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This report describes the results of a program designed to optimize the
fabrication procedures for graphite/thermoplastic composites, measure the prop- r#
erties of the composites as a function of temperature and finally, to fabricate

`	 and test graphite/thermoplastic fan exit guide vanes. 	 Three thermoplastics
{	 were included in the investigation: 	 polysulfone, polyethersulfone, and poly-

arylsulfone.	 Type HMS graphite was used as the reinforcement.

It was found, that good quality composites having good mechanical properties
could be fabricated with polysulfone and polyethersulfone matrix composites, but
successful processing of polyarylsulfone composites was not achieved.	 Based on
static shear, flexural, and tensile properties and tensile stress-rupture testing
the upper use temperature of polysulfone matrix composites is somewhat less than
149 0C, for polyethersulfone matrix composites itis under 177°C, while the poly-
arylsulfone composites showed little effect of temperature at 2320C.

Bending fatigue tests of HMS graphite/polyethersulfone demonstrated a
gradual shear, failure mode which resulted in a loss of stiffness in the speci-
mens.	 Preliminary curves were generated to show the loss in stiffness as a
function of stress and number of cycles.

f	 Fan exit guide vanes of HMS graphite/polyethersulfoneware satisfactorily
fabricated in the final phase of the program.	 These were fou^d to ha-ve higher
stiffness and better fatigue behavior than graphite/epoxy vanes which were
formerly bill-of-material.
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1.0 INTRODUCTION

This program follows Contract NAS3-17833, "Graphite Fiber Reinforced Thermo-
plastic Resins" (Ref. 1) which United Technologies Research Center undertook in
order to characterize the mechanical behavior of thermo^lastic resins in neat and
reinforced form. The earlier program placed emphasis on determining the effects
of various environmental exposures on the mechanical properties of the composites.
In addition, two complex hardware items, a third stage fan blade and a fan exit
guide vane, were fabricated from graphite/thermoplastic in order to study the
feasibility of producing gas turbine enl rine structural components.

The primary conclusion of the study was that the two thermoplastics inves-
tigated, P-1700 polysulfone and Astrel 36o polyarylsulfone, were generally as
good or better than a baseline epo)W (PR-286) in resisting the various environ-
mental exposures. The P-1700 polysulfone was selected for the fabrication study
and both articles were fabricated without difficulty.

Although the results were generally positive, areas warranting further
study were identified. Properties had a rather wide scatter band in some cases,
indicating the need for further optimization of the impregnation/fabrication
process. Of the two thermoplastics, Astrel 360 polyarylsulfone had higher tem-
perature capability than required for the engine applications of interest, while
P-1700 polysulfone appeared to have a marginal upper use temperature. A material
with an intermediate use temperature would be more desirable. Finally, the
utility of the materials in engine applications could be substantiated only
through a test program in which structures were subjected to conditions repre
sentative of those in an engine environment.

The current program,conducted by United Technologies Research Center with
the Commercial Products Division of Pratt & Whitney Aircraft Group as a subcon-
tractorD was directed toward expanding the technology in the areas indicated by

the first contract.

The objectives of this program were to optimize the quality of graphite
thermoplastic composites through investigation of processing conditions and
to evaluate the performance of the optimized materials in both specimen and
hardware testing.

was divided into three technical tasks. During Task I the con-The program
ditions for processing of three thermoplastic resin composites were optimized
insofar as their effect on flexural and shear properties. Resins studied in-

itcluded polysulfone, polyethersulfone, and polyarylsulfone. The reinforcement 	 14

for all composites was HMS graphite. Both prepreg preparation and composite
consolidation parameters were studied.

2
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Under Task II the optimized techniques were used to fabricate composites of
each system and the following properties were measured:

t	 1) tensile strength ( +450)

2) flexural strength (00)
'	 3) interlaminar shear strength {0°)

4) impact strength (01)
{ '^
	 5) creep/stress rupture ( +450)

Following that testing one material system was selected for fatigue testing, and
one resin was used to evaluate the effect of a hybrid graphite/glass reinforcement.

In Task III the selected material was used to fabricate .fan exit guide vanes
of the type used in large gas turbine engines. These vanes were tested for stiff-
ness, natural frequency, and fatigue performance. Prepreg of the selected ma-
terial was prepared by United Technologies Research Center, and the vane fabrication
and testing was conducted by the Commercial Products Division of Pratt & Whitney
Aircraft Group.

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	 DTROVED MATERIALS PROCESSING

The primary objective of this task was to determine the optimum processing
techniques for unidirectional graphite reinforced composites having -three
different thermoplastic resins as matrix. 	 In addition the applicability of the
selected processing technique to a hybrid composite was to be determined for one
of the resins.	 Primary evaluation criteria were void contents as determined by
icroscopic observation, and mechanical properties of the unidirectional composites.

2.1	 Experimental Procedure

2.1.1	 Test Plan

Both impregnation techniques and composite consolidation cycles were eva.1-
uated for each of the matrix materials. 	 Impregnation variables included solvent,
solution concentration, use of wetting agent, winding speed, winding tension,
and drying conditions.	 Consolidation parameters were time, temperature, and
pressure involved in the molding cycle.

A unidirectional composite was made from the imp:regnated tape resulting from
each processing trial.	 A sample from the composite was metallographically pre-
pared and examined under the light microscope, primarily to observe fiber distri-
bution and void content. 	 Those specimens which appeared to be of good quality
were then tested to measure short beam shear and flexural properties. 	 Final
selection 

of 
processing conditions was based on a combination of good fiber dis-

tribution, low void. content, and high mechanical properties.

2.1.2	 Materials

The three thermoplastics evaluated were P-1700 polysulfone, Astrel 360
polyarylsulfone, and 300P polyethersulfone. 	 The P-1700 and 300P were in pellet
form, while the Astrel 360 was in a powdery form havin g a, i,-ide range of particle
sizes.	 In order to make the powder more uniform it was paswad through a screen
and only the -200 mesh materiaJ was used.

The graphite fiber was HMS in a 10,000 filament tow wi ,ch no sizing.

2.1.3	 Fabrication

All materia-Is were impregnated by passing the fiber through a solvent resin
solution and winding on a take-up drum to form a unidirectional prepreg tape.

The specific details of this process were varied during the course of this task

4
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as described in Section 2.2. Following the winding, the tape was cut from the
drum and dried to remove solvent. Composite consolidation, was carriedout be -
tween electrically-heated platens of a hydraulic press using steel molds to
produce specimens nominally 3.75 cm x 15 em x 25 cm (1.1/2 in. x 6 in. x .l in.).

2.1.4 Test Techniques

s

Short beam shear specimens were .63 cm (.25 in.) wide and were tested in
three point bending at a span-to-depth ratio of 4:1. Flexural specimens were
the same width but were tested at a span-to-depth ratio 

of 
32:1.32:1. In both oases

t	 the crosshead speed was 0.125 cm/min (0.05 in./min).

