH
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EFFECT OF ENVIRONMENT ON UNNOTCHED COMPOSITE CHARPY IMPACT ENERGY
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Table A-1

Resin Flexursl Strength Messurements
After Environmental Exposure

(d/m?)
¢1 ¢s C3
To 19,1 T3 192.0 Ty 77.9
T 1151 T2 117.9 T3 106.2
3 6.0 TL 1,207 T2 g3
P T
T1 1365 2 1345 3 111.7
13 100.7 Ty To 139.3
T
2 8.3 3 16,9 1 93,1
T T T
3 129,6 L 53.1 2 183,h
iy i T
2 119.9 3 119.9 1 .1
m i i
1 15.9 2 17.2 3 7.3
96
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Table A-2

Resin Flexural Modulus Measurements
After Environmental Exposure

(aw/u?)
oy c, c,
R, | T T T
LI "2 o8 3 s.83 1 3,17
Bs| T T s
21 2 2.41 2 .62 3 2.89
Ro| T P T
31 3 0.0 1 5.0 2 o
¢y ¢ cs
R,| Ty q i
1 2,69 2 2.83 3 3.31
T T T
ol 3 3,03 L o6 2 2,55
Re | T T T
31 % o7 3 1 1 2,55
oy o, Cq
5.45 k.96 5.10
Ro | T 7
21 2 3.8 3 o.97 1 ).48
Re} T.. = T, o T
3170 15 2 .69 3 o0.21
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Teble A-3

Resin Tensile Strength Measurements
After Environmental Exposure

(M /m2)

T, Ty T

57.9 35.37 39.51
. . T
* 648 2 48.20 3 53,78
Ty T T
3 6.0 1 5.0 2 0.0

C G oy
Tl T T

52,k 2 52,20 3 55,23
T T T
3 3854 1 79,29 2 27,03
T T iy
2 40,50 3 27,30 1 2,06

N Co ¢
T T T
3 47,85 Y o0.00 2 20.06

P
"2 33,8 3 23,17 "L 43 0n
1 37079 % T2 10.27 T3 0.69
¥ Estimated
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Tgble A-l

Resin Tensile Moduwlus Measurements

After Environmental Exposure

(an/w®)

L]

T
1] 2 3,99 3 3.3

$3.10

3.03

3.10

. 0.0

0.0

1 3.99 3,17

3.24

27 2.96

2.83

2.07

2.55 *

5.52

k.55

0.0

*  Bestimabted
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P-1700
360
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P-1700
360
PR-286

P-1700
360
PR-286

Table B-l

Effect of 177°C Exposure on Resin
Flexural Strength

(v/me)

177°C Exposure, -55°C Test Temperature

-~
P P T T S A Y T T T O =P TP T

0 720 hrs, 1440 hes. 2400 hrs.
129.6 10k4,67 105.29 86.53
160.6 135.07 148,38 154,58
186.8 92,26 67.23 71.29
177°C Exposure, 20°C Test Temperature
117.2 109,70 110.32 91.63
141.3 135.56 148,86 155,07
13k k 57.57 32,48 39.99
177°C Exposure, 177°C Test Temperature

0 -2,69 -2,07 ~20.788
63.4 70.26 83.57 89.77
17.9 -16,27 -l1,37 -33.85
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Table B=2

Effect of Anbient Exposure on Resin
Flexural Strengih ’
(ra/m®)

AMB, Exposure, -55°C Test Temperature

[ 720 hrs. L0 hrs, 2400 hrs,
P-1700 129.6 120.87 121,49 102,7h
360 160,6 117,84 131,14 137.35
PR-285 186.8 168.79 . 1hk3.76 151,28
AMB. Exposure, 20°C Test Temperature
P-1700 117.2 125.90 126.52 107.77
360 1.3 118,32 131.62 137.83
PR-286 1341 134,11 109,01 116.52
AMB, Exposure, 177°C Test Temperature
P-1700 0 13.51 14,13 b, 62
360 631 53.02 66.33 72,54
P=-286 17.9 60,26 35,16 42,68
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P-~1700
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Effect of HA, RH, UV Exposure on Resin

Table B-3

Flexural Strength

(M/m>)

HA, RH, UV Exposure, -55°% Test Temperature

9o

129,6
160.6
186.8

720 hrs. 1440 hrs. 2400 hrs,
116,39 117,01 98,32
96,9k 110.25 116,46
147,55 122,52 130.0h

HA, RH, UV Exposure, 20°C Test Temperature

117.2
141.3
13h.h

121 42

97.35
112,87

122,11
110.73
87.8h

103.36
116.9%
95.36

HA, RH, UV Exposure, 177°C Test Temperature

9.03
32.13
39.02
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Table B-4
Effect of 177°G Exposure on Resi
Flexural Modulus .
(aN/m?)

177°c Exposure, -55°C Test Temperature

0 720 hrs 1440 hrs
2.28 2.62 2.83
2.55 2.90 2.62
k.20 6.3h 5.03

177°C Exposure, 20°C Test Temperature

2.62 2.41 2,62
2.69 2,69 2.4
3.10 L, o7 2,96

l"r"ToC Exposure, 177°C Test Temperature

0 -0, 1l @
2.28 2.00 1,72
0.28 2,00 0.62

104

2400 hrs

3.03
2,90

0.21
2,00
1.65
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P-1700
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P-1700
360
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P-1700
360
FR-286

Teble B-5

Effect of Ambient Exposure on Resln
Flexural Modulus '
(Gav/m?)

