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It Abstract
This program was undertaken to establish the sensitivity of the impact characteristics

of typical polymeric composite fan blade materials to potential limiting combinations of
moisture, temperature level and temperature transients.

The technical effort reported herein comprised of four technical tasks conducted in series.

Task I - Evaluation and Characterization of Constituent Blade Materials

Basic laminated materials were subjected to environmental conditions of "dry", "wet" and
"fret spike" to assess the effect on laminate mechanical properties.

Task II - Ballistic Impact Tests

Simulated small scale airfoil like specimens were fabricated, from hybridized versions
of the basic Task I materials in addition to a superhybrid construction and ballistically
impacted with gelatin projectiles after environmental conditioning.

Task III - Leading Edge Impact Protection Systems

Larger size hybrid and superhybrid airfoil specimens with a leading edge pr,itection device
were fabricated, environmentally conditioned and ballistically impacted with a starling
size gelatin "bird".

Task IV - Simulated Blade Spin - Impact Tests

Dynamic impact testing using a rotating simulated airfoil specimen was originally planned
but moisture sensitivity of the specimen/rig adaptor adhesive caused the cancellation
of the spin tests.
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1.0 SUMMARY

The work presented in this report presents the results of a forty-two
month program aimed at determining the environmental effects on the foreign
object damage (FOD) resistance of composite fan blades..

The basic objectives of the program were to determine the combined
effects of moisture, temperature, and temperature transients on the impact
resistance of various composite fan blade material/construction concepts.

The program was basically divided into four technical tasks.

Task I - Evaluation and Characterization of Constituent Materials

The effect of moisture and temperature was evaluated on the mechanical
properties of typical basic constituent fan blade materials. The materials
evaluated included combinations of two epoxy matrices, PR288 and SP313; one
polyimide resin system, NR150A2 and two fiber reinforcements, T300 graphite
fiber and 1014 S-glass. Flexural and short beam shear tests, in both the
longitudinal and transverse directions, were evaluated on unidirectional
specimens conditioned to a fully moisture saturated and nominally "dry" state.
Fully wet specimens were also tested with an abrupt temperature excursion to
422	 (300' f) ("wet spike"). The "dry" conditioning, which was the equiva-
lent of long-term storage at 294 K (70' F) relative humidity, had no effect
on the fully dry condition properties of the laminates when tested at 294 K
(70' F) and 394 K (250' F). There was a negligible effect on the T300 by wet
or wet spike conditioning when tested at 294 K (70' F). The S-glass laminate
properties were, however, reduced by thirty percent. Elevated temperature
tests illustrated the plasticizing effect of the absorbed moisture on the
lower temperature capability matrices. PR288 laminates retained only 40 to
50 percent of their "dry" 394 K (250' F) properties. The higher temperature
matrices, SP313 and NR150A2, showed reduced fall-off in mechanical properties
since the 394K (250' F) test temperature was below the resin glass transition
temperatures (Tg). The extreme moisture resistance of the NR150A2 system was
demonstrated absorbing only nominally 30 percent of the moisture typical of
the two epoxy systems. The NR150A2 composite systems exhibited extremely
high transverse flexural properties of almost double the values of the
epoxy laminates.

Task II - Ballistic Impact Tests

The effects of temperature, moisture and temperature transients on the
ballistic impact resistance of selected composite materials were evaluated
during this task. Task I basic materials were combined to form three intra-
plied hybrid systems PR288/T300/S, SP313/T300/S, and NR150A2/T300/S and two
superhybrid systems using PR288/T300/S and SP313/T300/S core material with



external lam.nae of titanium and boron-aluminum foils. PR288/T300 was also
included as a t ►onhybridized baseline system. Eighty simulated airfoil speci-
mens were fabricated from the various material/design configurations and after

environmental conditioning were ballistically impacted at 25' incidence angle
with gelatin projectiles at velocities ranging from 180 m/sec (590 ft/sec) to
270 m/sec (886 ft/sec).

The superhybrid specimens exhibited superior resistance to impact damage
at all levels of test temperatures and conditioning. The external metallic

foils acting as moisture barriers preventing degradation of the poymeric
composite core and foil bonding adhesives. The NR150A2 polyimide hybrid system
exhibited superior resistance to ballistic impact damage compared to the equiv-

alent two epoxy systems. There %as a slight indication that the "hot we " con-
dition improved the damage tolerance of the PR288 composite systems. The
viscoelastic effect of the moisture plasticized matrix is believed to have

contributed to the reduced damage level.

Task III - Leading Edge Impact Protection Systems

One hybrid and one superhybrid system aas selected from Task II and

larger simulated airfoil specimens were fabricated and reinforced with a
leading edge protection device prior to environmentally conditioning arei
conducting ballistic impact tests. Initially, NR150A2/T300/S was the selec-

ted hybrid system but due to processing problems and DuPont withdrawing the

NR150 materials from the market, the PMR15 NASA developed polyimide system
was finally substituted. The more moisture resistant SP313/T300/S system

was selected as the core material for the superhybrid specimens. A nickel
plated wire mesh was selected as the leading edge protection system.
Multiple impacts were conducted on each specimen to determine the thres-
hold damage level for each design and environmental condition. Impact veloc-

ities ranged from 120 m/sec (394 ft/sec) to 275 m/sec (902 ft/sec) utilizing
a larger simulated starling size gelatin "bird".

Premature failure of the protection device which overshadowed the test
results, was primarily caused by moisture degradation of the adhesive used

to bond the wire mesh to the specimens.

Composite damage was basically combined to the exposed trailing edge
zone of the specimens. The superhybrid design specimens exhibited superior
impact resistance at all test temperatures and environmental conditions.

Task IV - Simulated Blade Spin Tests

The original plan in Task IV was to dynamically impact similar Task III

static impact design specimens on a spin test facility. Four specimens of
each hybrid and superhybrid design were fabricatred end prepared for spin
impact testing in the "dry" and "wet spike" condition at 294 K (70' F) and

394 K (250 * F) respectively. The specimens were designed with an attachment
feature for mounting to a rotating disk facility. Specimen to rig adaptor
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bonding studies disclosed that the adhesive (Metlbond 328) was extremely
sensitive to moisture degradation and even when the bondline was sealed
with RTV rubber, the strength properties of the adhesive were too low to
withstand the bond shear stresses during the spin test. The spin tests

were finally eliminated from the program.
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2.0 INTRODUCTION

The fan blades of a high-bypass turbofan engine constitute a high pro-
portion of the overall engine weight because of their physical size. Com-
posite fan blades have the potential for affording many advantages over the
current metal counterpart, especially in the areas of cost, weight, effi-
ciency, and maintainability.

Over the last ten years many composite fan blade research programs have
been conducted to provide materials development, design concepts, and analy-
sis procedures needed for the application of composite materials to turbine
engine fan and compressor blades. A variety of fibers, matrix materials,
and localized reinforcement concepts have been investigated and evaluated
with respect to impact energy absorption capacity and resistance localized
impact damage. Effective application of the most promising of thee= mate-
rials to turbine engine fan blades is dependent on the ability of r-Lese
materials to maintain an adequate level of impact damage resistancc- during
and after exposure to environmental conditions typical of aircraft opera-
tions. Resin matrix properties have been shown to be degraded by certain
moisture-temperature combination exposures. The purpose of this program was
to establish the sensitivity of the impact resistance characteristics of

composite blade materials to limiting combinations of moisture, temperature
levE=, and temperature transients. The program was divided into four tech-
nical tasks.

Task I - Evaluation and Characterization of Constituent Blade
Materials

The task im olved the investigation of the effects of moisture content,
temperature level, and temperature transients on the longitudinal and trans-

verse short beam and flexural strengths of specific fiber/resin basic com-
posite laminates. Combinations of three different resin systems and two fiber
reinforcements were studied. Specimens were tested in both the fully wet and
nominal dry conditions. The fully wet specimens were tested with and without

an abrupt temperature excursion to 422 K (300' F). The materials evaluated
included two epoxy resin matrices, PR288 and SP313, and one polyimide resin
system, NR150/A2. The two fiber reinforcements selected for evaluation were
the T300 graphite fiber and the 1014 S-glass.