2.2 Results and Discussion

2.2.1 Polysulfone '-atrix Composites

a
The fabrication trials which were conducted with P-1700 polysulfone matrix

composites are listed in Table I. Nearly all runs were made with HMS fiber with
the P-1700 polysulfone concentration varying from 7.5 to 11% in a solvent of pure

x

	

	 methylene chloride or a mixture of equal parts methylene chloride and trichloro-
ethylene. The winding conditions include the speed of yarn travel, and the
number of pulleys the yarn passed under in the impregnation bath. The method,
used to remove solvent from the tape and the hot pressing conditions are given
and the notes primarily indicate those instances in which a wetting agent,
Tergitol NP-14, was added to the impregnation bath.

The primary objective of these trials was to achieve better impregnation
of the center of the graphite bundles. Resin concentration was lowered in order
to reduce solution viscosity. Trichloroe,thylene was added to the solvent to
slow evaporation rates and to encourage better_ penetration by better wetting.-

III

	

	 The winding speed and the number of pulleys in the resin bath were varied in
order to produ;^e a longer impregnation time. The grooves in the pulleys were
modified to encourage spreading of the yarn. Greater care was taken to insure
complete solvent removal from the prepreg;tape by drying the tape in a vacuum
oven. ` Two tapes were prepared by dry winding the fiber, then painting with
resin; ` numbers 21 and 23. All other tapes were impregnated in a wet winding

4	 technique,
i

A sample from each specimen was polished and examined microscopij:ally.
Based an that examination, selected, ` specimens were submitted for flexural and

i
short beam shear testing. The conditions utilised in Ref. 1 for Thornel 300/
P-1700 polysulfone were similar to those of ri;n number 2'except the pressure

I
was 6.9 MPa. Figure '1 is a photomicrograph if the baseline specimen of

^	 I

sl
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HMS/P-1700 polysulfone using the Ref. l conditions, and shows high degree of
porosity. This porosity is substantially greater than observed with the T300
composites and may be due to a greater difficulty in the resin penetrating the
larger HMS tow.

One path which was explored to reduce this porosity was to use a more
dilute solution thereby lowering the viscosity and improving the chances of the
resin fully penetrating the bundle. It was demonstrated that the 7.5% resin
solutions did not provide sufficient resin in the- composite, and at least an
8.7% solution was necessary. The effect of the lower concentration is shown in
Fig. 2. It was also shown that the application of greater pressure, as in
numbers 19 and 22 where the latter was hot pressed at a pressure five times
higher than the former, did not improve the microstructure of the composite as
illustrated in Fig. 3.

Fairly good. bundle penetration was obtained with the dry winding and hand
painting technique employed in composites 21 and 23 as shown in Fig. 4. This 	

1

possibly resulted from applying the, resin to the tow while it was spread out
on the drum and/or the penetration/separation which resulted from the brushing
operation. This technique is much more time consuming than the wet winding
process and does not lend itself to larger scale operations. Consequently, it 	 t'
was felt to be desirable to achieve better infiltration with the wet winding
process.	 -

The series of composites beginning with number 29 and running_ through 38
was primarily intended to explore the possibility than the porosity was due to
entrapped solvent which was not fully removed from the impregnated tape prior
to hot pressing. - This had encouraging results in that several of the composites
had lower porosity than earlier ones. In particular, specimens 32 and 34 shown'
in Fig. 5 had the best microstructures of any of the polysulfone matrix composites
examined to that date. Both exhibited areas which were void free but also had

"	 some bundles with internal porosity.

A modification of the tape making process was initiated withcomposite 39.
In order to reduce the tension in the yarn during the impregnation process and
thereby improve the degree of infiltration, a driven roller was placed inline
just before the impregnation bath. The speed of the roller was' adjusted to
produce nearly the same circumferential velocity as the take-up drum which re-
sulted in very low yarn tension between the two. The rollers were covered with
soft foam rubber to produce the necessary friction to drive the fiber bundle
without abrading it.

I^	
t
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Microscopic examination of the composites indicated that the two drive
system tended to make the microstructures more uniform than in the past and that
the overall porosity levels were somewhat reduced. However, it was found that
composites which were hot pressed for short time periods ( 2-5 min) still
possessed some porosity as in Fig. 6 which shows the specimen from trial 40.
Longer duration hot pressing cycles were evaluated (nos. 43 and 44) and in
both instances void content was substantially reduced. Microscopic observation
revealed sporadic porosity in the bundle centers of the composite pressed for
30 min, and no porosity in the composite pressed for 60 min. Apparently the
longer period allowed sufficient time for the resin to flow internally and fill
the voids within the bundles. Figure 7 shows the microstructures of the two
composites.

k̀
	 In addition to microscopic examination, several of the composites were

tested to determine their flexural strength and modulus and short beam shear 	 a

strength. These results are given in Table II. The values listed are averages
of tests which were conducted in triplicate. An important point regarding the
test data was broughtout early in the program. The first three composites in
Table II had microstructures which were very similar yet the average flexural
strength of number 5, which was pressed at 315 0'C and 3.4 MN /m2, was nearly 50%
greater than that of the others. Thus the effects of hot pressing conditions
must be explored in addition to optimizing impregnation procedure through micro.
scopic observation. It is also of interest that composites 2 and 7 had the
same strength, even though 2 was pressed at 0.7 MN/m2 (100 psi) while 7 was
pressed at 6.9 MN/m2 (1000 psi). This implies that low pressure processing
may be quite reasonable for the P-1700 polysulfone composites although this was
not further explored in this program.

Composites 18 and 20 had high flexural properties but this was probably
due to high fiber volume fractions which resulted from wet winding through a
relatively dilute solution. The flexural moduli, in particular, reflected, the
high fiber content. Composites 21 and 23 were also impregnated with clilute
solutions but in both instances a predetermined amount was applied by the
painting technique and the fiber content appeared to be somewhatlower than
that of most of the composites. The flexural properties of composites 32 and
34 were surprisingly low in view of their good microstructures.

On the basis of flexural and shear properties alone it was difficult to
pinpoint those fabrication'.variables which were critical. Many of the compos-
ites which had good mechanical properties had vex;5r little in common in terms
of fabrication procedures. Furthermore, there was frequently very little
correlation between the measured properties and the quality of the composites
as determined by microscopic observation. Both composites which were pressed

for longer cycles had 'good combinations of properties, although not significantly

better than some of the previous materials pressed for much shorter time periods.
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However, the much better microstructure of composite 44 in particular indicated
the likelihood of greater reproducibility, and as a result, the longer hot press
cycle (60 min at 315°C, 3.4 ZTa) was selected for Task II.

2.2.2	 Polyethersulfone Matrix Composites U

From a chronological standpoint much of the work on the polyethersulfone
and polyarylsulfone composites followed that of the polysulfone matrix composites. j
As a result many of the impregnation technique refinements developed for the poly-'

i sulfone tape preparation were incorporated into the process for making polyether-
sulfone and polyarylsulfone tape, and fewer fabrication trials were needed in the
optimization process.

F
Table III lists the conditions used in the fabrication of HMS graphite com-

posites having 300P polyethersulfone as the matrix.	 The first four trials were
directed toward examining the effect of consolidation temperature and pressure.

-. Photomicrographs of trials l and 4 which cover the condition extremes are pre-
sented in Fig. 8.	 In addition to the obvious porosity the composites appeared
to below in resin content and the resin concentration in the impregnating_
solution was increased in the succeeding trials.'