Anbient Exposure, -5500 Test Temperature

0 720 hrs 1440 hres
2,28 2,48 2,69
2.55 2,96 2.69
4,20 5.93 L. 62

Ambient Exposure, 20°C Test Temperature

2400 hrs

2.90
2.96
5.58

2,62 2,28 2,48 2.69
2,69 2.83 2,55 2.76
3,10 3.86 2,55 3.58
Awbient Exposure, 177°C Test Temperature
0 -0.28 ~0,14 0.07
2.28 2.14 1,86 2.1k4
0.28 _1.52 0.21 1.24
105
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Table B-6
Effect of HA, RH, UV Exposure on Resin
Flexural Modulus
(cn/m2)

HA, RH, UV Exposure, -55°C Test Temperature

0 720 hrs 1440 hrs 2400 hrs
P-1700 2.28 2.69 2.83 3.10
360 2,55 3.10 2,83 3.10
PR-286 L.20 k.90 3.58 4,62

HA, RH, UV Exposure, 20°0C Test Temperature

P-1700 2.62 2.48 2.69 2,90
360 2.69 2.90 2,62 2.90
PR"286 3 nlo 2'90 1-52 2.55

HA, RH, UV Exposure, L77°C Test Temperature

P-1700 0 0,14 0,07 0.28
360 2,28 2,21 1.93 2,21
PR-286 0.28 0.55 -0,83 «0,28
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Table B~-T
Effect of HA, RH, UV Exposure on Resin

Tensile Strength
(/)

HA, RH, UV Exposure, -55°C Test Temp

0 720 hrs 14h0 hrs 2400 hrs

P-1700 76.5 h8,33 35.30 38.54

360 56.5 54.19 63.43 38.61
PR-286 50.3 45.09 29.86 23,92 s
HA, RH, UV Exposure, 20°C Test Temp “
P-1700 16,2 59,6k 146.61 49.85 { ;
360 68.3 49,16 58.47 33.65 ;
PR-286 62.7 38.47 23,17 17.31 .
;

HA, RH, UV Exposure, 177°C Test Temp

P-1T00 5.17 .07 -8.96 | -5.72

360 17.9 23.99 33.30 8.48

PR-286 5,17 : 2h,62 9.38 3.52
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P-1700
360
PR-286

P-1700
360
PR-286

P~1700
360
PR-286

Table: B-8
Effect of 177°C Exposure on Resin

Tensile Strength
(M/n)

177°C Exposure, ~55°C Test Temp,

0 720 _hrs 1440 hrs
76.5 53.37 38.h7
56,5 58,40 67.71,
50.3 38.27 23,03
177°C Exposure, 20°C Test Temp.
hé,2 6h.,7h 51..64
68.3 53.44 62.68
62,7 31.65 16,34
1T7°C Exposure, 177°C Test Temp.
3.17 9.10 ~3.93
17.9 28.27 37.51
2.17 17.79 2.55

108

2400 hrs

43.58

Lo .87

17.10

5k4.88

37.92
10.48

~0.69
12.76
-3.31
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Table B-9

Effect of Ambient Exposure on Resin
Tensile Strength

(MY /m? )

Ambient Exposure, -55°C Test Temp.

0 720 _hrs 1440 hrs
76.5 53.99 40.96
56.5 53.57 62.81
50.3 43.23 27.99

Ambient Exposure, 20°C Test Temp.

hé,2 65430 52,26
68.3 48,5k 5785
62.7 36.61 21,30

Ambient Exposure, 177°C Test Temp.

5.17 9.72 15.33
17.9 23!37 32568
5,17 22.75 7.52

109 -
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2400 hrs i
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P-~1700
360
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P-1700
360
PR-286

P-1700
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Teble B~10
Effect of HA, RH, UV Exposure on Resin
Tensile Modulus

(en/uf)

HA, RH, UV Exposure, -55°C Test Temp.

0 720 hrs 1440 hrs
3.2k 3.65 3.31
3.38. 3.52 3.17
5‘93 5038 5-65

HA, RH, UV Exposure, 20°C Test Temp,

3.03 3.31 2,96
2.90 2,96 2.62
4,50 4,00 h.27

HA, RH, UV Exposure, 177°C Test Temp,

0 0,1k -0, 1l
2.34 2.3 2,00
3.03 0.14 0.34

110

2400 hrs

3.2k
3.31
5.58

2,96
2.76
h,21

-0,21
2,14
0.34
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Table B-11l

Effect of Awbient Exposure on Resin
Tengile Modulus
(aav/m?)

Anbient Exposure, -55°C Test Temp.

o 720 hrs 14h0 hrs
2h 3.86 3.52
.38 3.52 3.17
‘93 5-38 5-65

Ambient Exposure, 20°C Test Temp,

3.03 3,52 3.2k
2,90 2.96 2,62
h.21 4.07 h.27

Awbient Exposure, 177°C Test Temp.

0 0.34 0.07
2.34 2.34 2.00
0.28 0.1h o.h1

111
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P-1700
360
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P=1700
360
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P-1T700
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Table B-12
Effect of 177°C Exposure on Resin

Tensile Modulus
(Gir/m?)

177°C Exposure, -55°C Test Temp.

9 T20 hrs 1Lho hrs
3.2k 3.59 3.31
3.38 3.93 3.58
5.93 5.45 5.72

177°C Exposure, 20°C Test Temp,

3.03 3.31 2,96
2.90 3.38 3.03
h,21 b, 1k b1

177°C Exposure, 177°C Test Temp.

0 0,14 ~0.1h4
2.3k 2.76 2.4
0.24 0.21 0.48

112

2400 hrs

3.24
3.72
5.65

'0021

2455
0.41
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APPENDIX C

COMPOSITE DATA FROM TEST MATRIX




qTT

Ry

AT G e T LT e e e

P-1'700 Matrix

€1 Cp Cy Cy
T3 | | T2 | T2
1069 1248 | 1048 | 731
TlT | Ty | T3
731} 745 | 902.6} T777.8
Ty T3 T2 T
793 [1096 | 905.3| T7L.6
T, |0 | T3 [Ty
3794 81k |780.5] 419.9

¥ Rstimated

Teble C~1

Composite Tensile Strength Measurements
After Environmental Exposure

(00/®)

360 Matrix PR-286 Matrix

C, G C3 O Cy Cb C3 Oy

T, | Ty T, |T3 Tox YN
R, | 1275 103k | 869 |871.5 m, | 835-29|1469 | 931 (1120

™ | T Ty |Ty T Tl T |5,
R, 81k | 1172 [276.5 11107 R, 112k {1200 p 72k 1145

T3 | I, L ER T T, | T3 [T
R, 848 958 |1038 | 530.2 Ry 800 | 883 [932.9 | 765

T T, |, Ty, T | T |3
R, 1220 | 855 | 785.3|279.9 B, k22.0 600 [819.8 | 477.8




qTt
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Table C-2

Composite Tensile Modulus Measurements

After Environmeutal Exposurs

(on/m2)
P-1700 Mabrix 360 Matrix

C'-l Co 03 Cu Cq Co C3 CLL
Rf131.7pke.0 106.2 [123.h By |133.8 [131.7:124.8 130.72