Task II - Ballistic Impact Tests

The effects of temperature level, woisture, and temperature transients
on the ballistic impact resistance of selected composite fan blade materials
were evaluated during this task. Candidate materials based on the results
of Task I were combined to form three hybrid and two superhybrid systems in

addition to a baseline PR288/T300 system. Eighty simulated, nine-inch-long
blade specimens employing a constant double wedge section of three inches
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chord were fabricated and ballistically imrneted. Gelatin projectiles
were fired at relative velocities and impact angles to simulate local impact
forces and stresses on the panels typical of bird impact. The environmentally

conditioned specimens were tested at 219 K (-65* F), 294 K (70' F), and 394 K
(250' F). Evaluation of the impact damage was carried out by nondestructive
inspection, change in torsional stiffness, in addition to visual observations
and high speed motion pictures of selected tests.

Task III - Leading Edge Impact Protection Systems

Based upon the ballistic impact test results of Task II, one hybrid and
one superhybrid system were selected and used for the fabrication of simu-
lated blade panels which were reinforced with leading edge protection devices.

One specific leading edge (nickel plated wire mesh) protection system was
selected for impact testing evaluation. The 20 simulated blade specimens,

six inch chord and 16 inches nominal length, were moisture conditioned and
ballistically impacted 219 K (-65' F), 294 K (79' F) and 394 K (250' F) using
one-inch-diameter projectiles fired at velocities of 1000 feet per second.

Task IV - Simulated Blade Spin - Impact Tests

The results of Tasks II and III were used to select material combina-
tions and leading edge protectioc, systems which possess the most promising

environmental resistance and impact resistance characteristics for spin
impact testing. One of each of the selected combinations represented a
hybrid and superhybrid design reinforced in the leading edge area with a
selected protection device established from Task III. The specimen design was
similar to that used in Task III except for the attachment feature for mount-
ing to the rotating disk assembly. A total of eight specimens, four of each
design, were fabricated. The dynamic spin impact tests were finally elimi-
nated due to adverse moisture effects on the adhesive used to bond the speci-
mens to the rig adaptor shoes.



3.0 TASK I - EVALUATION AND CHARACTERISTICS OF CONSTITUENT MATERIALS

The Task I portion of the program investigated the effects of moisture
content, temperature level, and temperature transients on the longitudinal
and transverse short beam shear and flexural strengths of specific fiber/
resin composite laminates. The task involved the fabrication and testing of

three different resin systems and two different fiber combinations. The
specimens were tested in both the fully wet and nominally dry conditions.
The nominally dry condition corresponded to a moisture content acquired by

prolonged exposure to 50 percent RH and 294 K (70' F) storage conditions.
The fully wet specimens were tested with and without an abrupt temperature
excursion to 422 K (300 * F) (wet spike) immediately before being subjected to

the test environment.

3.1 MATERIAL SELECTIONS

Three different resin systems and two different fibers were evaluated

during Task I. The resins comprised of two epoxy and one polyimide and the
fiber reinforcements consist of graphite and S-glass, resulting in a total
of six combined composite systems.

3.1.1 Resin Matrices

PR288 was designated by NASA, based upon previous General Electric recom-
mendations, as one of the epoxy matrix materials to be evaluated in this task.
An industry search was carried out to select a second epoxy resin and a poly-
imide system for evaluation in the program. The SP313 epoxy (3M Product) was
finally selected based upon the following criteria:

•	 Improved moisture resistance compared to other available systems -
Table I.

•	 Similar composite mechanical properties to PR288 - Table II.

•	 Neat resin properties similar to PR288.

•	 Common prepreg source OM's) to ensure requisite quality and capa-
bility for producing hybrid materials required for subsequent tasks.

The DuPont NR150/A2 was selected as the polyimide matrix based upon the
following conclusions:

•	 Processing technology was believed to be sufficiently advanced that
quality laminates could be produced with minimum risk.

•	 Potentially improved impact resistance in view of the high resin
elongation of -8 percent.
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Table I. *Flexural Strength Retention of SP313/T300 After
24 Hour Water Boil Conditioning.

Flexural Strength MPa (ksi)
Percent450 K	 350	 F

Material 294 K 450 K After 24 Hr	 " Strength
System (70' F) (350' F) Water Boil Retention

3M 1682 1407 1241
SP313/T300 (244) (204) (180) 88

Narmco 1710 1455 1020
5208/T300 (248) (211) (148) 70

Hercules 1544 1269 883
3501/AS (244) (184) (128) 69

Fiberite 1600 1207 496
X934/AS (232) (175) (72) 41

*Information received from 3M Company

Table Il	 SP313 Comparative Composite Laminate Data.

Material
System

0' Flexural
Strength
MPa (ksi)

0* SBS
Strength
MPa (ksi) Comments

SP313/T300
RT 1682 (244) 103	 (15.0) SBS L/D Ratio 4:1
450 K (350' F)* 1407 (204) 52	 (7.5)

PR288/T300
RT 1613 (234) 101	 (14.7)
450 K (350' F) 1227 (178) 62.7	 (9.1) SBS L/D Ratio 5:1

PR288/AS
RT 1600 (232) 109.6	 (15.9) SBS L/D Ratio 5:1
394 K (250' F) 1427 (207) 68 (9.9)

PR288/AS(80)/S(20)
RT 1503 (218) 105	 (15.2)
394 K (250' F) 1400 (203) 66 (9.6) SBS L/D Ratio 5:1

*Note: Tested at 450 K (350' F).
Estimated SBS at 394 K > 69 MPa (250' F > 10 ksi)
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•	 law void contents feasible M percent) which would yield optimum
mechanical composite properties.

•	 Potentially high transverse strengths (DuPont data using AS fiber

indicated 88.9 KPa (12.9 x 10 3 psi).

•	 NR150AG adhesives were available for metallic bonding/co-curing of
superhybrid configurations required subseque:,t tasks. [Titanium
6-4 lap shear data 34 MPa (5 ksi) at RT, 19 MPa at 533 K (2.8 ksi at

500' F)J.

•	 Thermoplastic above TS [561 K (500' F)].

0	 Ultrasonic bonding potential for future fan blade/platform assem-

blies.

3.1.2 Fiber Reinforcements

The fibrous reinforcing materials designated by NASA for the Task I were
Union Carbide's Thornel 300 intermediate modulus graphite and high strength

S-glass fiber S-901 manufactured icy Owens Corning.

3.1.2.1 Graphite Fiber

The Thornel 300 fiber was procured for combining with all matrix materi-
als with the standard proprietary sizing/ finishing developed by Union Carbide.
Considerations were given to removing the "epoxy compatible" size off the
fiber by heat cleaning before being combined with the polyimide system. Deg-
radation of the epoxy size at the high processing temperatures of the NR150
was the major concern. Investigations and discussions with industry repre-
sentatives indicated that a reduction in properties is evident by heat clean-
ing the T300 fiber rather than achieving improvements.

3.1.2.2 S-Glass Fiber

The 1014 S-glass manufactured ty Ferro Corporation was employed through-
out the program in lieu of the designated 5-901 Owers Corning fiber. The 901
proprietary epoxy size requires refrigeration to prevent curing at room tem-
perature and therefore, promotes difficulties in handling by the prepreggers
during the setup time of the fiber tows and/or ends in the impregnation
equipment. The low temperature cure of the 901 system may be unsuitable and
incompatible with the high processing temperatures required for the NR150/A2
polyimide system. The 1014 S-glass is treated with the A1100 finish plus an

epoxy compatible size which is stable at room temperature and, therefore, does
not require refrigeration. The 1014 S-glass is the fiber which has been used
exclusively in all the previous PR288 fan blade hybrid composite materials.
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3.2 MATERIAL PROCUREMENT AND QUALITY ASSURANCE

3.2.1 Material Procurement

All the prepreg tapes were basically procured in accordance with the
GenerrAl Electric Specification 4013163-484, Rev. A, "Unidirectional Carbon,
Graphite, S-Glass Fiber, Preimpregnated Tape or Wide Goods." The proprietary
PR288 and SP313 resin matrix materials were supplied by Minnesota Mining and
Manufacturing Comnpany (3M), St. Paul, Minnesota. The NR150A2 DuPont polyi-
mide resin prepregs were produced by the Fiberite Corporation, Winona, Minne-
sota.

3.2.2 Material Quality Assurance

The six combinations of prepreg materials were subjected to establish
Quality Control procedures which include sampling of the materials and veri-
fication of compliance with the specification requirements including physical
properties of the prepreg and molded panels in addition cn mechanical proper-
ties of the molded panel from each material combinat:,:.. ille Quality Control
Data Summary for each material is shown in Tables III through VIII.

3.3 TEST PANEL FABRICATION

A series of 0' orientation test panels 30.5 cm x 30.5 cm x 2.03 mm (12
in. x 12 in. x 0.080 in.) were molded for producing the PR288 and SP313 test
coupons. As a result of the high molding pressures established for processing
the NR150A2 composites (and press avai' ,tbility), the test panels for this
material were produced at a reduced sit: of 7.6 cm x 17.8 cm 0 in. x 7 in.).