Microscopic study of composites ;5 through 9 indicated that many specimens
had extensive porosity in the spaces between the bundles as can be seen in Fig. 9
for composite 7.	 This was substantially =overcome through the use of the 4 hr at

t, 150 0 C tape drying which was initiated with composite 10. 	 The increased solids
content in the impregnating solution also had a beneficial effect on the voids
between bundles, but as indicated in Fig. 10, porosity still remained within
the bundles.

The final optimization cane about by utilizing the driven roller prior to

E
impregnation (no. 14), increasing the resin content in the impregnating solution
to 12.5% (no. 16), and by hot pressing for 60 minutes,	 This resulted in a nearly ;-
void-free microstructure as shown in Fig. 11 which is a photomicrograph of com-
posite 20.	 Although some porosity is evident in the bundle centers in Fig. 119
much of the composite was totally free of voids.

The results of the mechanical tests on the polyethersulfone; matrix compos-'-
ites are given in Table IV.	 Contrary to the experience with the P-1700 poly-

l

Ssulfone composites, there was a definite correlation between the observed quality l
of the composite and its properties, especially the short beam shear strength.'
Composite 20 clearly had the best combination of flexural properties, shear
strength, and microstructure, and as a result, the impregnation/consolidation

!< cycle used in its fabrication was selected for Task II.

k

'`	 8



i

i
j	

I

2.2.3	 Polyarylsulfone Matrix Composites

Unlike the other two thermoplastics investigated in the program, polyaryl-
sulfone does not form a true solution. 	 With the DMF solvent, it forms astable N..

suspension, and as a result of sieving the powder as described earlier the small
particles of resin were capable of penetrating the graphite fiber bundles to a
substantial degree. 	 However, complete infiltration of the bundles remained a
problem throughout this phase of the program and never was satisfactorily'
achieved.. y..

The fabrication variations investigated with Astrel 360 matrix composites
are given in Table V and the mechanical properties measured on selected laminates
are given in Table VI. 	 The conditions listed, for fabrication trial 1 were the
same as those used in the fabrication of polyarylsulfone matrix composites in

f	 Ref. 1.	 The photomicrograph of the specimen, shown in Fig. 12, indicates the 3
`	 porosity in the center of the filament bundles.	 Initial variation in drying j

time (Fig. 13) and temperature/pressure combination in hot pressing (Fig. 14) 1
'	 established the apparent need for a long drying cycle and a high hot pressing

temperature.	 However, the longer drying cycle used in trial no. 2 did not re-
'	 sult in a significant improvement in void content as indicated in Fig. 13, and

j	 the desirability of a high hot pressing temperature was concluded because of
the poorer results shown ,in-Fig..14 for fabrication trials > and 6:

Beginning with trial no. 8 effort was primarily directed to examining
variations of a high pressure/high temperature consolidation with a constant
tape drying cycle.	 Trial no. 8 represented a reasonable improvement in void
content as indicated in Fig. 15, however, the other trials conducted with a

5 minute pressing showed no additional reduction iii void content. 	 As with the
other, materials'; the best results occurred with a longer consolidation cycle.
Figure 16 is a photomicrograph ofthe composite which resulted from fabrication

f{	 trial 14 in which a 60 minute hot press time was used. 	 Although there was
still a reasonably large amount of porosity in the center of the bundle, further
effort with this system did not seem warranted in view of the consistently lower
properties which were measured (Table VI) throughout the trials and the inherent

j	 impregnation problem caused by a lack of solubility of the resin.	 Although theI

EI	
11̂ '	 elevated temperature performance of the Astrel 360 composites was demonstrated }

}	 in Ref. 1 to be better than that of P-1700 polysulfone and literature data
indicated it to be better than that of the 300P polyethersulfone, its maximum
use temperature was substantially in excess of that required in the fan exit ; r

' guide vaneto be evaluated in Task III.	 The poorer ambient performance of the
material made it an unlikely choice for Task III and therefore further effort
to reduce 'void content was felt unjustified. 	 As a result, the conditions of
fabrication trial 14 were selected for Task II work, {

}

4
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3.0 TASK II MECHANICAL PROPERTIES EVALUATION

The objective of Task II was to provide mechanical property data on com-
posites having each of the three thermoplastic resins as matrix. Static prop-
erties, pendulum impact-properties, and stress-rupture properties were to be
measured as a function of temperature in order to assess the maximum use tem-
perature of each material. Also, the effects of hybrid reinforcement were to
be evaluated and one of the materials was to be tested in bending fatigue.

3.1_ Experimental Procedure

3.1.1	 Test Plan

The test plan for Task II is summarized in Table VII.	 The program was de-
signed to compare the pertinent properties of each composite system with par-
ticular emphasis on those properties which are most sensitive to matrix effects

-and/or matrix-fiber interfacial strength.	 Elevated temperatures for the flexural,
shear, impact, and tensile testing were selected based on past experience to
bracket the upper use temperature of each system. 	 Temperatures for the stress-

1	 rupture testing were selected based on the results of the static tension tests.

3.1.2	 Materials

All resins and 'the -graphite reinforcement were the same as those used in
Task I.	 The hybrid composites were made with the HMS graphite in combination
with 12 end S-glass roving.

3.1.3	 Fabrication

The fabrication procedures for each resin system were selected based on
the results of 'Task I as discussed previously.	 The conditions are summarized .k

below:

t
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Hot Pressing
Matrix	 Resin	 Solvent	 Tape Dry	 Temp	 Time	 Pressure

f	 wt %	 °C	 (min)	 MPa

P-1700	 methylene	 4 hrs at

{ Polysulfone	 10	 chloride	 150°C in air	 315	 60	 3.4

300P	 dimethyl-	 4 hrs at
Poly ethers ulfone	 12.5	 formamide	 150°C in air	 315	 6o	 13.8

Astrel 360	 dimethyl	 4 hrs at

`	 Polyarylsulfone	 11	 formamide	 150°C in air	 370	 60	 13.8
r..

r
Hybrid composites were an intraply combination of graphite and glass. 	 All

impregnation/ fabrication procedures were the same as those used for the all-
graphite composites except the winding involved alternating graphite and glass
tows across the width of the tape.	 This was accomplished by first winding the
graphite at`a greater than usual spacing, then winding the glass in the spaces
between the graphite bundles.

3.1.4	 Test Techniques
T	

+

x	 Short beam `shear and flexural tests were performed .in the same manner as
in Task I. 	 Tensile specimens were '15.2 cm long x 1.25 cm wide in the gage sec-
tion and 1.9 cm wide in the shoulder for gripping. 	 Nominal thickness was .25
cm,.	 Pendulum impact tests were conducted on "thin" specimens which were 5.5
cm x 1 cm wide x .25 cm thick with no notch. 	 The test was of the "Charpy" type
with instrumentation to provide a load vs time trace for each specimen.' Stress-
rupture testing was performed using specimens of the same geometry as described
for the tensile test.	 The apparatus` was equipped with a timer which recorded
failure to the nearest tenth of an hour.