Tl . T2 Tll» T3 TE T)-!» T_% Tl
Rol 99.3 3k.b4 129.6 {133.8 Ro [146,9145,5143.40128.9

T, T3 | Tp T T3 To i
R4[113.11136.5 |201.3 | 94.5 Ry [138.17128.9140.7 |138.6
Ril111.0i95.15 [1h2.7 1109.6 R, [145.5[125.5146.2[122.7

Ry

PR-286 Matrix

i . . -
T T P S T R et TPT TRE
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Table C-3

Composite Transverse Tensile Strength Measurements
After Environmental Exposure

(Mv/me)
P-1700 Mabrix 360 Mabrix PR-286 Mabrix
Cp C C3 G Cg C C3 C C; C O3 Oy
T3l Ty | T | Tp Ty | Ty | Tp | T T, | T3 | Ty [T
Rq|23.30[29.0 |11.93 [22.27 Ry (15.65] 15.8 | 17.65 13.51} Ry |31.65|57.9 |14.96[27.95
Ty | Tp | Ty [ T ENEYEEEED T2 | T | T [ my
Ro |10.41125.86(28.82 |22.96 Rp 116,00 15.86; 19,17 {3.303 Ro R7.99 {49.0 | bi.b [u3,.3Y
=2 N ENES ENESESEEY NN
- B3]13.58 9.6 [0.866[ k.27 R3 112.55] 9.0 [15.279[11.24 B3 15.31 |15.9 {24.h1}21.93
T, | Ty | T3 | Ty SN ENENES N ENENE
Ryl 1.331.048{1.59 | 0 Ry { 3.72| 5.58 | 6.212{13.8 By 4,48 9.7|0 [2.048

* Estimgbed
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LiT

P-1700 Matrix.

¥ Estimated

Table C-h

Composite Transverse Tensile Modulus
Measurements Af'ter Environmental Exposure

(GN/m?)

360 Matrix
G G G G
o, | | | L

R, 7.38 18.07 | 7.79 | 0.0014

5| L | T,
Ba16.76 |6.723 |2.586 | 0.827

* 'Tl*

T T T S N
Ry l7.52 [8.233]6.605] 6.605

PR-286 Matrix

0.0 |1.06210.63L 0.841




Q1T

P-1700 Mabrix

1365 {1358 | 724 | 14b9.3
Tl T, ), T3
1241 p31o | 731 | 1033.6
862 | 855 | 112k 3L.0
T, |7y Ty T
1111 {120.7 6k.1 S1.h4

Composite Flexural Strength Measurements

Table C-5

After Environmental Exposure

(M0/m2 )
360 Mabrix
C1. Co C3 Cy
T], T, T, | T3
1310 | 1345 [|1234 [1257.6
To Ty, Ty | T1
1055 | 1276 | o5 |1034
1076 | 1020 | 965 | 291.6
T, T3 Ty | To
662.6| 738 | 807 31.0

Ry,

PR-286 Matrix

C1L Co C3 Cy
1848 | 183411931 11805.8
T3 Ty | T Ty,
1896 | 1800 | 1827 }183k
103k | 103k | 1034 {161.3
T T, | Ty | T3
296 352 { 496 [115.1

T . ;
P L R VPR 1T T TY ¥ R LPW JRTY




" ‘\l\v L — ;;.
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.; Table C-6
%é Composite Flexural Modulus Measurements
After Environmental Exposure
y (an/n?) :
!
P-1700 Matrix 360 Matrix
¢, Cp O3 Oy ¢, O €3 Oy
B T T T, | T
. T3t | T T o e T T
g R1 ,1118.6 95.2( 88.3( 135.1 Rl |126.9106.2[141.3 [113.8
| T T i T
| Tl T j Ty | T3 . 2 L 3 1
© Bz |100.0| 98.6] 98.6] 100.7 2 |107.6015.1 [113.1 [122.0
.5 ™| Ty | T | T1 ) | T2 | Tio|
* ! 119.3| 85.5 [120.7 {0.283 3 |1ok.1) 93,1 |126.9] 52.4
To [Ty § T3 | T N IR T
Ry | 17.9]23.4 {214 j18.27 Ry | 86.2|9k.5 |125.5] 2.661
é
!
:
'
ha-m-- & ik - L

» .
i e iR e . ga A Lesmie o asel  onel L e o

PR-286 Matrix

T2 T3 Tu Tl
133.8 1108.2}140.04 139.3

Ty il o |Th
41,3 |110,.3|3%0.0[1k6.2

Ty Tu T3 T2
R31133.6 [107.6 [124.3.] 49.0

Tu TQ Tl T3
By, 61.k | 57.91109.6| L40.3k




0ct

P-1700 Matrix

T3 Tu Tl TE
90.3|77.9| 46.9 | 77.2
Tl TQ T} T3
52 . k{62,01 65,009 68.81
T, | T3 I Ty
10, 8149.6 [ k.61 7.6
Té Ty T3 Tu
12.4138.6| 15.9 | 18.6

Table C-T

Composite Interlaminar Shear Strength Measurements

Ry

Rp

Ry

After Environmental Exposure
(mv/n?)