3.3.1 Panel Molding and Curing Conditions

3.3.1.1 PR288 Composites

The PR288 matrix composites were molded and cured in accordance with the
standard developed procedures.

•	 Mold at 383 K t 2 K (23n * F t 5' F)

•	 Load mold and close to contact pressure down to 10 percent off clo-
sure shims in three minutes

•	 Maintain contact pressure for 35 minutes.

•	 Remove shims and commence closure down to stops.

•	 Attempt to reach closure in three minutes.

•	 Apply minimum of 2068 KPa (5171 KPa u&ximum) [300 psi (750 psi
am isum)I.
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Table III.	 Q.C.	 Data Summary - Homogeneous Prepreg.

(specification 4013163-454)

Append i x 8

Preprsg Lot No._	 749 Pate Received 514177
Prvpreg Type	 MB8/S-Glass Fiber Batch No.	 Ferro (51014)
Quantity	 16.144 s (40 lbs) Resin Batch No.- 465 500

Vendor , MLPTL fvec. Acce t	 Reject
A.	 fiber Data:

Tensile Str.,	 )We (ksi), Avg. --- -- Min.
Tensile --4.,  GPa (msi), Avg. --- ---
Density, go/cc, Avg. --• ---

B.	 Prspreg Data-..
169.4 t 0.005

Fiber, gm/m2 (ft 2 ) e , Avg. 163	 (17.0) 179	 (16.6) 11.6	 a 0.6 x
Individual Specisane" 5/6 0/6 2/3 x
Basin, gm1s2 (ft 2 ), Avg. So	 (7.4) 79	 (7.3) 78.5	 a 4.3,	 (7.3 a 0.04) x
Individual Specimens" 6/6 6/6 2/3 a
Vols., I Wt.. Avg. 0.15 0.1 21 Max. a
individual Specimens~ 6/6 6/6 2/3 a
Gel Time, Mina. 383 K (230' F) 60 55 40 Min. a
Flow, 1383 K (230' F) -- -- --
Visual Discrepancies

C.	 Laminate Data: eRaguel •
Roll No.(s) 1-1
Gel Time in Die, Mina, 55 0.203 t 0.005 0.200
Thickness, a (in.) 0.203	 (0.050) (0.050 t 0.002) (0.079) x
Flax.	 Str.	 at RT., NPa (ksi) 1641	 (238) 1744	 (253) 1448 (210) 1586 (230) a
3% K (250' F), NTa Mal) 1045 (152) 1331 (193) 1172	 (170) 1214	 (176) a
p lea. Ned. at ST. GPa (msi) 48	 (7.0) 53	 (7.7) 44.8	 (6.5) 52	 (7.6) It

394 K (250' F), GPa (set) 52	 (7.5) Sig	 57.5) 41.4	 (6.0) 52	 (7.58) a
885 Str. at ST, t7a (ksi) 101	 (14.6) 118	 (17.1) $2.7	 (12.0; 101	 (14.') a
3!4 K (250' F), MPa (kat) 62	 (9.0) 69 (10.0) 51.7	 (7.5) 51.1	 (1.5) it

Fiber Vol aam, 2 55.1 55.2 60 a 2 it

Main Content, I Wt. 29.0 29.4 Report a
Voids. I 1.0 0.0 21 Max a
Density, gm/cc 1.93 1.95 Report n

D.	 Material Disposition

Accept for All Usage Accept for Lim,zed Use NASA tttvirotr•sntal PFdmrm - Task I

Reject	 sad (a) Return to Vendor	 __ or (b) Scrap

Q.C. tag.	 C.C. Murphy	 Date:	 SIM 77

'Regualified 8/:4/77.

a Fiber Wt. - 7.08 a SP. Gr. of fiber.
"No. spcimar:s in Spec./M. specimens tested.
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Table IV.	 Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix

Frepreg Lot No.	 638 Wte Received	 4/3/75

Frepreg Type_	 MU/T300 Fiber Batch No.

Quantity	 4.536 men (10 lbs) Basin Batch No. 371

Vendor MLFTL Spec. Accept	 Reject

A.	 Fiber Data:

Tensile Str., We (kei), Avg. -- - Min
Tensile Mod., Cps (msi), Avg. --- -
Density. gm/cc, Avg. 1.74 1.74 x

D.	 Frepret Data

Fiber, an/m2 (ft 2 )* , Avg. 132.4 (12.3) 129 (12.0) 132 t 4.3 (12.3 t 0.4) x
Individual Spacimmus** 6/6 5/6 2/3 x
Basis, gm/m2 (ft2 ). Avg. 78.6 (7.3) 83 (7.7) 78.6 t 4.3 (7.3 t 0.4) x
Individual Specimens** 6/6 4/6 2/3 x
Tole., Z Wt..	 vs. 0.1 0.0 22 Mcx. x
Individual Specimens** 6/6 6/6 2/3 x
Cal Time. Miss. 393 Z (230- F) 65 -- 0 ki". x

Flew, 2 393 9 (230' F) -- -- -
Visual Discrepancies

C.	 lainate Date *Raquel.

9s11 MO.(a)
0a! Ties is Die. Mina. 0.203 t 0.005
Tkichmess, cm (in.) 0.200 (0.079) (0.080 1 0.002) x
Flea. Ste. at RT., We (kei) 1510 (219) 1620 (235) 1448 (210)	 1565 (227) x

394 B (290- F, me (ksi) 1124 (163) 1193 (173) 1103 (160)	 1165 (169) x
Flea. Md. at BT, Gpa (eai) 116.5 (16.9) 123 (.7.8) 117	 (17.0 N	124 (18.0) x

394 [ (MO F). Qa (mmo 112 (16.2) 116.5 ();	 )) 110 (16.0)	 120 (17.4) x
= Str. at IT, MFa (kai) 106 (15.4) 96.6 (14.3) 96.5 (14.0)	 99 (14.3) x
394 L (230' F). We (kel) 79 (11.5) 62.7 (9.1) 62.1	 (9.0)	 63 (9.1) x

Fiber Volume, Z -- 59.1 60 t 2 x
Nasin Contest, Z Wt. --- 33.8 Deport x
Voids, Z --- 0.0 22 Nax a
Density, gm/cc --- 1.55 Deport a

D. Intertal Disposition

Accept for All Usage	 _. Accept for Limited Use - BASA &W j oane

Inject	 and (a) Return to Vendor	 _	 or (b) Scrap

Q.C. Bag.	 G.C. Murphy	 Date:	 8124/77

*Ragnslified 6/24/77

*Fiber 9t. - 7.08 x SF. Gr. of fiber.

**Do. specisess in Spec./Mo. specimen tested.
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Table V. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix B

Prepreg Lot No.	 768	 Date Received	 10/13/77

Prepreg Type	 SP313/S (1014)	 Fiber Batch No.	 -	 -

Quantity	 1,616 Me (4 ibs)	 Resin Batch No.	 --

Vendor	 M6PTL	 Spec.	 Accept Reject

A. Fiber Data:

Tensile Str., Me (ksi), Avg.

Tensile Mod., GPa (asi), Avg.

Density, ga/cc, Avg.	 2.485

B. Prepreg Data

Fiber, go/R2 (ft 2 )* . Avg. 189.4	 (17.6) 191.4	 (17.786) 189.4 t 6.4 (17.6 1 0.6) x

individual Slecinens^ 15/15 4/4 2/3 x

Resin, ga/=2 (0), Avg. 77.5	 (7.2) 67.1	 (6.238) 78.5 t 4.3	 (7.3 1 0.4) s (c)

individual Specimens" 13/15 0/4 2/3 x

Vols., Z Wt., Avg. 0.4 0.249 21 Max. x

Individual Specimens~ 4/4 2/3 x

Gel Tine, Mins.	 383 K (230' F) 57(a) 40 Min. x

Flow, Z 383 K (230' F)

Visual Discrepancies

C.	 Laminate Data:

Roll Mo.(s)

Gel Time in Die. Mine. 0.203 t 0.005

Thickness, cm (in.) 0.206 (0.081) 0.200 (0.079) (0.080 1 0.002) x

Flex.	 Str. at RT., MPa (ksi) 1720 (249.5) 1792.7	 (260) 1448 (210) x

394 K (250' F), MP& (ksi) 890 (129.1) (b) 1620 (235) 1172	 (170) x

Flex. Mod. at RT, GPa (msi) 42.2	 (7.13) 56.0 (8.12) 44.8 (6.5) x

394 K (250' F), GPa (ms1) 44.7	 (6.49) (b) 55.0 (7.97) 41.4 (6.0) x

SBS Str. at RT, MPa (kei) 120	 (17.4) 82.7 (12.0) 82.7 (12.0) x

394 K (250' F), MP& (ksi) 51	 (7.4) (b) 66.2 (9.6) 51.7	 (7.5) x

Fiber Volume, Z MR 58.68 60 1 2 x

Resin Content, Z Wt. NR 25.49 Report x

Void#, Z MR 1.e7 22 Max x

Density, gm/cc 1.93 1.96 Report x

D.	 Material Disposition

Accept for All Usage_ Accept for Limited Use NASA Environmental Program

Reject	 amd (a) Return to Vendor or (b) Scrap

Q.C. Ent.	 G.C. Murphy Date:	 11/30/77

*Fiber Wt. - 7.08 x SP. Gr. of fiber.