3.2	 Results and Discussion

?.2.1 ` P-1700 PohZsulfone Comosites

The mechanical properties measured on HMS/P-1700 polysulfone composites are
listed in Table VIII.	 The unidirectional flexural and +45 0 tensile data clearly
indicated that the material had lost ;a substantial fraction of its room tempera- -

tune capability at 149°C.	 The short: beam shear strength dropped more severely
at 163°C, and the pendulum impact data, both energy absorbed and load carrying

ability, were essentially independent of test temperature. 	 The room temperature



flexural and shear strength properties of the material were somewhat higher than
those measured in flask I on the composite fabricated under the optimized condi-
tions.	 Retention of these properties at 122°C was good.

Representative results of the instrumented pendulum tests are shown in Fig.
17 for each of the test temperatures. 	 In addition to the load-time trace, a
cumulative energy trace was produced during each test.	 The scales given for thel
room temperature (220C) load and time axes also apply to the curves obtained at 	 x:
the elevated temperatures.	 As the energy and maximum load data in Table VIII
indicate there was very little effect of temperature on the response of the ma-

^ til.	 The 	 noticeable difference of an	 significance was the longer timeera	 e on Y	 Y	 g	 _g
of unloading of the specimen tested at 163°C which in turn resulted in somewhat
-higher energy absorbed at that temperature. 	 This was due to the softening of the
resin which was observed in the static mechanical tests at lower temperatures.
The high load carrying ability at 163°C in the impact test demonstrated the
effectof higher strain rate testing.

The tensile tests of laminates in a +45° configuration showed that the ma-
terial did not have structural capability at 163°C.	 As a result stress-rupture

i
tests were carried out at the 1220C and 149°C temperatures.	 The data from the
tests are presented in Figs. 18 and 19 in terms of initial stress versus time at
that 'stress. 	 Darkened symbols indicate failure, while open symbols indicate no
failure.	 Different symbols (triangles, circles, squares) indicate different
laminates from which the specimens were cut.	 This latter indication was made
because some of the laminates produced lower strength specimens than others; in
particular the laminate used to measure the static properties shown by the tri-
angles was of low strength. 	 This was unfortunate because it resulted in several
runouts at the _100 hour period of interest since stress, levels were based on	 a

C	 "	 i static strengths.	 This was especially true for the 122°C tests. 	 Nevertheless
enough tests were conducted to obtain good estimates of the 100 hour stress-
rupture limits.	 At 1220 C a stress of approximately 69 MPa (10 ksi) could be
sustained for '100 hrs, while at 1490C the comparable stress was 29 MPa (4.3 ksi). 	 a

' The data obtained from testing the HMS/glass/P-1700 polysulfone hybrids- are
listed in Table IX. 	 In all cases the static strengths and moduli were lower than

" those of the all graphite composites. 	 While the lower moduli werenot unexpected,
'	 ( the decreased shear and flexural strengths were somewhat surprising.	 However, the

shear strength ;still compares very favorably with published results for HMS/epoxy
of 49 MPa (7.1 ksi) (Ref. 2), and the flexural strength and modulus are believed
sufficient for many applications.	 The primary advantage of hybrids is the sub-
stantial increase in energy absorbed during fracture and this was verified for
the HMS/glass/P-17 00 composites.	 The energy results in Table IX and the load-time
curves in Fig. 20 indicate a factor of three to four improvement in the fracture

energy per unit area. 	 However, as pointed out in Ref. 2, the load carrying ability 	 k

12



of hybrids in this type of test is generally the same as or lower than that of an
unhybridized composite. This conclusion was also verified by the results of this
study which showed that the load carrying abilities of the two systems were about
equal at room temperature and the graphite/polysulfone was better at the 122°C
test temperature.

3.2.2	 300P-Polyethersulfone Composites

f1' The mechanical properties of the HMS/300P polyethersulfone composites are
given in Table X.	 Although there was a substantial drop in flexural strength at
149°C from the room temperature values, useful strength properties were retained

` to at least 177°C.	 The flexural modulus at 177'C was only 10- 15% lower than the
J room temperature modulus.	 Short beam shear strength followed the same trend as

the flexural strength although the drop-off at 149°C was not as severe.

As with the P-1700 polysulfone composites, test temperature did not have too s
significant an effect on the pendulum impact behavior of the polyethersulfone
matrix composites. The energy, in particular, was insensitive to temperature,
and with the exception of one value at 22°C which was high, and one value at
2040 C which was low, the energy per unit area was essentially constant. 	 The
maximum loads did drop off at the two highest test temperatures and the load-time
curves exhibited a'nonlinearity at the point of maximum load as shown in Fig. 21.
This nonlinearity was probably the result of local deformation at the point of
impact rather than general yielding of the matrix throughout the composite.
Tested specimens exhibited a "dent" where the tup struck.

t:

The tensile tests of the +45° laminates produced even more scatter in strength
than the P-1700 polysulfone ma±;rix.	 With the exception of the177°C tests there
was a large variation in strength among the three specimens tested at a given tem-
perature.	 Although the reasons for this are not clear, the variation, may have been

► I due to machining induced defects in the specimens since there were some inconsis-
tencies noted in the edges, especially in the region of the shoulder radius. 	 The
materials were judged to have good property retention up to 177°C, and that tem-
perature and 149°C were selected for stress-rupture testing.

Stress-rupture test results for the 149°C and 177°C conditions are given in

' Figs. 22 and 23, respectively. 	 Although there was a large variation in the static
tests at 149°C, the stress-rupture results were relatively consistent, and the
data indicated a 100 hr stresslimit of approximately 69 MPa'(10 ksi);at that tem-
perature..	 As shown in Fig. 23 the 100 hr stress at 177 0 C was 62 MPa (9 ksi;) or
nearly as high as the 1 1+9°C value.- These results demonstrated a significantly
higher upper use temperature for the 300P polyethersulfone than that which was

f̂ f
1

found for the P-1700 polysulfone matrix composites.

i
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3.2.3 Astrel 360 Polyarylsulfone Composites

The results of the tests performed on the HMS/Astrel 360 polyarylsulfone
composites are given in Table XI. The flexural and shear strengths were lower
than the values measured in the optimization work during Task I which emphasizes
the problem of achieving repeatable results with a system in which complete resin 	

y`

impregnation of the fiber bundle is not achieved. The elevated temperature test-
( ing reve&1ed excellent retention of properties up to 204°C with some drop-off at

232°C. However, even though the retention of the polyarylsulfone composites was
good, the polyethersulfone composites had better absolute strengths at 20400:.

?r.

The thin pendulum impact behavior of the polyarylsulfone composites was com-
pletely insensitive to test temperature in terms of both energy absorbed and load
carrying ability. Figure 24 which shows representative load-time traces for

jtests carried out at each temperature indicates the similarity of behavior.

The +450 tensile results showed no change in strength with temperature but
did-exhibit a-decrease in modulus at the lowest elevated temperature (177 0C),	 ?,

temperatures. This consistentthen a constant value at the other elevated test tem p^	 P

	

+	
11II 	

performance was also reflected in the stress-rupture behavior as shown in Figs.
1

	

	 25 and 26. At both 177 0C and 20400 the +45' specimens were capable of with-
standing  stress of approximatelyppxoxmately 43 MPa (6,2 ksi) without rupture for 100..hrs.