360 Mabrix

Cy Co C3 Cy,

T | T | T2 | T3
6.2 b2.1} 60.0] 50.795 Ry
T2 Tg T3 T
49.61 38.6| 51.0] 47.6 L)
T3 To T Ty
bho1f b2l 45,50 k0.0 R3
Ty T3 Th To
ho,7| 35.8{3k.5 | 35.8 Ry

PR-286 Matrix

Cy Ca C3 Cy

To T3 T, (T3
147.6[142,0 |137.62] 63.30
T3 Tl Tg Tu
115.1 j105,5 {121.97} 10k.1
Ty | e | Ty (T
60.71 31.7| ik | 57.2
Ty, T, Ty |3
16.5| 26.2] 25.5 { 30.3




CALCULATED CCMPOSITE FROFERTTES
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Matrix
P-1700

PR-286

P-1700
360
PR-286

P-1700
i 360
; PR-286

P-1700
360
PR-286

Table D-1

Effect of HA, RH, UV Exposure on Composite
Longitudinal Tensile Strength

HA, RH, UV Exposure, ~55°C Test Temperature

o} 720 hrs 240 hrs 1440 hrs 2400 hrs

1027 My/m°  956.34 1189,0k 1118.92 888.19

834 1250.75 1216.28 954,20 908,69
1255 949,10 1191.59 1005.8% 1033,08
HA, RH, UV Exposure, 20°C Test Temperature

927,k 721.kh2 954,13 887.59 653,58

8h1 1030.72 10L6,25 784,17 732,94
1106,6 906.35 1148,84 963,09 990,33
HA, RH, UV Exposure, 121°C Test Temperature

975.6 823.95 1056.66 Q990,12 756,11
1007 1081.89 1ok7. b2 785.34 739.83
1200 703,50 9h5,99 760,24 787 .48
HA, RH, UV Exposure, 177°C Test Temperature

251.7 530,78 763 .48 696.95 L62.93
" 865,3 1023,.49 989,02 726,94 681.543

607 438.25 680,74 4ol 99 522,23
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Meatrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D-2

Effect of 177°C Exposure on Composite
Tongitudinal Tensile Strength

177°% Exposure, -550C Test Temperature

o 720 hrs 240 hrs 1440 hes 2h00 hrs
1027 MN/m® 956,54 1189.25 1122,71 888.70
83k 1409.89 1375.41 113,34 1067.83
1255 1091.06 1333.56 11h7.81 1175.04
177°C Exposure, 20°C Test Temperature
927 .1t 721,63 954,34 887.70 653,78
841 1239.86 1205.38 943,30 897.80
1106.6 1048.32 1386.86 1105.,06 1132,30
177°%C Exposure, 121°C Test Temperature
975.6 824,16 1056,87 990,12 756.31
1007 12h1,03 1206.56 ghl 48 898.97
1200 845,46 1290.81 1105.06 929,45
177°C Exposure, 177°C Test Temperature
251,7 530.98 763.69 697.15 463.14
607 580.21 822,71 636.96 66k.,.20
123
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K

Matrix

P-1700
360
PR-286

P-1700
360
PR-286

?-1700
360
PR-286

P-1700
360
PR~286

Table D=3

Effect of 20°C Exposure on Composite
Longitudinal Tensile Strength

20°%C Exposure -55°C Test Temperature

PRI B 0 TR o

o 720 hrs 240 hrs 1450 hrs 2400 hrs :
1027 MV/m® 1046.32 1279,02 1212,48 978,47 L
83 1191.25 988.33 726.25 680,74 j
1255 110k.85 1347.35 1161..60 1188.84 :
20°%C Exposure, 20°C Test Temperature i
927.38 811.40 104h.11 97757 743,56
81 852.77 818.30 556,22 510.71
1106.6 1062.1% 130k.60 118.85 1146.09 )
20% Exposure, 121°C Test Temperature '
975.6 913.93 1146.64 1080,10 846.08
1007 853.95 819.47 55739 511.83
1200 859.25 1101.75 916.00 glh3.2h
20°%C Exposure, 177°C Test Temperature 5
251.7 626.76 853.46 786,93 552,91 |
865.3 795.55 761,07 %499.20 153,48 :
607 594,00 836.50 650.75 677.98 %
124 o
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Matrix

porot B-1700
: 360
i PR-286

P~1700
i 360
- PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D4

Effect of 121° Exposure on Composite
Longitudinal Tensile Strength

12100 Exposure, -5500 Test Temperature

0 720 hrs 240 hrs 1400 hrs 2400 hrs
1027 My/m®  805.54  1038.25 971,71 737,70
834 1409.89 1375. 41 113,34 1067.83
1255 1091,06 1333.56 1147.81 1175.04
121°C Exposure, 20°C Test Tempersture
927.38 570.63 803,3k 736.80 502.78
8l 1239,86 1205,38 9l43,30 897.80
1106.6 1048.32 1290.81 1105.06 1132.30
1219%¢ Exposure, 121°C Test Temperature
975.6 673.16 905,86 839.33 605.31
1007 1241,03 1206.56 bl 4B 898.97
1200 845,46 1087.96 502.21 929,45
121% Exposure, l’?'TOTest Temperature
251,7 379.96 612,69 546,15 312,14
865.3 1182.63 1148,16 886.08 840.57
607 580,21 8e2.71 636,96 664,20
125
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Matrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D-5

Bffect of HA, RH, UV Exposure on Composite

HA,
9

131 GN/x
15
138

138
138
145

138
145

131

12k
145
131

Longitudinal Tensile Modulus

RH, UV Exposure =55°C Test Temperature

720 hre 2L0 hrs lMHO hrs
105.22 123,k2 141,35
10,86 132.73 138,52
95,84 101.91 101.91

RH, UV Exposure, R.T. Test Temperature

108,60 126.80 ik 73
151.69 143.55 149.35
95.36 113,22 113.22

RH, UV Exposure, 250°F Test Temperature

120,66 138.86 156,79
17,14 139,00 144,80
100.32 118,18 118,18

RH, UV Exposure, 350°F Test Temperature

99.01 117.21 135,1%
145,55 137.41 13,21
84,05 101,91 101.98

126

2400 hrs

111.77
130.11
118,87

115.15
140.93
118.39

127.21
136.38
123.35

105.56
134.80
107.08
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Li . Matrix

¥ P~1700
! 360
PR-286

3 P=-1700
i 360
PR-286

g 2-1700
i 360
I PR-286

P=1700
: 360
PR-~286

Table D-6

Effect of 177°C Exposure on Composite
Longitudinal Tensile Modulus

177°C Exposure -55°C Test Temperature

[¢] 720 hrs 240 hrs
131 GN/m® 80.40 98.60
145 136,52 128,38
138 125,76 143,62
177°C Exposure T70°C Test Temperature
138 83.77 101.98
138 146,93 139,21
145 125.28 143,14
177°C Exposure 121°C Test Temperature
138 95,8l 11k.04
ikhs 1h2.80 134.66
131 130,25 148,10
177°C Exposure 177°C Test Temperature
12h 7,19 92.39
15 1k1.21 133.07
131 113.97 131.83
127