"No. specimens in Spec./No. specimens tested.

(&)Gelation time at 427 K (310' F) (not indicative of laminate).

(b)Tested at 450 K (350' F).

(c)Additional Resin film added to test panel.
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Table VI.	 Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4011163-484)

Appendix

Prepreg Lot No.	 743 Date Received 10/5/17

Prepreg Type	 SP313/T300 Fiber Batch No. ----

Quantity	 1,816 go (4 lbs) Resin Batch No. --

Vendor	 MLPTL Spec. Accept	 Reject

A.	 Fiber Data:

Tensile Str., MPa (ksi), Avg.

Tensile Mod., GFa (oi), Avg.

Density, gm/cc, Avg. 1.7

B.	 Prepreg Data:

Fiber, gm/m2 (ft 2 ) * , Avg. 128.1	 (11.9)	 137.2	 (12.75) 132.4 t 4.3	 (12.3 t 0.4) x

Individual Specimens** 3/3	 2/4 2/3 x

Resin, ga/a2 (ft 2 ), Avg. 99	 (9.2)	 110	 (10.23) 78.6 t 4.3 (7.3 t 0.4) (c) x

Individual Specimens" 0/3	 0/4 2/3 x

Vols., Z Wt., Avg. 0.365 22 Max. x

Individual Specimens" 4/4 2/3 x

Gel Time, Nina. 383 K (230' F) 53(8) 40 Min. x

Flow. r 3o	 r (230 • F) --- x

Visual Discrepancies

C.	 Laminate Data:

Roll No.(s) 3-3-1

Gel Time in Die, Mine. 0.203 *- 0.005

Thickness, cm (in.) 1218 (0.086) (0.080 1 0.002) x

Flex. Str. at RT., MPa (ksi) 1624 (235.6)	 1641	 (238) 1448 (210) x

394 K ( 750' F), MPa Mai) 1037	 (150.4) (b) 1600 (232) 1103 (160) x

Flex. Mod. at RT, GPa (oi) 110	 (16.0)	 122	 (17.7) 117	 (17.0) x

394 K (250' F), CPa (msi) 106	 (15.4) (b)	119	 (17.3) 110	 (16.0) x

SBS Str. at RT, MPa (ksi) 100.7	 (14.6)	 67.6	 (9.8) 96.5	 (14.0) x

394 K (250' F), MPa (ksi) 55	 (8.0) (b)	58.6 (8.5) 62.1	 (9.0) x

Fiber Volume, Z 57.5	 56.77 60 t 2 x

Resin Content. I Wt. --	 35.32 Report x

Voids, 2 ---	 0.66 2% Max x
Density, gm/cc --	 1.527 Report x

D.	 Material Disposition

Accept for All Usage Accept for Limited Use _ NASA Environmental Progrem

Reject	 and (a; Return to Vendor _ or (b) Scrap

Q.C. Eng,	 C.C. Murphy Date:	 10/31/77

*Fiber Wt. - 7.08 x SP. Gr. of fiber.

**No. specimens in Spec./No. specimens tested.

(8)Gelation tine at 411 K (280' F) (nut indicative of laminate).

(b) Tested at 450 K (350' F).

(c) Accepted on asis of A50TF180-S1 Specification 100 t 11.8 (9.3 t 1.1) gms/m2 (ft2)
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Table VII. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix B

Prepreg Lot No.	 C8-054 (Fiberite) Date Received_ 11/1/77

Reichold Chemicals,	 Inc.	 -
Prepreg Type	 NR150A2/S (1014) Fiber Batch No,

Quantity	 1,816 gas (4 lbs) Resin Batch No.	 DuPont E14224-98

Vendor M6PTL Spec. Accept	 Reject

A.	 Fiber Data:

Tensile Str., MPa (ksi), Avg, 3668	 (532)

Tensile Mod., GPa (msi), Avg. 86.9	 (12.6)

Density, gm/cc, Avg. 2.49

B.	 Prepreg Data:

Fiber, gm/02 (ft 2 ) * , Avg. 178	 (16.5) 178	 (16.55) 189 3 6.4 (17.6 1 0.6) x

Individual Specimens** 0/3 1/3 2/3 x

Resin, gm/22 (ft 2 ), Avg. 109	 (10.1) 112	 (10.4) 78.5 3 4.3	 (7.3 ± 0.4) x

Individual Specimens** 0/3 0/3 2/3 x

Vols_, 2 Wt.,	 Avg. 19.9(&) 18.9 2Z Max. x

Individual Specimens** 3 ----- 2/3 x

Gel Time, Mins. 383 K (230' F) 1.7 (c) ---- 40 Min.

Flow, 2 383 K (230' F) 33.5 ---- ----

Visual Discrepancies

C.	 Laminate Data:

Roll No.(s) 01

Gel Time in Die, Mina. 0.203 t 0.005

I^ickness,	 cm (in.) 0.170	 (0.067) 0.208 (0.082) (0.080 i 0.002;

Flex.	 Str.	 at RT., MPa (ksi) 1434	 (208) 1503	 (218) 1448 (210) x

394 K (250' F), MPa (kai) ----- 1296 (188) 1172	 (170) x

Flex. Mod. at RT, GPa (msi) 50	 (7.25) 53	 (7.68) 44.8	 (6.5) x

394 K (250' F), GPa (msi) ----- 49	 (7.12) 41.4	 (6.0) x

SBS Str.	 at RT, MPa (ksi) 49.0	 (7.1) 66.2	 (9.6) (b) 82.7	 (12.0)

394 K (250' F), MPa (ksi) 55	 (8.0) 51.7	 (7.5) x

Fiber volume, % 56 54.16 60 ± 2

Resin Content, % Wt. 26.2 30.34 Report x
Voids, S 11.6 5.62 2% Max
Density, gm/cc 1.74 1.93 Report x
Cured Ply Thickness 0.0048

D.	 Material Disposition

Accept for All Usage Accept	 for Limited Use NASA Environmental Program

Reject	 and (a) Return to Vendor or (b)	 Scrap

Q.C. Eng.	 G.C. Murphv	 Date:	 11/30/77

*Fiber Wt. - 7.08 x SP. Gr. of fiber.

**No. specimens in Spec./No. specimens tested.

(8) 1/2 Hour at 589 K (600' F).

(b) Low shear values attributable to high void content.

(c)At 477 K (400° F).
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Table VIII. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix

Prepreg Lot No._	 CB-060 (Fiberite) Date Received 1111/77

Prepreg Type	 MR150A2/T300 Fiber Batch No, Union Carbide 366-2

Quantity	 2,043 gas (4.5 lbs) Resin Batch Mo. DuPont 814224-98

Vendor MAPTL Svec• Accept	 Reject

A.	 Fiber Data:

Tensile Str., MPa (ksi), Avg. 2689 (390) ----- Min.