3.2.4 Fatigue Testing

i
Based on the evaluation of composite properties as a function of temperature

as discussed above, an assessmentof the temperature requirements for the com-
posite fan exit guide vane, and the ease of processing each system, polyether- 	 a,
sulfone was selected for. Task III vane ,fabrication and Task II fatigue studies

t`
The specimen test conditions for the fatigue_ study, are listed in Table XII.

In general the number of cycles each specimen was subjected to was determined by
the change -i n stiffness which was measured during the course of the testing,. A
25% reduction in either bending or torsional stiffness was used as a criterion
for terminating the tests.

A typical result is illustrated in Fig. 27 for specimen 33-1 which was sub-

	

C !	 jected to an alternating stress of 318 MPa (46 ksi) for 10 7 cycles. Although
there was some 	 in the measurements, the torsional rigidity exhibited' a

	

1	 'f

	

`	 steady decrease after approximately 10 5 cycles. The stiffness had dropped to
90% of its original value after 1 x 10 6 cycles, and to 80% of its original value
after 1 x 10 7 cycles. The loss in stiffness was due to the formation of shear._

	

f	 cracks which were frequently visible with the naked eye. The cracks usually

14



initiated in or near the fixed grips in the fatigue test and their effect on
bending stiffness was much less predictable, depending on whether they extended
into the grips in the stiffness retention test. Consequently, torsional stiff-
ness loss alone was utilized as a measure of failure.



4.0 TASK III - HARDWARE FABRICATION AND EVALUATION

The objectives of Task III were to demonstrate the feasibility of fabri-
cating fan exit guide vanes from graphite/thermoplastic composites and to com-
pare the stiffness, frequency, and fatigue response of such vanes to that of
similar vanes fabricated from graphite/epoxy composite.

4.1	 Experimental Procedure

4.1.1	 Test Plan

Five HMS graphite/30OP polyethersulfone fan exit guide vanes were to be
fabricated by the Commercial Products Division of Pratt & Whitney Aircraft Group
using prepreg prepared by United Technologies Research Center.	 The varies were
to be tested nondestructively to measure spring rates, then three were to be
destructively fatigue tested with primary attention devoted to the strosses	 is
generated at the trailing edge of the vanes. 	 All testing was conducted at
P&WA/CPD.

4.1.2	 Materials

HMS/300P polyethersulfone was used for all vanes.	 Impregnation procedures
were identical to those used in Task II.

4.1.3	 Fabrication

The first step in the fabrication procedure was prepreg preparation which
was accomplished using established tec laniques.	 In order to aid in vane layup,
steps were taken to insure the prepreg was relatively flat. 	 Once solvent has
been removed, the tape has no tack, and if dried on the windup drum, will retain
the curvature of the drum to some extent. 	 In order to flatten the tape, it was
partially dried on the drum for 20 minutes with a heat gun, then removed from
the drum and laid on a table to dry under ambient conditions. 	 Final drying was
done at 150°C for four hours on an oven shelf.

Ply design for the vanes consisted of using the known thickness peer ply of
the composite and the established vane envelope.	 Since the vane has a constant
cross section along its span, only chord-wise ply drop-offs were necessary.
The final ply configuration consisted of -a +350 shell (2 plies) which extended
full chord and an inner core of 0' plies which was 15 layers thick at mid chord.

t
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The sequence of operations in the fabrication of a vane is shown in Fig.
29. The first step shows the package being assembled. Since the prepreg had
no tack, the layers were held together by spot heating and locally melting the
resin. This technique was found to be more satisfactory than solvent bonding
which was much slower and left residual solvent to be removed., The second
photograph shows a completed ply package. In order to facilitate handling and
to minimize the possibility of misalignment or shifting of the plies, the layup
was next subjected to a preforming operation depicted in the third photograph.
The plies were inserted between two metal sheets which were bent to a curvature
which approximated the camber of the vane. Pressure was applied by clamping,
then the assembly was placed in an oven at 285°C for 20 minutes. The fourth
picture shows a preformed vane with 'an ̀aluminum-leading strip in position for
final molding. The final molding cycle deviated slightly from that used in
the previous portions of the program due to limitations of the press used. The
intended conditions were 370°C for 60 minutes at a pressu°e of 13.8 M pa, but the

'	 maximum pressure capacity of the press was 8.2 MPa for a part the size of the
wane. However, this cycle proved to be completely satisfactory and good flow'
of the resin was achieved as illustrated in the fifth picture in Fig. 29 which
shows both sides of a vane after removal from the mold." After a minor trimming
of flash around the edges the finished vane is shown in the final photograph in

.	 d

i

x	 the figure.	
-'

'	 4.1.4	 Test Techniques

Bending spring rate was determined by supporting the vane at the ends on
two knife edges and then loading the vane along the concave surface. 	 The load
was applied over a major portion of the vane span by using a pressurized bladder,

i	 thereby simulating the aerodynamic loading the vane would experience in the
'	 engine.	 The use of this approach is important,-since the spring rate of the
i	 vane is influenced by vane deflected shape, including the degree of uncamber

produced by the aerodynamic loading. 	 Dial indicators were used to document
the response of the vane to the loading.

i Torsional spring rate was determined by clamping one end of the vane in a

I f	 vertical stand and applying a pure torque on the opposite end while measuring
the deflection with dial indicators.	 The clamps are contoured to ensure that i

clamping does not distort the vane camber.- j

I r	Fatigue testing was conducted on an electrodynamic exciter that excited
the vane in the first bending mode.	 The dynamic excitation was superimposed on

i a uniform bending static load to simulate engine aerodynamic loading.

In order to properly mount and align the vane in the test fixture it was

necessary to bond in place siliconerubber feet as shown in Fig. 30. 	 The

silicone was poured into the hollow aluminum cylinders into which the vane had x'

been previously inserted and accurately positioned.

1

}
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The test fixture is shown in Fig. 31. As shown, the vane is equipped with
rubber feet that ride on the two supporting_ rollers. Rotation of these rollers
bows the vane, producing the desired static load. The degree of loading was
determined by a strain gage located at the midspan location of the concave sur-
face at the vane trailing edge. 	 Previous experience indicated that this loca-
tion is the critical stress location during fatigue testing. 	 The precise strain
levels used were determined on the basis of the design analysis and the results'
of prior testing.	 Initially, however, the static strain was expected to be in
the range of -3000 microinches/inch compression. 	 The dynamic strain was to be
progressively increased, beginning at 1200 microinches per inch and then increased

I

by 200 microinches per inch every 10 7 fatigue cycles until failure occurred.

4.2	 Results and Discussion

The results of the spring rate testing of the five vanes are given in

1 Table XIII.	 These values were about a factor of three higher than those of
the former bill of material graphite/epoxy vanes. 	 For example, the bending
spring rate of the B/M vanes was approximately 1000 lbs/in. 	 A portion of the
increased'' stiffness of the current vanes could- be attributed to the fact that
they were somewhat thicker than the nominal dimension of the B/M vane. 	 Without

.205 in,	 while-	 polyurethane coating the maximum nominal thickness was .,52- cm (	 )
the polyethersulfone matrix vanes were approximately .56 cm (.220 in.). 	 How-
ever, since the finished B/M vanes had a .025 cm (.01 in.) coating of poly- M
urethane coating on both surfaces, the polyethersulfone matrix vanes were under

i

the specified final_ vane thickness. 	 In any event the increase of 10% in overall
thickness should have caused an increase in section modulus of approximately
35% rather than the 300% increase in stiffness which was observed.; Additional

'.^ factors which may have contributed to the higher spring rates are higher fiber
volume fraction, higher fiber modulus, different ratio of shell angle plies to
core 0' plies, and better overall quality resulting in more optimum fiber
distribution.