1440 hrs

116.52
13k.18
143,62

119,90
145.00
143,31k

131.97
140,45
148.10

116,32
138.86
131,83

2400 hrs

86.94
125,76
148.79

90.32
135.59
148,31

102,39
132.25
153.28

80.74
130,45
137.00
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Table D=T

Effect of 20°C Exposure on Composite
Longitudinal Tensile Modulus

20°C Exposure -55°C Test Temperature

Metrix 0 720 hrs 240 hrs 140 hrs 2h00 hrs
P-1T700 131 Mm/m? 113.36 131.56 149,48 119.90
360 15 134,38 126.25 132,04 123.63
PR-286 138 108.87 126.73 126.73 131.90

20°C Exposure 20°C Test Temperature

P-1700 138 116,11 134.31 152,54 122,66
360 138 145,21 137.07 12,86 134,45
PR-286 145 108.39 126.25 126.25 131.h2

20°C Exposure 121°C Test Temperature

P-1700 138 128.18 146.38 164,31 13k.73
360 145 141,07 132,94 138.73 130,32
PR-286 131 113.35 131.21 131.21 136,38

20°C Exposure 177°C Test Temperature

P-1700 i2h 106,53 12h,73 142,66 113,08
360 145 139.07 130.94 136.73 128.32
TR-286 131 97.08 11,9k 1ik,.9k 120.11

128
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Mabrix

P-1700
360
PR-286

P-1700
360
PR-286

P~1700
360
PR-286

P~1700
360
PR-286

0 720 hrs 240 hes 1440 hrs
131 a/m 12)4.31 k2,31 160, 2L
145 130.73 122,59 128.38
138 97 .22 115.08 115,08

121°C Exposure 20°C Test Temperature
138 127.49 145,69 163.62
138 141.55 133.he 139.21
145 96,7k 114,59 114,59

121.°C Exposure 121°C Test Temperature
138 139.55 157.76 175.68
1h5 137.42 129,28 135.07
131 101.70 119,56 119.56

121°C Exposure 177°C Test Temperature
124 117.90 136.11 154,03
145 135,42 127.28 133.07
131 85.43 103.29 103,29

Table D=5

Effect of 121°C Exposure on Composite
Longitudinal Tensile Modulus

121°C Exposure -55°C Test Temperature

129

2400 hrs

130.66

119.97
120,25

134.0h
130.80
119.77

146,10
126,66
12k,73

12k .45
124,66
108.46

e e e A




Matrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D=9

Effect of HA, RH, UV Exposurs on Composite
Transverse Tensile Strength

HA, RH, UV Exposure, -55°C Test Temperature

0 720 hrs 240 hyg 1440 hrs
26.2 MN/m? 2l 48 28.68 25.62
20.0 19,10 ik,g6 28,55
55.2 25.30 35.99 23.17

HA, RH, UV Exposure, 20°C Test Temperature

28.3 2l .89 29,10 26 .06
18.6 10.1k4 9.72 19.58
b3,k 45,58 32.75 32.75

HA, RH, UV Exposure, 121°C Test Temperature

15.2 12.55 16.75 13.72
11.7 8.55 8.k 18.00
23.h 11.65 22,13 9.52

HA, RHM, UV Exposure, 17:": Psuyt Temperature

o 3.93 8.14 5.10
7.6 3.93 3.52 13.38
7.0 3.72 6.96 5.86

130

ok 68
17.58
26.55

25.10
8.62
36.13

12.75
7.03
12.89

o
SEE

2h00 hrs i
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Matrix

P-1700
360
PR~-286

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

0 720 hrs 240 hrg
26,2 MN/m? 13,58 17.79
20.0 16.11 16.00
55.2 28.96 39.65
177°C Exposure, 20°C Test Temperature
28.3 1k.00 18,20
18.6 7.45 17.03
43.h 38.54 49,23
177°C Exposure, 121°C Test Temperature
15.2 1.65 5.86
1.7 5.86 5,45
23.k 15.31 25.99
177°C Exposure, l77°C Test Temperature
0 -6.96 2.8
7.6 1.2,4- 0.83
7.0 0.07 10.62

Table D-10

Effect of 177°C Exposure on Composite
Trangverse Tensile Strength

177°C Exposure, -55°C Test Temperature

131

1440 hrs

1k,76
25.86
26.82

15.17
16 .80
36 .40

2.83
15,31
13.17

-5.79
10,69
-2.14

13.79
14.89
30.20

ik.20
5.93
39.78

1.86
h.3%
26.55

-6.76
-0.28
1.17

T R TTTIPI

2400 hrs




Table D~11 -

Effect of 20°C Exposure on Composite
Trarsverse Tensile Strengbh

20°C Exposure, -55°C Test Temperabture

Matrix ¢} 720 hrs 240 hrs 1440 hrs 2400 hrs
P-1700 26.2 MN/m2 20.96 25.17 22.13 21.17
360 20.0 19.58 19.17 29.03 18.06
PR-286 55.2 36.k0 47.09 34.37 37.65

20°¢ Exposure, 20°C Test Temperature

P-1700 28.3 - 21.37 25.58 22.55 21.58
360 18.6 10.62 10.20 20.06 9.10
PR-286 h3.b 45.99 56.68 43.85 47.23

20°C Exposure, 121°C Test Temperature

P~1700 15.2 9.03 13.2h 10.20 9.2k
360 11.7 9.03 10.20 18.48 7.52
PR=-286 23.L 22,75 33.44 20.62 23.99

209 Exposure, 177°C Test Tempersture

P-1700 0 0.41 4 .62 1.59 0.62
360 7.6 hoba 4,00 13.86 2.90
PR-286 7.0 7.38 18,06 5.24 8.62

132
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Matrix

P-1700
360
PR~286

P~1700
360
PR-286

P-1700
360
PR-285

P-1700
360
PR-286

Table D~12

Effect of 121°C Exposure on Composite
Transverse Tensile Strength

121°C Exposure, -55°C Test Temperabure

0 720 hrs ohQ hrs
26.2 MN/m® 21.72 25.92
20.0 27.79 27.37
55.2 31.99 k2,68

121°C Exposure, 20°C Test Temperature
28.3 22.13 25.17
18.6 18.82 18.41
h3.4 41,58 52,26