Tensile Mod., GPa (msi), Avg. 223	 (32.3) ----- 3

Density, gm/cc, Avg. 1.725
-A

B•	 Prepreg Data --"

Fiber, go/m2 (ft 2 ) e , Avg. 148	 (13.76) 150 (13.95) 132.4 t 4.3	 (12.3 1 0.4)	 x

Individual Specimens" 0/3 0/3 2/3 x

Resin,	 gm/m2 (ft 2 ), Avg. 83	 (7.3) 81	 (7.5) 78.5 t 4.3	 (7.3 1 0.4)	 x

Individual Specimens" 3/3 2/3 1/3 x

Vols., 2 Wt., Avg. (a) 18.8 16.3 21 Men x

Individual Specimens" 0/3 2/3 x

Gel Time, Mine. 383 K (230' F) 1.6 (b) 40 Min. x

Flow, 1 383 K (230' F) -----

Visual Discrepancies -

C.	 Laminate Data:
^A

Roll Mo.(s) 01

Gel Time in Die, Mine. 0.203 t 0.005

Thickness, cm (in.) (c) 0.200	 (0.079) 0.226 (0.089) (0.080 1 0.002) x

Flex.	 Str.	 at RT.,	 MPa (ksi) 1496	 (217) 1572	 (228) 1448 (210) x

394 K (250° F), MPa (ksi) ----- 1289 (187) 1103 060) x

Flex. Mod. at RT, GPs (msi) 111.2	 (16.13) 124	 (18.0) 117	 (17.0) x

394 K (250° F), GPa (not) 123	 (17.9) 110	 (16.0) x

SBS Str.	 at RT, MPa (ksi) 108	 (15.7) 106	 (15.4) 96.5	 (14.0) x

394 K (250' F), MPa (kai) ----- 82	 (11.9) 62.1	 (9.0) x

Fiber Volume, i 61 60.1 60 t 2 x -_

Resin Content, % Wt. 34.7 35.06 Report x
At

Voids, 1 0 1.57 21 Max x

Density, gm/cc 1.62 Report x

Cured Ply Thickness 0.00562 x

P.	 Material Disposition'-

Accept for All Usage Accept for Limited Use NASA Environmental Program y

Reject	 and (a) Return to Vendor or (b)	 Scrap

1

Q.C. Eng.	 C.C. Murphy Date:	 11/30/77

eFiber Wt. - 7.08 x SP. Gr. of fiber.

*eNo. specimens in Spec./No. specimens tested.

(a) Exposed to 589 K (600' F).

(b)At 477 K (400' P).

(0 14 Plies.

15



•	 Maintain pressure and temperature for gel time plus two hours.

•	 Remove panel hot and postcure in oven for four hours at 408 K
(275° F) followed by one hour at 450 K (350° F).

3.3.1.2 SP313 Composites

The SP313 test panels were molded and cured using the 3M Company recom-
mended procedure.

•	 Insert layup in the die at 450 K (350° F).

•	 Apply contact pressure for three minutes.

•	 Increase molding pressure gradually tc 550 KPa (80 psi) over three
minute period.

•	 Hold for 30 minutes.

•	 Oven postcure for four hours at 450 K (350° F).

3.3.1.3 NR150A2 Composites

The initial processes used in the fabrication of the Material Quality
Assurance test panels involved the following procedure.

•	 Spray steel mold with "Frekote" 33 mold release.

•	 Lay up prepreg plies in the matched die mold separated top and bot-
tom with TeflonRelease Fabric (next to prepreg) followed by a sheet
of "Celgard" 4510 microporous polypropylene film and then a sheet of
dry glass fabric (181 Style).

•	 Premold at 477 K (400° F) for four to five hours at a constant 14 KPa
(2 psi) applied pressure.

•	 Remove solid porous preform and layup in a Kapton R vacuum bag
between two sheets of dry glass fabric. A solid metal caul plate
is placed on top within the vacuum bag.

•	 Place in an oven overnight at 575 K (575° F) under vacuum.

•	 Preheat matched die mold to 616 K (650° F), insert preform, immedi-

ately apply at least 6895 KPa (1000 psi) and hold five minutes.

•	 Release pressure for thirty minutes.

•	 Reapply pressure for ten minutes and allow to cool under 1375 KPa
(200 psi).

16
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The mechanical properties generated from the Q.C. panel tests of the
NR150A2/S(1014), Reference Table VIII indicated low short beam shear proper-
ties, which were mostly attributable to the high void content (5.6 percent)
created by excess resin being expelled during the staging cycle. The process
for molding the official test panels was modified after extensive studies to
premolding the preform ; -,wn to within 5 percent over the finished panel thick-
aess during the 477 K (400' F) four-hour staging cycle. The procedure was
instituted to retain sufficient matrix prior to final press molding. Ultra-
sonic C-scan inspection of the initial test panels indicated still unaccept-
able high void contents. Alternative staging/cure cycles were evaluated in
an attempt to improve panel quality without success. Entrapment of solvent
and by-products of the resin cure reaction were believed to be the cause of
the voids, but high glass transition (T g) temperatures in the 555 K- 577 K
(540° F-580' F) range indicated that the solvent had basically been removed.
Microscopic examination of sectioned panels revealed multiple small areas of
intPrply micro-cracking and/or delamination was the major problem. In view
of the thermoplastic nature of the NR150 material at temperatures above the
Tg , the panels were subjected to secondary consolidation pressure/tempera-
ture cycles to determine if the microdelamination could be healed by plastic
deformation and fusion of the resin matrix. Panel GB-1 was repressed at 630 K

(675° F) and 20.7 MPa (3,000 psi) molding pressure in the mold tool and cooled
to 394 K (250 0 F) under 1379 KPa (200 psi) pressure prior to removing from the
die. Considerable improvement in the C-scan was noted. Figure 1 shows the
initial C-scan gray scale of the panel in the as-molded condition and the
gray scale after repressing at 630 K (675° F) and 20.7 MPa (3,000 psi).

The same panel was repressed for a second time at temperature/load con-
ditions of 672 K (750° F) and 32.4 MPa (4,700 psi) and further improvement
was noted (Figure 2). Figure 3 shows the magnified cross section (500X) of
a typical panel before and after repressing indicating the successful plastic
fusion of the microcracks by the developed process. The process has been
christened PreDoT, Pressure Densification of Thermoplastics, and patent
application is currently pending.

Mechanical properties of the NR150A2/T300 and NR150A2/S-glass were
reevaluated to determine any changes resulting from the high PreDoT preb.:-_res
applied to the test panels. Table IX shows the mechanical properties evalu-
ated, comparing the initial QC test panel data with similar panels which were
subjected to the PreDoT consolidation. Considerable improvement in the T300
unidirectional panel composite properties was achieved. Flexural strength
increased from 1572 MPa (228 ksi) to 2006 MPa (291 ksi) at room temperature
and 1289 MPa (187 ksi) to 1848 MPa (268 ksi) at 394 K (250' F). Short beam
shear properties of the T300 also increased 10-14 percent. The S-glass/
NR150A2 composite properties remained basically the same as the initial QC
test data except for short beam shear, which increased 17-22 percent due to
the reduced void content. 3ased upon the results of the material PreDoT prop-
erties, it was concluded that no significant damage had resulted to the glass
or graphite fibers during the PreDoT processing and that the mechanical prop-
erties and laminate quality had considerably improved. All the official test
panels were PreDoT conditioned prior to submitting to Cincinnati Testing
Laboratories.
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	Panel GB-1	 Panel GB-1

	

As Molded	 After "PreDoT" at
630 K (675° F and
20.68 MPa (3000 psi)

Ult • asonic C-Scan Gray Scale

Figure 1. Panel Quality Improvement by PreDoT Process (Pressure Densification of
Thermoplastics).
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Panel GB-1
After "PreDoT" for ,A Second Time

at 672 K (750° F) and 38.41 MPa (4700 psi)

Ultrasonic C-Scat: Gray Scale

Figure 2. Further Panel Quality Improvement
By PreDoT Process (Pressure Densi-
fication of Thermoplastics).

19
OWNAL pact is
OF POOR QPAWY



Microcracks

>_ Voids

Panel TB-3 - As Molded (500X)

-1	 P

Orr-

Zelln

Panel TB-3 After "PreDoT" Treatment (500X)

Figure 3. NR150A2iT300 Test Panel Quality Improved by "PieDoT" Process.
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3.3.2 Quality Assurance

All the molded test panels were subjected to ultrasonic C-scan inspec-
tion as a quality level determination prior to machining into test specimens.
Laboratory analysis was conducted on samples of the molded panels to ascertain
fiber volume, resin content, density and void contents. A tabulated list of
the physical properties of the PR288 and SP313 test panels are shown in Table
X and the NR150A2 are listed in Table X1.

3.4 SPECIMEN ENVIRONMENTAL CONDITIONING

The test panels were machined to produce the longitudinal and transverse
flexural and short beam shear test specimens prior to moisture conditioning
and testing in accordance with ASTM D790 flexural strength /modulus and ASTM
D2344 short beam shear test methods.

3.4.1 Establishing Minimum Specimen Heating /Cooling Times

A study program was conducted using PR288/T300 and PR288/S-glass typical
short beam shear (SBS) and flexural specimens to determine the minimum test

temperature soak times required to attain the test condition. It was believed
that the usual 15-30 minute soak times would partially expel the absorbed
moisture at the elevated temperature test conditions, thus nullifying some of
the moisture absorption effects.