Due to the much greater stiffness of the vanes the fatigue conditions were

`. modified in order to produce loads similar to those which would occur in an

engine.	 Table XIV summarizes the fatigue histories of the three vanes which s

were tested.	 The previous history of testing vanes indicated that those vanesi
which could withstand a steady strain of -3000-pin/in (compression) + 2+00
pin/in in the span-wise direction at midspan on the trailing edge would per-
form satisfactorily in an engine under the most severe operating conditions.

{
s

This translated to -1000 pin/in + 800 pin/in for the stiffer vanes.

The first vane tested, XKT 1175-8, was started at a'lower dynamic stress`

and run-out before reaching the critical conditions.	 After also passing the next

level with no evidence of failure, the dynamic stress was further increased, n

18
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finally to the capacity of the test machine, and the steady stress was also in-
creased.	 Failure finally occurred in the trailing edge after 8.3 x 106
cycles at -1500 pin/in + 1600 pin/in. 	 These conditions represented 150% of the

r
steady load and 200% of the dynamic load of the bill of material vanes and are i	 ,
more severe than any endured by the best of the former vanes. 	 Figure 32 shows '.
the failure, a delamination at the trailing edge, which is typical of the mode

^^
l

which was observed in previous testing.

The second vane tested, M 1175-9, was begun at much higher strain levels }
and demonstrated an endurance very similar to that of the first vane. 	 The
third vane appeared to have failed under less severe conditions,,-1500 pin/in

r _ 1400 pin/in, however the chordwise strain gage at midspan on the trailing
edge indicated a dynamic strain approximately 80 %  greater than that read out
for the spanwise direction. 	 Usually the strains in the two directions at that
location are approximately equal.	 The reason for the higher chordwise strain
in this instance is not known but it might be related to a disbond which was
observed between one of the rubber feet and the vane which in turn produced an
unusual state of stress during the test.	 In any event the apparent premature
failure was probably related to the high chordwise stress, and in general the

i
three thermoplastic matrix vanes exhibited excellent fatigue performance.

i

I

9r
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5.0 CONCLUSIONS

Based on the results of this program the following conclusions were reached:

1.	 HMS graphite reinforced P-1700 polysulfone and 300P polyethersulfone
composites can be processed to have very low void content and good mechanical,
properties at ambient temperature.

2.	 Astrel 360 polyarylsulfone is much more difficult to process into a
good quality composite because of its poor solubility.

3. -Substantial drop-off of short term static properties occurred at the
following temperatures:

P-1700 polysulfone 	 1490C

300P polyethersulfone 	 177°C
Astrel 360 polyarylsulfone- 	 >232°C

4.	 100 Hour stress-rupture tests indicated the same upper use temperature
f	 limits as the short term tests.'

j	 5.	 Over the temperature range investigated, all three composite systems
exhibited thin pendulum impact behavior which was essentially independent of
test temperature.

E	 6.	 Bending fatigue behavior of HMS graphite/300P polyethersulfone was
I	 characterized by noncatastrophic shear failure which resulted in a gradual loss
i

of composite stiffness.

7.	 Fan exit guide vanes were successfully fabricated from HMS graphite/
300P polyethersulfone. 	 These vanes had bending spring rates approximately, three
times higher than those of graphite/epoxy vanes which were formerly bill-of-
material.	 The fatigue performance of the HMS/300P vanes was better than that

t of any of the standard graphite/epoxy vanes previously tested.

3
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Table I

I
Fabrication Parameters with Polysulfone Resin

a

Winding Conditions Pressing Conditions

Resin Speed Temp Time Pressure

No. Fiber wt % Solventl (m/min)	 Pulleys Tape Dry (°C) (min) Iva Notes

2 HMS 10 M.C. 11.5	 1 air 270 5 0.7

i 3 315 0.7

4 315 6.9
5 315 3.4

6 270 3.4

7 270 69

8
11

9 11 heat gun

10 10 2 air
l

11 't

12
13 M.C.+T.C. wetting agent

F` 14
15 7.5

16 wetting agent

17 f

18 HMU 8.7 t

19 HMS 8o°C vac. l
1 20 4.5

21 12.5 wound dry, painted,_

22 34,5 wetting agent

23 34.5 wound dry, painter

24 7.5 6.9

25 10 6.9 wetting agent

26 M: C. 6.9 wetting agent

^7 315 3.4 wetting agent

28 4.5 3.4 wetting agent, rollers

j 29 6 15 0°C ` vac. 3.4 wettinb agent 

ai 30 1.4

31 308 5.2

" 32 115°C vac. 315 6.9
33

315 3.4

3 343 2

35 343 2
36 343°C air 343 2,

37 1500 C air 315 5
38

115°C vac.

39 150°C air

4o

} 41
42 150°C vac

43 150°C air 30
E

t

E

44 150°C air ' 60 9

x-71

1M.C. = methylene chloride; T.C. = trichloroethylene
r
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Table II

Mechanical Properties of Unidirectional
Polysulfone Matrix Composites

C

wf

1 Flexural Properties Shear Strength

Strength Modulus
^ I No. MPa ksi GPa msi MPa ksi

2 647 94 159 23.0 32 4.7

5 998 145 168 24.3 57 8.3

r

7 704 102 170 24.6 29 4.1

18 1198 174 °209 30.3 6o 8.6

20 942 137 185 27.2 38 5.5

i 21 772 _112 150 21.8- 39 5.7

23 931.. .135 139. 20.2 55 8.0

27 lo14 147 161 23.3 55 8.0	 +

29 967 143 18o 26.2 65 9.4

32 872 127 167 24.2 53 7.6

34 8o8 118 162 23.4 53 7.7
f	 ;

4o 874 127 164 23.7 39 5.7

z-
i 41 847 122 165 24.0 49 7.2

j

i 43 930 135 185 26.9 6o 8 .7_

C

44 970 141 192 27.8 68 9.6
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Table IIZ;

j Fabrication Parameters with Polyethersulfone
r	

1

Wind Pressing Conditions
Resin Speed < Temp	 Time Pressure Wetting

No. Wt % Solvent	 (m/min) Tape Dry (°C)	 (min)_ MPa Agent Notes

j l 1 10 DMF	 6 1500C vac 1 hr 315	 5 13.8 -

2 10 315 13.8 NP-14

3 10 343 13.8

4 10 370 6.9

j

j 5 11 343 13.8 paint
i

6 11 1500C{air 1 hr 343 13.8 paint
vac 16 hrs

_i 7 11 343 13.8

8 11 343 13.8

9 11 150°C air 16 hrs 315 - 6.9

10 11 1500C air 4 hrs 315 6.9
i

^	 I
11 12 26o 6.9

12 12 260 13.8

13 12 315 6.9

I	 ^-
l it 11 343 13.8

15 11 343 3.4

r

16 12.5 315 6.9

17 12.5 13.8

! 18 12.5 13.8

19 12.5 30 13.8

20 12.5 60 13.8

1
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a Table IV

Mechanical Properties of Unidirectional
Polyethersulfone Matrix Composites

I '^

Flexural- Properties Shear Strength
Strength	 Modulus

a

No. MPa	 ksi	 GPa MS 3. MPa ksi

,i 2 949	 138	 201 29.1 51 7.4

y(F

I

3 1135	 165	 205 29.7 48 7.0

d

7 1130	 164	 2o4 29.6 56 8.2

,I

10 1082	 _157	 173 25.1 56. 8.2

k' l2, 665	 96	 139 20.2 4o 5.8

. }.