121°C Exposure, 121°C Test Temperature
15.2 9.79 ik, 00
11.7 17.24 16.82
23.h 18.34 29.03

121°C Exposure, 177°C Test Temperature
0 1.17 5.38
7.6 12.62 12.20
7.0 2.96 13.65

133

1440 hrs

22,89

37.23
29.86

23.31
28.27
39.hk

10.96
26.68
16.20

2.3k4
22.06
0.83

2400 hrs

21.93
26.27

33.23

22,34

17.31
L2,82

10.00
15.72
19.58

1.38
11.10
4 23
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Mecbrix

P-1700
360
PR-286

P~1700
360
PR-286

P~1700
360
PR-286

P-1700
360
PrR-286

Table D-13

Effect of HA, RH, UV Exposure on Coumposite
Transverse Tensile Modulus

HA, RH, UV Exposure -55°C Test Temperature

o] 720 hrs 2h0 hrs 1440 hrs
8.14 GN/mE 8.76 9.58 6.96
8.171 8.48 8.62 7.93
11.0 g.72 9.86 g.2h4

HA, RH, UV Exposure 20°C Test Temperature

8.20 8.96 10.00 6.14
7.79 6.27 6.41 5.72
10.55 8.41 8.55 7.93

HA, RH, UV Exposure 121°C Tegt Temperature

7.10 5.31 6,14 3.52
6.69 : 4.69 4,83 L, 1k
6.102 3.65 3.79 3.17

HA, RH, UV Exposure 177°C Test Temperaturs

0 1.86 2.69 0.
5.550 7.31 7.45 6.
0.931 o] 0.14 -0.

13k
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2400 nhrs

4,90
1.17
3.65
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Matrix

P-1700
360
PR-286

P~.1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D=1k

Effect of 177°C Exposure on Composite
Trensverse Tensgile Modulus

177°C Exposure -55°C Test Temperature

0 720 hvs 240 hrs 1140 hrs 2400 hrs
8.1k GN/m2 5.72 7.17 3.93 5.31
8.i71 6.96 7.10 6.41 3.45

11.0 10,89 11,00 10.Lk1 10.89

177°C Exposure 20°C Test Temperature

8.20 7.17 8.00 5,38 6.76
7.79 4,76 4,90 h,21 1.24
10.55 9.58 9.72 9.10 9.58

177°C Exposure 121°C Test Temperature

7.10 2,28 3.10 0.48 1.86
6.69 3.17 3.31 2,62 -0.34
6.102 4,83 4,96 4,3k 4,83

177°C Exposure 177°C Test Temperature

0 -1.17 -0.34 -2.96 -1.58
5.550 6.07 6.21 5.52 2.55
0.931 1.17 1.31 0.69 1.17
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Matrix

P-1700
360
PR~286

P-1700
360
PR-286

P-1700
360
PR~286

P-1700
360
PR-286

Table D-15

Effect of 20°C Exposure on Composite
Transverse Tensile Modulus

20°C Exposure -55°C Test Temperature

0 720 hrs 20 hrs
8.14 aN/u” 8.69 9.52
8.171 10.27 20.41

11.0 10.69 10.82

20°C Exposure 20°C Test Temperature

8.20 8.89 9.72
7.79 8.07 8.21
10.55 9.38 9.52

20°C Exposure 121°C Test Temperature

7.10 5.2k 6.07
6.69 6.48 6.62
6.102 I, 62 L, 76

20°C Exposure 177°C Test Temperature

0 1.79 2.62
5.550 9.38 9.52
0.931 0.96 1.10

136

1440 hrs

6.90
9.72

10.20

2400 hrs

8.27
6.76
10.69

8.48
k.55
9.38

4,83
2.96
L. 62

1.38
5.86
0.97
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Metrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
Pr-286

P-1700
360
PR-286

Table D-16
Effect of 121°C Exposure on Composite
Trensverse Tensile Modulus
121°¢ Exposure -55°C Test Temperabture

] 720 hrs 2Lo hrs 1440 hrs
8.14 an/u’ 7.17 8.00 5.38
8.171 10.k1 10.55 9.86
11.0 10.55 10.69 10.07

121°C Exposure 20°C Test Temperature
8.20 7.38 .8.21 5.58
7.79 8.21 8.34 7.65
10.55 9.2k 9.38 8.76

121°C Exposure 121°C Test Temperature
7.0 3.72 4,55 1.93
6.69 6.62 6.76 6.07
6.102 4 48 b 62 4. 00

121°C Exposure L77°C Test Temperature
0 0.28 1.10 -1.52
5.550 9.52 9.65 8.96
0.931 0.76 0.90 0.28

137
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Mabrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D-1T

Effect of HA, RH, UV Exposure on Composite
Flexural Strength

HA, RH, UV Exposure, -55°C Test Temperature

0 720 hrs 240 hrs ko hrs
1186 M /m” 6007k 946.96 963.16
965 713.01 1072.52 11h1.33
1910 12%0.89 1551, 4k 1537.65

HA, RH, UV Exposure, 20% Test Temperabure

1227 1001,70 1267.92 1284 .12
758 853.67 1213.18 1281.99
1834 1662,11 1972.66 1958.87

HA, RH, UV Exposure, 121°C Test Temperature

81k 787.41 1053.62 1072.93
92k Thi .38 1103.89 1172.70
889 106k.17 137h.72 1360-~0h

HA, RH, UV Exposure, 177°¢C Test Temperature

83 -99,36 - 166.86 183.06
817 345.23 704 Th 773.55
331 156.52 467.07 453,28

138

2h00 hrs

T12.94%
103k.4o
1604 .88

819.61
1175.11
2026,10

819.61
1065.83
1428.16

-67.16
666.68
520.50
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Table D-18