Thermocouples were inserted into each specimen and monitored to record
the time/temperature rise/fall rates. The specimens were not moisture condi-
tioned for this investigation since it is not believed to be a significant
variable in the heating /cooling of the specimens. The specimens were heated
or cooled in an oven or freezer to the desired temperature rather than mounted
in the actual test fixtures and equipment.

The times recorded to attain the test temperature are tabulated below:

Test Exposure Recorded Time

Temp. Temp. To Attain
Type Specimen K (* F) K (* F) Test Temp

SBS 219 (-65) 216 (-70) 1 min 15 sec

394 (250) 397 (255) 1 min 40 sec

Flex 219 (-65) 216 (-70) 2 min 30 sec
394 (250) 397 (255) 2 min 20 sec

Graphical plots of the heating and cooling rates are illustrated ^n Fig-

ures 4 and 5.
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Table X. Physical Properties of Molded PR288 and SP313 Test Panels.

Panel No.
Molded Properties

Fiber Void
(Sample Density Vol. Content

Ident. No.) Material gm/cc % %

1086
(5021-1)

PR288/S 1.99 59.24 -0.011

1087
(5021-2)

PR288/S 1.96 56.14 -0.43

1084
(5022-1)

PR288/T300 1.54 57.4 -0.34

1089
(5022-2)

PR288/T300 1.55 56.4 -0.9

1885
(5038-3)

SP313/S 1.96 59.89 2.87

1886
(5038-4) SP313/S 1.97 59.79 2.02

1883
(5038-1)

SP313/T300 1.52 55.37 0.68

1884
(5038-2)

SP313/T300 1.52 54.12 0.14

Fiber Orientation: (0')16

Test Panel Size:	 30.5 cm x 30.5 cm x 2.03 mm
(12 in. x 12 in. x 0.080 in.)
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Table X1. Physical Properties of NR150A2 Test Panels.

Panel	 i	 Reinforcement
Number	 Material

Thickness
cm (in.)

Density
gm/cc

Fiber
Volume

%

Void
Content

%

GA-1 1014 S-glass 0.198 (0.078) 2.000 --- ---

GA-2 1014 S-glass 0.215	 (0.085) 1.927 --- ---

GA-3 1014 S-glass 0.221	 (0.087) 1.897 --- ---

GA-4 1014 S-glass 0.201	 (0.079) 1.962 --- ---

GA-5 1014 S-glass 0.218	 (0.086) 1.964 --- ---

GB-1 1014 S-glass 0.183	 (0.072) 2.042 --- ---

GB-2 1014 S-glass 0.178	 (0.070) 2.048 63.35 2.33

TA-3 T300 0.196	 (0.077) 1.654 --- ---

TA-4 T300 0.203	 (0.080) 1.636 --- ---

TA-5 T300 0.196	 (0.077) 1.654 68.78 0.83

TA-6 T300 0.198	 (0.0 78) 1.615 --- ---

TA-7 T300 0.193	 (0.076) 1.640 --- ---

TB-2 T300 0.203 (0.080) 1.615 --- ---

Fiber Orientation: (0*)16

Test Panel Size:	 17.8 cm it 7.6 cm x 2.03 mm

(7 ire. x 3 in. x 0.080 in.)
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3.4.2 Establishing "Dry" Specimen Conditioning Parameters

The nominally "dry" conditioned specimens tested during the program :or-
respond to a moisture content acquired by prolonged exposure to 50 percent
relative humidity and 294 K (70' F). General Electric has previously deter-
mined that 0.3 percent moisture weight gain over a period of three months is
typical in an 0.203 cm (0.080 inch) thick unidirectional PR288/AS(80)/S(20)
laminate (Figure 6). Due to different densities in the six composite systems
being evaluated in the program, 0.3 percent weight of moisture is not valid
for these systems. During the preliminary investigation, typical PR288/T300
and PR288/S-glass test specimens were conditioned at 355 K (180° F) and 97
percent relative humidity concurrently with control specimens of PR288/AS(80)/
S(20). Time versus moisture content was recorded until the control specimens
attained 0.3 percent weight moisture content. All the specimens were ini-
tially dried at 322 K (120° F) for sixteen hours to expel any surface moisture
absorbed since the panels were fabricated, before moisture conditioning at
355 K (180° F)/97 percent relative humidity.

The total time required to achieve 0.3 percent weight gain in the various
control specimens was:

Conditioning Time
Specimen Type
	

355 K (180' F)/97% RH

Short Beam Shear	 4.0 Hours

Flexural Specimens 	 70.5 Hours

The weight percentage gained for each specimen is tabulated in Table XII.

3.4.3 Moisture Changes During Specimen Heating/Cooling

Nominally "dry" specimens were placed in a cryogenic chamber set at
216 K (-70° F) to bring specimens to the 219 K (-65° F) test temperature.
Specimens were weighed immediately after reaching 219 K (-65° F) and a signif-
icant increase in weight due to increased moisture content was noted in all
instances. The actual weight increase and percentage of increase are shown
in Item 3 on Table XIII. Specimens were maintained at 219 K (-65° F) an
additional 30 minutes after reaching 219 K (-65° F) and reweighed. A further
significant weight increase was noted at that time, as shown in Item 4 of
Table XIII.

The additional weight was identified as frost formed from surface con-
densation during the rapid cooling cycle. When specimens were removed from
the 216 K (-70° F) environment and brought to 296 K (74° r), the surface mois-
ture was removed by blotting.

The specimens were then heated from 296 K (74° F) to 394 K (250° F) in an
oven set at 397 K (255' F) and weighed when the 294 K (250° F) test temperature
was attained. Item 5 of Table XIII shows that some specimens weighed less
than the weight shown for the fully dry condition in Item 1 of the table,
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Table XII. "Dry" Conditioning of Test Specimens
Moisture Weight Gain Percentages.

Material/
Specimen
Design

Predried(l)
Weight
(gm)

"Dry"(2)
Weight
(gm)

Percentage
Weight Gain

After
Conditioning

*AS/S
#1	 SBS (0°)

0.4169 0.4182 0.31

*AS/S
#2 SBS (0°)

0.4126 0.4136 0.24

S-glass
SBS (90°)

0.5263 0.5274 0.21

T300
SBS (90°)

0.4041 0.4051 0.25

S-glass
Flex (0°)

3.7600 3.7698 0.26

T300
Flex (0°) 3.1122 3.1216 0.3

(1) Predried for 16 hours at 322 K ( 120° F)

(2)After conditioning at 355 K (180° F)/971 RH SBS 4 hours
and Flex 70.5 hours

*Control Specimens.
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indicating that the 16 hours at 322 K 020 * F) was not sufficient to totally
remove the original moisture. Specimens were maintained at 394 K (250' F) for
a total time of 30 minutes and reweighed with no significant weight change,
as shown in Item 6 of the table. Item 7 on the table shows that the 394 K
(250 * F) temperature caused an average loss of 0.31 percent moisture from the
nominally dry condition listed in Item 1 of Table XIII.

The specimens were further conditioned at 355 K (180° F)/97% RH to attain
a higher moisture level (semi-wet) to evaluate moisture losses during heat
cycling at these higher saturation levels. Semi-wet specimens were weighed
to determine the weight percentage of moisture content after being removed
from the humidity chamber. After weighing, the specimens were heated from
296 K (74° F) to 394 K (250° F) in an oven set at 397 K (255° F) and reweighed.
The weight loss and percentage of weight change 14rom the semi-wet condition
in Item 2 of Table XIV is shown in Item 4 of the table and averages 0.20
percent for all specimens combined.

Specimens were further reconditioned to a similar semi-wet condition
after exposure at 394 K (250° F), and Item 5, Table XIV shows the weight per-
centage moisture level after further reconditioning. The specimens were then
subjected to the 422 K (300° F) [simulated wet spike condition] and reweighed
at 422 K (300° F) to determine the moisture content compared to the fully dry
condition shown in Item 1, Table XIV. After cooling from 422 K (300° F) to
296K (74° F), it was noted that the specimens gained weight. The weight
increase in the cooling cycle indicated by the difference in Items 6 and 7,
is tabulated in Item 8, Table XIV. Reabsorption of moisture in the cooling
cycle is an average of 0.1 percent for all specimens combined.

3.4.4 Environmental Conditioning Procedure

Based upon the foregoing studies, the following procedures were estab-
lished for conditioning and testing the specimens in accordance with the test
matrix shown in Table XV.

•	 "Dry" Conditioning/Testing

-	 Dry all specimens for 16 hours at 394 K (250° F).