^F

13 lo8o	 156	 186 27. 0_ 51 7.3

14 1160	 168	 193 27.9 49 7.1

I

15 1250	 181	 192 27.8

16 1290	 186	 197 28.6 54 7.9

i;

17 854	 124	 182 26.4 75 lo.8

19 1240	 180	 203 29.5 74 11.7

6 ` 20 136o	 198	 210 30.0 8o 11.7

f
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Table V

Fabrication Parameters with Polvarylsulfone'

Wind Pressing Conditions

Resin Speed Temp	 Time Pressure Wetting

No. Wt %	 Solvent (m/min) Tape Dry (0C)	 (min) MPa Agent	 --^ ---

1 10	 DMF 6 15000 l hr air
16 hr vac 370	 5 6.9 NP-14

2 1500C 4 hr air 370 6. 9

3' 1500C 4 hr air 343 6.9

4 1500C l hr air 315 13.8

N	 5 1500C 1 hr air 343 13.8
i

6 1500C 4 hr air, 315 13.8

7 370 6.9,

8 370 13.8

9 370 35

10 11 343 13.8

11 315
f.

12
370

13 370	 ^0
{

14 370	 6D

I
;.

Al

.,.	 . L _•__	 __.	 ^..._...._...__ __. ,._.c..Y...............s. ...^.....	 . _ . _....._.^ _..._..^... ,.W...	 ^.... „a'	
r ° -	 —ran -	 -	 .ice
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Table VI

Mechanical Properties of Unidirectional
Polyarylsulfone Matrix Composites

Flexural Properties Shear Strength

i
Strength	 Modulus

x No. MPa	 ksi	 GPa	 msi MPa ksi

I

1 1007	 146`	 180	 26.1 41 6.0

2 lo96	 159	 183	 26.5 38 5.4

j 5 160	 23.	 118	 17.1 12 1.7

9 739	 107	 161	 23.4 41 5.9

12 lo8o	 158	 188	 27.3 42 6.1	 r

j

14 965	 14o	 183	 26.5

I
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wr

a.

Test	 Ply

	

Matrix	 Reinforcement	 Test	 Temperatures	 Configuration
(°C)

	

P-1700	 HMS	 Flex, Shear, Impact	 22, 122, 149, 163
I	 Polysulfone	 Tension

Stress-rupture	 select_
i

HMS/Glass 	 Flex, Shear, Impact	 22, 122

Tension	 22, 122

N	 300P	 HMS	 Flex, Shear, Impact	 229 149, 177, 2o4
`O	 Polyethersulfone	 Tension

i	 Stress-rupture	 select

Astrel 360	 HMS	 Flex, Shear, Impact 	 22, 177, 2o4, 232	 0

Polyarylsulfone	 Tension	 it +45
Stress-rupture	 select	 +1+5

0

0
+45
+45

0

+45

0
+45
+45
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Table VIII
i

HMS/P-1700 Polysulfone McChanical Properties

Test Unidirectional Unidirectional Unidirectional Unidirectional Impact ±45° Tension
Temp Flexural Strength Flexural Modulus Shear Strength Energy Pmax Strength Modulus
°C ksi MPa msi GPa ksi	 MPa ft-lbs/in^-' IL lbs KN ksi MPa msi GPa

22 155 1070 25.9 179 10.2	 70_ 19.2 4.02 250 1.12 14.8 102 2.6 18
163 1020 26.4 182 9.9	 68 20.0 4.20 240 1.11 11.0 76 3.4 23
168 116o 27.6 190 9.3	 64 16.6 3.51 250 1.12 9.8 68 2.3 16

w
0

122 14o 965 23.8 164 7.1	 49 15.6 3.28 220 .98 9.6 66 2.1 14
129 889 23.3 161 7.1	 49 18.7 3.91 24o 1.09 7.5 52 1.7 12
127 876 26.2 181 6.7	 46 17.1 3.60 260 1,16 6.4 44 1.6 11

i

149 35 24o 8.4 58 5.0	 33 18.7 3.92 24o 1.o5 4.2 29 o.8 5	 fi r+^^'
55 38o 11.3 78 5.1"	 35 18.-o 3.78 210 .94 3.2 22 1.3 9

5,1	 35 17.0 3.59 210 .94

163 11 78 4.2 29 2.3	 16- 20.3 4.27 230 1.02 0-.7 5 o.4 3

18 125 4.0 27 1.6	 11 22.0 4.64 24o 1.09 -----^
11 75 2.7 18 1.7	 12 24.2 5.10 24o i.o9

i
d

y

N,
.r

=n



Table IX

IIMS/Glass/P-1700 Polysulfone Mechanical Properties

Test Unidirectional Unidirectional Unidirectional Unidirectional Im^ar,

Temp Flexural Strength Flexural Modulus Shear Strength Energy -- Pmax

°C ksi MPa msi	 GPa ksi MPa ft-lbs/in2 - ' /,L cm2 lbs KN --,.-----;

22 116 803, 19.0	 131 8. 6 59 82.3 17.3` 245 1.09

122 842 18.7	 129 8.6 59 81.8 17.2 228 1.of
3

127 874 18.9	 130 9.0 62 103.0 21. 7 245 1.09

122 103 710 19.8	 136 5.8 4o 81.1 17.1 2o4 o.91

97 669 19.2	 133 6.2 43 78.8 16.6 2A o.91

lo6 731, 21.4	 147 6.o 41 6o.o 12.6 196 0.87 {`:i

1

j	 A

^ 	 ,. . ,.  .. .P	 ^(u 	 ._
Y4w	 .^Nh!nR's w.MY:Wi„Rf .+IJWI"GY^Y,rii ^,?i^	 jK^? 	 r^

3w..	 -- ^—.	 ^, ^	 ........::.. ..	 ..	 :.:.. .:....._..als_.^.:....s.....1fai{f FrNd.._....:._.:._._.a.e..u..w...`.....
y



Table X

HMS/300P Polyethersulfone Mechanical Properties

Test Unidirectional Unidirectional Unidirectional Unidirectional Impact ±45° Tension j
Temp Flexure]_ Strength Flexural Modulus Shear Strength Energy Pmax StreUth Modulus
°0 ksi MPa msi GPa ksi MPa ft-lbs/in2 /cm2 lbs N ksi MPa msi GPa

22 202 1390 27.4 189
9.9

68 13.5 2.84 210 920 12.1 83 5.0 34
191 1320 27.5 190 lo.6 73 14.1 2.94 180 78o 21.5 148 4.o 28
175 1200 27.1 187_ 11.2 77 26.o 5.46 170 74o 12.9 89 5.4 37 N