Effect of 177°c Exposure on Compoéite
Flexural Strength

177°C Exposure, -55°C Test Temperature

I - Mabtrix [¢] 720 hrs o0 hrs 1440 hrs 200 hrs
P-1700 1186 MN/MF 470,91 7371k 753435 503.13
360 965 T73.27 1132,78 1201,54 109k.,72
PR-286 1910 1251,10 1561.65 i547,86 1615.08

l"("?oc Exposure, 2000 Test Temperature

P-1700 1227. 793.13 1055 1075.55 825.33
360 758 913.93 1273.09 13h0.25 1235,38
PR-286 1834 1672.31 1982.86 1969,07 - 2036.30

177°C Exposure, 121°C Test Temperature

P-1700 81k 578.84 845.05 861,25 611.03
. 360 ook 8ok.65 116k,15 1232.96 1126,0L
PR-286 889 107438 1364.93 1468, 77 1438.36

177°C Exposure, 177°C Test Temperature

P-1700 83 -307.93 -ha,71 25,51 -275.73
260 817 4o5.49 765.00 833.81 726,904
PR-286 331 166.72 L77.27 443,48 530.71

139
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Mabrix

P~1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-~286

P-1700
360
PR-286

0 720 hrs 240 hrs 1440 hrs
1186 MN/m? 772.38 1038.59 1054.80
965 775.55 1135.05 1203.87
1910 1158.22 1468.77 1hs5h,98
20°¢ Exposure, 20°C Test Temperature
1227 1093.34 1359.56 1375.76

758 016,21 1275.71 134k
1834 1579. b4 1889.99 1876.20
20°%C Exposure, 121°C Test Temperature
81k 879.04 1145,.26 116146
g2h 806.92 1166.43 1235.2L
889 981,50 1292,05 1278.26
20% Exposure, 17700 Test Temperature
83 ~7.72 258,49 274,70
817 hov.77 767.28 836.09
331 73.84 38k,40 370.61
1ko

Table D-19

BEffect of 20°C Exposure on Composibe
Flexural Strength '

2000 Exposure, -55°C Teat Temperature

2400 hrs

8oL.58

1096.99
1522,21

1125,54
1237.65
1943.42

911.24
1128.37
1345.49

24,48
729,22
437.83
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Mabrix

P~1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PRrR-286

P-1700
360
PR-286

Table D~20

Effect of 121°C Exposure on Composite
Tlexural Strength

121°C Exposure, -55°C Test Temperabure

9 720 hrs 240 hrs
1186 M/m> ol laly 1207.65
965 599.11 958.61
1910 1021.84 1332.39

1210C Exposure, 20°C Test Temperature

1227 126240 1528,62
758 739.76 1135.05
1834 1h43.05 1753.61

121°% Exposure, 121°¢ Test Temperature

81k 1048,11 1314.32
ook 630.48 989.98
889 85,12 1155,67

121% Exposure, 177°C Test Tempersture

83 161.34 127,56
817 231,22 590.83
331 -62,54 28,01

1h1

40 hes

1223,86
1027 .42
1318,60

154h,82
1168.08
1739,82

1351,21
1058.80
1141.88

Lh3,76
659, 6k
23k, 22

2h00 hrs

973. 6k
920.55
1385.83

129,61
1061.21
1807.0L

1080.31

951.92
1209.11

193.5k
552.77
501,45

N
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HA, RH, UV Exposure, ~-55°C Test Temperature
Matrix 0 720 hrs 240 hrs 1440 hrs 200 _hrs
2
F-1700 9k.5 GN/m 59.92 89.64 76,6k 82,95
360 101.L 75.98 110,46 101.56 125,97
PR-286 118.6 80.53 11k.94 02,26 12k ,59
HA, RH, UV Exposure, 22°¢ Test Tempersture
P .1700 122.7 92.39 122,18 109,01 115,49
360 86.9 90.19 124,66 115.77 140,18
PR-286 140.0 117.08 151,48 128.80 161,14
HA, RH, UV Exposure, 121°¢ Test Temperature
P -1700 109.6 90.81 120,59 107.42 113,91
360 105.5 ol.32 128,80 119,90 Ul , 31
PR-286 120.0 113.42 147.83 125,1% 157 .48
HA, RH, UV Exposure, 177°C Test Temperature
P -1700 - 0,14 29,92 16,75 23,24
360 1124 67.50 101,98 93,08 117.49
PR-286 16.5 53.85 88.26 65.57 97.91

Table D-21

Effect of HA, RH, UV Exposure on Composite
Flexural Modulus

EPOIEAPUUNIVENR P UOY S
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Matrix

P-1700
360
PR-286

P-1700

360
PR-286

P 1700

360
PR-286

P-1700

360
PR-286

~ "

¢

Table D-22

Effect of 17700 exposure on Composite
Flexural Modulus '

17700 Exposure, -5500 Test Temperature

720 hrs

gh.5 GN/m2 34,68

101k
118.6

102.7
86.9
140.0

109.6
105.5
120.0

1124
16,5

76.81
90.88

240 hrs 1440 hrs
6l 7 51,30
111.28 102.39
125,28 102,60

17700 Exposure, 20°C Test Tenperature

67.23
91.01
127.76

97.01 83.84
125,49 116,59
162,17 139.k5

177°C Exposure, 121°C Test Temperature

65,64

95.15
12,11

95,43 82,26
129,63 120,73
158.52 135,83

17700 Exposure, 177°C Test Temperature

25,03
€8.33
6l 5k

ll‘o76 "'8.1‘}'1
102.80 93.91
98.94 76.26

1h3

2400 hrs

57476
126,80
134,94

90.32
141,00
171,82

88.74
15,1k
168,17

~1.93
118,32
108,60
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Matrix
1700

PR~-286

B1700

PR-286

E1700
360
PR-286

B1700
360
PR-286

Table D-23

Effect of 20°C Exposure on Composite
Flexural Modulus

2000 Exposure, -55°c Test Temperature

;
0 720 hrs 240 hrs 1440 hrs 2400 hrs T
2 o
ok.5 GN/m 63.16 92,9k 79.78 86.26 P
101.b 77.84 112,32 103.k2 127.83 P
118.6 60.26 gh.67 71.98 104,32 i
2000 Exposure, 2200 Test Temperature i
122,7 95,70 125,49 112.32 119.42 | !
86.9 92.05 126.52 117.63 142,04 ]
140.0 96,81 131.21 108,53 140.86 !
20°¢ Exposure, 121°¢ Test Temperature j
109.6 o, 12 123,90 110.73 117,22 -
105.5 96,32 130,66 121.76 146,17
120.0 93.15 127,56 10k.87 137.21 4
20°¢ Exposure, 177°C Test Temperature | _-]
- 3.45 33.23 20.06 26,54 ':!
112,h4 69,36 103.84 gl ok 119.35 ’
16,5 33.58 67.98 45.30 77 .64
a
1
i
ikh
1 b
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Matbrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