-	 Immediately weigh specimen (datum weight).

-	 Condition specimens at 355 K (180° F)/97X RH until control speci-
men [PR288/AS(80)/S(20)] achieves 0.5% moisture weight gain.

•	 Room Temperature Tests

-	 Allow specimens to cool to room temperature.

-	 Reweigh specimen.
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Allow to stand at room temperature or force dry at 339 K
(150° F) until the moisture level in the control specimen

drops to 0.3%.

Record weight percentage.

Test Specimen.

Immediately reweigh specimen.

•	 394 K (250° F) Temperature Tests

-	 Allow specimen to cool to room temperature.

-	 Weigh specimen.

-	 Soak at test temperature in fixture for 15 minutes - SBS and

Flex specimens.

-	 Test specimen.

-	 Immediately reweigh specimen.

•	 219 K (-65° F) Temperature Tests

-	 Allow specimen to cool to room temperature.

-	 Weigh specimen.

-	 Soak at test temperature in fixture for 15 minutes - SBS and
Flex specimens.

-	 Test specimen.

-	 Immediately reweigh specimen (blot away condensation on
specimen).

3.4.5 Moisture :bsorption Rates

Control specimens of each material and specimen design were monitored
during conditioning in the humidity cabinet to determine "full moisture
saturation." Figures 7 through 10 show the moisture weight gain percentage

against time plots for each specimen/material combination. The reduced mois-
ture absorption of the more "moisture resistant" SP313 system is evident from
the curves when compared to the PR288 composites. The exceptional "moisture

resistance" of the NR150 resin compared to the epoxy systems can also be
seen. It can also be noted that the moisture is absorbed at a faster rate in
the transverse (90') fiber predominant NR150A2 specimens indicating wicking
at the matrix/fiber interface and the need for more compatible fiber finishes/
sizes to achieve more intimate adhesion.
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3.5 MECHANICAL PROPERTIES TESTING

3.5.1 Flexural Strenyth Tests

Flexural strength tests on the "dry," fully saturated and wet spike
specimens with 0' and 90' fiber orientation were conducted in accordance
with ASTMD790 using the three point loading method for the 0' orientation
and the four point loading procedure for the 90' specimens.

3.5.2 Short Beam Shear Tests (SBS)

Short beam shear strength tests on the 0' and 90' orientation specimens
were conducted in accordance with ASTMD2344.

The span (L) to depth (D) ratio test parameters for the 90' (transverse)
short beam shear test specimens was evaluated in an attempt to produce a true
shear failure in the specimens. Typical SBS specimens were manufactured
using PR288/T300 and PR288/S-glass materials and tested at room temperature
with L/D ratios of 5:1, 4:1, 3:1, and 2:1. All the specimens fractured
cleanly, visually indicating a tensile type matrix failure mode opposite the
point of center load application, there was no por•itive indication of any
shear type failure at the median section of the specimen. Figure 11 depicts
the span/depth ratio effect on SBS properties. Since the properties varied
proportionally with the L/D ratio, a 2:1 relationship was chosen for the 90'
(transverse) specimens tests to yield maximum _nitial values and thereby be
able to determine more accurately the effects of moisture absorption. A 5:1
L/D ratio was selected for all the 0' (longitudinal) SBS specimen tests.

3.5.3 Results of Mechanical Properties Testing

3.5.3.1 "Dry" Coc:.ditioned Tests

All the machined specimens were conditioned at 394 K (250' F) for 16
hours to remove any moisture which might have been absorbed since the panels
were molded and the datum weights recorded. The specimens were then condi-
tioned at 355 K (180' F)/97% RH in an environmental chamber until control
specimens of PR288/AS(80)/S(20) material had achieved 0.5 percent moisture
weight gain. The 0.5 percen t_ weight gain parameter was established based
upon the previous work conducted on PR288/AS(80)!S(20) where it had been
determined that 0.3% moisture was absorbed over a period of three months at
ambient 50 percent RH and 294 K (70' F) conditions and therefore, fulfilled
the nominally "dry" requirement. An additional 0.2% was allowed for mois-
ture loss from specimen edges during elevated temperature tests as determined
from the preliminary studies which were reported in Paragraph 3.4.2. The
room temperature and the 294 K (-65' F) test specimens were partially dried
to remove the excess 0.2 percent moisture from the external surfaces and
achieve a more uniform moisture gradient across each specimen.
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•	 90' transverse short beam shear specimens.
Allowed to stand at room temperature until PR288/AS/S control
specimen dropped to a 0.3 percent weight gain.

•	 0' unidirectional short beam shear specimens.

Subjected to 20 hours at 339 K (150° F) after conditioning until
control specimen reach 0.3 percent weight gain.

•	 90' transverse flexural specimens.

Dried for 26 hours at 339 K (150' F) until control specimen reached
0.3 percent weight gain.

•	 0' unidirectional flexural specimens.

Dried for 16 hours at 339 K (150° F) and further 3.5 hours at 322 K
(120' F) until control specimen achieved 0.3 percent weight gain.

The specimen conditioning times established for each specimen design to
achieve the 0.5% moisture weight gain are tabulated in Table XVI.

Table XVI. Specimen Moisture Conditioning Times.

Conditioning Time
Specimen Design	 at 355 K (180° F)/97% RH

Flexural 0'	 19.5 Hours
Flexural 90'	 19.5 Hours
Short Beam Shear 0'23.5 Hours
Short Beam Shear 90°	 6.0 Hours

The weight of each individual specimen was recorded: (1) after drying,
(2) after preconditioning to 0.5 percent weight at 355 K (180' F)/97X RH, (3)
after drying to achieve 0.3 percent weight gain in PR288/AS/S control speci-
mens and (4) immediately after testing. The specimens were immediately tested
upon attaining the desired moisture content in the control specimens.

The flexural and short beam shear test results of the 'dry' conditioned
specimens were compared against the initial room temperature and 394 K (250° F)
Quality Control data. It was basically concluded that the 'dry' conditioning
(^0.3 percent moisture did not affect the material properties and therefore,
the 'dry' properties would be used as the basis for comparison of properties
tested at all other test_ temperatures and specimen conditions. The 'dry'
strength data at 219 K (-65' F), 294 K (70' F) and 394 K (250' F) shown on Tables
XVII through XXXVI is therefore used as a baseline for calculating percentage
strength retention against 'wet' or 'wet spike' properties. PR288/T300 and
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+l ê '1 e

0%
rf r°Dte +1

d a+ a.+
0 0 0 0 O o 0 0

7
O

a
m w

N N M
OI

N N N N N

OJ O O O O O O O

a

O H 7 ^^

.Ni
^

k
R 0) b

u G w Z
p̂ G u

w
S Ol r1
&1 aJ P1 "'^

0
.p to

C

; 
r. ..i

^ NH
a^ _4 u
cn w cn

..
..
c1

..
Ln

..
0

..
a,

..
o

..
•o

..
.

..
rn

w Ml In r- Ln 10 Ln %0 U i

e 14 N N N N
Ln

N N ON N -.O en

O M .. U') %0 n ON %0 O 00
A

7 ^. O O O n n 00 r`

I
v N

r-d

0c W
w

7 C7
o .-4

d O Mt en v1 .•+

S

T

N

i••. 2 • • •O
'WDO OD •--i ^p

.- eel .-4 "

C D 00 00 00 00 v .a ..i v
yJ }^	 I ^ v v v v
00 A " • r ^. aD

N
00 O Ni-. O^

O
N
O

•mL m %10 %0 U1 to
to 4d
v

N

cc m

iw

^ O

v
N N 00

w {+
A ^o v^ a0 0^^

e•1 v ^O v

O\N

GD

Oy

ecM
H

L
00 GO
C4 C14

aa

00
O^
v

to
w
6J
D
N
Q
c0

F

I

L
ro
0

L
y
v
H

G1

L
ro

y
a
8J
H

n

0
Ln
^O

aN

N

C

0)

L

a
O
w
a
t
u
00
C
0J
fa

L
y

1-i
7
k
Ol

r-1w

14
H
H

0!