149 122 845 27.0 187 9.1 62 13.7 2.89 160 710 19.6 135 3.0 21
115 794 22.5 155 7.1 49 11.9 2.53 200 890 11.3 78 2.8 19
126 870 20.9 144 7.0 48 12.6 2.66 160 710 16.9 117 2.8 19

177 112 771 23.7 163 6.6 46 13.6 2.86 15o 670 11.9 82 2.5 17
lo6 729 20.9 144 6.2 43 11.4 2.4o 14o 64o 10.8 74 2.6 18
103 714 23.1 159 6.7 46 14.8 3.10 15o 670 13.4 92 2.3 16

204 97 666 17.9 123 5.8 4o 13.6 2.87 14o 64o 1.2 8 0.2 1
72 496 16.6 114 5.3 37 8.3 1.76 15o 670 7.4 51 2.2 15
58 402 20.2 139 5.9 4o 12.3 2.61 14o 64o 9,8 68 1.1 8

r

j

j



Table XI

HIVISIAstrel 360 Polyarylsulfone Mechanical Properties

Test Unidirectional Unidirectional Unidirectional Unidirectional Impact +450 Tension

Temp Flexural Strength Flexural Modulus Shear Strength Energy max Strength Modulus

°C ksi MPa msi GPa ksi	 MPa ft-lbs/in2 cm2 lbs N ksi MPa msi GPa

xT 52 36o 18.4 127 4.3	 30 21.7 4.56 114 511 7.5 52 4.5 31
46 320 21.3 147 4.4	 31 25.0 5.25 114 511 6.1 42 4.4 3o

61 420 23.1 159 4.6	 32 22.8 4.79 98 439 8.o 55 5.8 4o

w 177 53 370 22.7, 157 4.3	 30 21.2 4.46 98 439 8.4 58 2.3 16
62 430 25.1 173 4. 4 	 31 19.7 4.14 114 511 7.7 53 1.9 13	 -,

47 320 22.0 152 4.7	 32 21.3 4.47 114 511 7.6 52 2.1 14

2o4 27 180 25.2 174 4.5	 31 22.0 4.62 98 439 7.9 54 2.0 14
54 370 22.6 156 3.4	 24 20.0 4.20 98 439 7.4 51 1.8 12
54 370 20.7 143 4.1	 28 19.7 4.14 98 439 8.3 57 1.8 12

232 38 260 20.0 138 3.3	 23 22.2 4.67 106 575 10.0 69 1.3 9
45 310 21.3 147 -	 - 19.8 4.16 98 439 6.6 46 1.9 13	 ----

{{
I

44 300 20.4 140 3.3	 23 22. 3 4.69 98 439 6.6 46 1.7 12
^
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Table XIT
i

1j
Fatigue Conditions

`

2
Alternating Stress Number of

No. MPa	 ksi Cycles

{	 32_5 1040	 151 3 x 104	 '.."

32-6 918	 133 4.5 x 104

32-7 logo	 158 6 x 104
4

33-2 600	 87 7.5 x 104

33-1
318-46 8.3 x 106

32_1 524	 76 5.9 x 106	 £^

32-2
372	 54 _1 X 107

32-3- 
476	 69 9.2 x 106

32-4 379	 55 8.3 x 106

it

ji

I

I

{

j

rk

p

r
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Table XIII

Vane Spring Rates

Nutnbe.r Torsional Spring Rate Bending Spring Rate
N • m de . in-lb/deg N cm	 lb in

,`(h'U 1175-5 2.47 21.0 3800	 2171 y

WC 1175-0 2.93 25.9 466o	 2663
i

)XT 1175-7 3.25 28.8 5700	 3257

^ XxT 1175-8 3.44 30.4 6070	 3470

I XKT

i

1175-9 3.04 26.9 5330	 3046
f

I.
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Table XItiT

'

Vane Fatigue Results

a^

Static Strain @ Dynwic Strain @ No, of

Number Trailing Edge Trailing Edge Cycles
(y cmzcm) (y cm/cm )

XKT-1175-8 -1000 600 107
i

-1000 800 107

-1000 1000 107

-1000 1200 lo7

-1000 1400 107

-1500 1000 107

T

r	
}

-1500 1+00 107

-1500 1600 8.3 x 106 9

xicT 1175-9 -1500 14o0 log

R _i5oo 1600 4.5 x 106'

XKT 1175-7 -1500 14o0 1 x' 106

1
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FIG. 1

ORIGINAL PAGE IS

OF, POOR QUALITY

HMS/P-1700 POLYSULFONE COMPOSITE MADE UNDER BASELINE CONDITIONS

• ^n	i

a	 L

1O0µ
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FIG. 2

ORIGINAL PAGE IS
OF POOR QUALITY

HMS/P-1700 POLYSULFONE FROM 7.5% SOLUTION
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FIG. 3

AI; PAGE LS

OF POOR QUALITYI

EFFECT OF CONSOLIDATION PRESSURE ON HMS/P-1700 POLYSULFONE
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ORIGINAL PAGE LS

OF POOR QUALITY

DRYWOUND AND PAINTED HMS/P-1700 POLYSULFONE

;1,c

C"

s	
y

W.. ^? ^,'	 ..^^	
!	

:: q tr
1FABRICATION TRIAL 21
t00µ

ti4

•R /. 10

Lr

r

FIG.4

FABRICATION TRIAL 23 1	 '1 O0µ 

77-03-120-6

4o

r



1r

1.

T
.^.,_. 	 L	 _ ._.	 t

ORICUNAL PAGE
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EFFECT OF IMPROVED TAPE DRYING ON HMS/r'-1700 POLYSULFONE

FIG. 5
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O'R'C'VVALOF poon PAGE IS
QUALj^i

FIG. 6

EFFECT OF TWO DRIVE SYSTEM ON HMS/P-1 700 POLYSULFONE

iJ

iw

FABRICATION TRIAL 40

10Oµ

77-03-120-2

42

Z



FIG. 7

EFFECT OF LONGER PRESSING TIMES ON HMS/P -1700 POL Y SULFONE
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FIG. £

EFFECT OF VARIATION OF TEMPER ATURE/PRESSURE ON HMS/300 P POLYETHERSULFONE
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FIG. 9

HMS/300 P POLYETHER SULFONE WITH VOIDS BETWEEN BUNDLES
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FIG. 10

--r

HMS/300 P POLYETHERSULFONE WITH 4 HRS. AT 150 0 C DRYING

f
k
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	 loop
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FIG. 11

OPTIMIZED HMS/300 P POLYETHERSULFONE COMPOSITE

FABRICATION TRIAL 20	 100,u
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47

i^



N

FIG. 12

i

BASELINE FABRICATION PROCEDURE FOR HMS/360 POLYARYLSULFONE
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FIG. 14

VARIATIONS IN CONSOLIDATION PRESSURE AND TEMPERATURE
IN HMS/360 POLYARYLSULFONE
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FIG. 16

OPTIMIZED HMS/360 POLYARYLSULFONE COMPOSITE
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HMS/P-1700 POLYSULFONE STRESS—RUPTURE AT 1220C
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HMS/P-1700 POLYSULFONE STRESS—RUPTURE AT 1490C

± 450 ORIENTATION
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