F -1700
360
PR-286

0 720 hrs 240 hrs k0 hrs

9k.5 cN/m” h. 67 10k, 46 91.29

101.4 52,06 86.53 7. 6l

118.6 62.61 97.01 4. 33
12100 Exposure, 2000 Test Temperature

122.9 107.22 137.00 123.R3

86.9 66,26 100,74 aL.bY

140.0 99,15 133.56 110 87
12100 Exposure, 12100 Test Temperature

109.6 105.63 135.kh2 122,25

105.5 70,40 104,87 95,98

120.0 95.50 129,90 107.22
1219¢ Exposure, 177°¢ Test Temperature

- 14,96 bl 75 31.58

112.4 43,58 77.98 69.16

16.5 35.92 67.98 by, 6k

145

Table D-24
Effect of 12100 Exposure on Composite
Flexural Modulus

12100 Exposure, -5500 Test Temperature

2h00 nrs

97.77
102.05
106,66

130.32
116.25
143,21

128,73
120.39
139.55

38,06
93,56
79,98

boLc, 2
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Mabrix

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR-286

Table D=25

Effenst of HA, RH, UV Exposure on
Composite Shear Strength

HA, RH, UV Exposure, -55°C Test Temperature

0 720 hrs 240 hrs 1440 hrs
8L.h MN/m? 77.98 85.02 71.16
52.5 46,75 41,09 19,30

145.5 126,73 118.18 123.35

HA, RH, UV Exposure, 20°C Test Temperature

66,2 66,95 7..98 60,12
36.5 43,71 38.06 46.26
120.0 115.77 107.22 112,39

HA, RH, UV Bxposure, 121°C Test [-mperature

k9.6 Ly, 6L 48.68 34,82
39.3 39.85 34,20 42,40
74.5 51.92 - 43,37 48,54

HA, RH, UV Exposure, 177°C Test Temperature

p2.1 26.3h 33.37 19.51

39.3 33.78 28.13 36,34

26.2 28.82 20.27 25, Lk
1h6

S S

71.09
45.16
105.56

60.06
42,13
gk, 60

3k.75
38.27
30.75

2400 hrs

T e et




Matrix

P-1700
360
PR-286

P--1T700
360
PR~ 286

P-1T700
360
PR-286

P-17T00
360
PR-286

Effect of 17

Table D-26

7°C Exposure on Composite
Shear Strength

177°C Exposure, -55°C Test Temp.
o} 720 _hrs 240 nrs 1440 hrs 2400 hrs o
[ ‘ ' i o
8L.4 Mi/m~ 62,81 69.85 55.99 55,92 C
52.h 50.88 45,23 53. bk 49,30 s
145.5 117.97 109.h42 114.59 96,81 1
E
177°C Exposure, 20°C Test Temp. q
66.2 51.78 58,81 1,96 k.89 !
36.5 47.85 42,20 50.40 46,26 S
120,0 107.0L 98,46 103.63 85,84 ]
]
177°C Exposure, 121°C Test Temp. ; i
49.6 26.48 33.51 19.65 19.58 ‘
39.3 43,99 38.3% 46,50 42,40 | _
7h.5 43.16 3h.61 39.78 22,00 .
177°C Exposure, L77°C Test Temp.
22.1 11.17 18.20 .3k 4,27 -
39.3 37.92 32,27 ho. b7 36.3k o
26.2 20.06 11.51 16.68 7.65
1h7
i




v
g3
A et

I RETC IR

Matrix

P-1700
360
PR~286

P..1700
360
PR-286

P-1700
360
PR-286

P=1700
360
PR-286

Table D-27

Effect of 20°C Exposure on
Compogite Shear Strength

20°% Exposure, -55°C Test Temperature

0 720 hrs 2L0 hrs
8L.4 my/m® 82,53 89.57
52,4 52.33 46,68

15,5 136.38 127,83

20°¢ Exposure, 209C Test Temperature

66,2 T71.50 78.53
36.5 49.30 43,64
120.0 125.h2 116.87

20°¢ Expasure, 121°C Test Temperature

49.6 46,20 _ 53.23
39.3 45,4k 39.99
7h.5 61.57 53.02

20°C Exposure, 177°C Test Temperature

22,1 30.89 37.92
26.2 38.47 29,92
148

1440 hes

75. 7L
54.88
133,00

64,68
51.85
122,04

39.37
h7.99
58.19

24,06
L1 .92
35.10

5.6k

50.75
115.22

64,61
Yy, 7L
104,25

39.30
43.85
4o.40

- 23.99

37.78
17.3L

2400 hrs

ai s et . et

Y XPPRVEON SO W .

TR

R T T T



i Mg trix

P.1700
360
PR-286

P-1700
360
PR-286

P-1700
360
PR~286

P-1700
360
PR-286

0 720 hrs
81.L MN/m? 75.50
52,4 53.57

145.5 112,38
66.2 6l 47
36.5 50,54

120.0 131.42
k9.6 39.16
39.3 46,68
7k.5 67.57
22.1 23.86
39.3 ho.61
26,2 Wl L7

Table D-28

o]
Effect of 121 C Exposure on
Composite Shear Strength

121°¢ Exposure, ~55°C Test Temp.

_?40 hrs

82.53
7,02
133,83

121°¢c Exposure, 20°C Test Temperature

71,50
Lk .89
122,87

121% ExXposure, 121°C Test Temperature

46,20
hi.ce
58,74

121°% Exposure, 177°C Test Temperature

30.89
34,06
35.92

1440 hrs

68.67
56.12
139.00

57.6k

53.09
128,04

32,34
k9,23
6h.19

i7.03
43,16
41,09

2400 hrs

68.61

51.99
121i.21

57.57
48.95
110.25

32,27
k5.09
46,40

16.96
39.03
23,31
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