H

43

^•



(LV1

C',

t!•1 f^ tf1 Q^ N O^
L M N N N •-+ .-+ N •-+

;O O O O O O O O
7 d O
L U a.
n, w

o a L

0J 00 u'1 ^D M M ^7

v
V1I t!"1I

$H o 0 0 0 0 0 0 0

.G C
u O +^
OC 4 G

d G u

cn v a
a

w
,^	 •^ •'•i O Vl V1 N N Ln M
iJ ul	 W

>+ OC	 E N O •--^
H G N N —4 •-•1 N N N N
Q Q1 ^ v v v ^ v v v v

L X P. m 00 00 M ••^ 1^
W	 C7 M M N M .? u1

N
C14

k+ ^

0	 4

00	 .5L n O^
u

`^A v .-^ ^ O u'1
H x cc

E^
ON
<V

m
N
co

O ^

C.) 1^^4
ca F tJ^
-4
H 00 00
0) 00 00
V N N
ca a a^ a a

^tl
LJ

07

A

u
aJ
F

G7
H
7

H
v
a
e
ar
F

w
0
u-^
^D

x
rn
.^
N

H
A

W
v

4
d'

H ^
W 0
0

H
01

tin C
o0
L

0) U
00 v

H
L •rl
H •p
O
.L G
G7 a

>C
o--i
X

G1

ro
H

44



w
v ^ u^ o ^ ^ n oL N M M M N N M

O* O O O O O OO

+,+	 u a
w ►+

za
W
v u1 N O N O N M u1
rJ N N N N M N N N

w 0 0 0 0 0 0 0 0

u O u

00 • •+	 C
p u v u> u1

w d 1u+

rn

m a aa

w
L V1 W i+ n n i••^

^. 00 ^O ^ O O n n .D O 00 .7
A v M M M n u1 ^O

w	 c0 v v v ..^ v v v
L Lill 0.
v.	 C9 •+ 00 u) ul^ u1 00 00 -%t^ N N N N ^ ^ M ^

N

w ..
u 0	 m

^, 00 O
..^ u1 n C14 .?

A	 u

00
Lw
i ?l. Q.^ OM v

N ^ ^

N

a^
rA
Cd

O ^
O u

.-^ M I

RI H ^
w 00 00
v 00 00

C14
a

7E a, a

I

to

A
u
v
H

v

a

^a
w
v
a
rz
Q)
F

w
0
u)
to

v

ON

N

A

w

L
M
0)
CL
0
w
P.

W -%
to 0
v O

^ CJ
RI y
v w
as v

u m
►+ C

l4
CA H

X

v

F

u
W
O

C
Q7
8

u
vd
a

w
O

C
O
•4
u
w
O
a

v
00
w

a
^c

45



4A

u
47 •-+ n coI u 1 -.4O+M '7 ^

O^ 90 OBIcCn V1 n ^D O^ n O O^ 0 0 S It ^7u
O Ln C1l n0

N c.4 Cv Î̂  N
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PR288/S-glass were the only materials evaluated at 219 K (-65* F) and in the

'dry' condition only (Reference Tables XVII through XX).

3.5.3.2 "Wet" Conditioned Tests

The 'wet' or complete moisture saturation of specimens wac achieved by
conditioning in a humidity chamber at 355 K (180' F)/97% relative humidity.
Control specimens of each material and specimen design were monitored and
graphically plotted to determine when full saturation was achieved as out-
lined in Paragraph 3.4.4. The PR288 and SP313 epoxy matrix specimens were

tested after >3 n days exposure but the NR150A2 matrix specimens were reCained

in the humidity chamber for a period of -55 days to achieve a more stabilized
saturation level. The 'wet' strength data generated is shown in Tables XXI

through XXVIII and is compared to the equivalent 'dry' mechanical properties
for the purpose of the strength retention percentage calculation.

3.5.3.3 "Wet Spike" Conditioned Tests

The 'wet spike' conditioning was achieved by fully saturating the speci-
mens as described in "Wet Conditioning" and then subjecting the specimens to
an abrupt 422 K 000' F) temperature excursion immediately before carrying out
the appropriate mechanical properties test. Based upon the specimen heating
and cooling rate study described in Paragraph 3.4.1. Each specimen was heated

at 422 K (300 * F) for a period of six minutes to achieve the requisite exposure
of three minutes at full 422 K (300° F) temperature.

The 'wet spike' mechanical properties generated are shown in Tables XXIX
through XXXVI and again are compared directly against the 'dry' data to estab-

lish percentage strength retentions.

3.6 TASK I DATA ANALYSIS

An analysis of the effects of moisture content, temperature ievel and
temperature transients on the longitudinal and transverse short beam rehear
and flexural strength of six basic fiber/matrix composite laminates was con-
ducted. Percent strength retention for each of the six materials tested
at 219 K (-65' F), 294 K (70' F), and 394 K (250' F) and conditioned to the
"dry," "wet," and "wet spike" state are tabulated in Tables XXXVI and XXXVIII.
The percentage strength retention is based upon the particular property value
of the "dry" specimen at the appropriate test temperature. In order to show
the overall effects of temperature and environmental conditioning, the data
are presented in bar graph form in Figures 12 through 15.

The general conclusions from the analysis of the Task I - Materials
characterization study were:

s	 NR150A2 polyimide matrix demonstrated considerably improved moisture
reaistance over the two selected epoxy systems, PR288 and SP313.

Nominally 75 percent less moisture was absorbed by the NR150A2/T300
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than the PR288/T300 and 60 percent less than the SP313/T300 system.
(Reference Figures 3-7 through 3-10).

Moisture was absorbed initially at a faster rate in the transverse
(90') fiber predominant NR150A2 specimens indicating wicking at the
matrix/fiber interface and the need for more compatible fiber
finishes/sizes to achieve more intimate adhesion.

•	 "Dry" conditioning equivalent of three months storage at 294 K
(70' F)/50% RH had no adverse effects on short beam shear or flex-
ural properties when tested at 294 K (70' F) and '94 K (250' F).

•	 Short Beam Shear and Flexural properties of the "dry" PR288 matrix
materials increased some 30 percent when tested at 219 K (-65' F)
due to the higher tensile properties of the resin at the lower tem-
perature.

•	 Wet and wet spike conditioned T300 specimens indicate negligible
effect on dry properties caused by moisture when tested at room
temperature. S-glass composites, however, indicate 30 percent
reduction in the 294 K (70' F) properties.

•	 Elevated temperature tests 394 K (250° F) illustrate the moisture
plasticizing effect on the resin matrices. The PR288, which is
nominally a 394 K (250° F) capability system is more severely
affected by moisture saturation, retaining only 40-50 percent of
its "dry" elevated temperature (0') orientation short beam shear
and flexural properties. The transverse (90') which are matrix
controlled retain only 25-35 percent. The higher temperature
capability systems, SP313 (450 K [350° F]) and NR150A2 (533 K [500°
F]) show reduced falloff in 0' orientation mechanical properties at
394 K (250° F) since the test temperature is below the glass tran-
sition temperature (Tg) of the resins. Similar reduction in prop-
erties to the PR288 would be anticipated with the SP313 when tested
at 450 K 050' F) or NR150A2 at 531 K (500' F).

The NR150A2 composite systems exhibit extremely high transverse
(90') flexural strength properties compared to the PR288 and SP313
epoxy systems 182.7 MPa (12 ksi) versus 41.4 MPa (6 ksi) at zoom
temperature]. An even greater differential exists at 394 K (250° F)
on the wet and wet spike conditioned specimens when a 55-62 MPa
(8-9 ksi) 0' orientation transverse flexural value is maintained
with the NR150A2/T300 compared to the 10-17 MPa (1.5-2.5 ksi) for
the epoxy systems. High transverse flexural properties translated
into flatwise tensile properties (through the thickness) in accord-
ance with C Chamis' (NASA-Lewis) theory (flatwise tensile = 60 per-
cent rransverae flexural) should yield 55 MPa (8 ksi) at room tem-
perature or a 2:1 improvement over the PR288 system. The potential
improvement in the NR150A2 flatwise tensile characteristics compared
to PR288 reflected in improved impact capabilities for the system
in the Task II ballistic impact tests.
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4.0 TASK II - BALLISTIC IMPACT TENS

The effects of temperature level, moisture, and temperature transients

on the ballistic impact resistance of selected composite materials were
evaluated during this task. Candidate materials based on the results of

Task I were combined to form three hybrid and two superhybrid systems in
addition to a baseline PR288/T300 system. A "superhybrid" composite mate-
rial concept was identified by NASA a few years ago (NASA TND-7879) and

NASA TMX-71836) and consists of a variety of structural reinforcements
combined into a single material structure with each contributing its unique
features. The typical superhybrid composite combines the strength of weight

features of the polymeric materials. The high stiffness characteristics of
boron-aluminum and the local toughness of titanium. The three materials are
combined in a unique arrangement using adhesives to bond the metallic foils

to each other and to the polymeric composite structural core. Eighty simu-
lated, nine-inch-long blade specimens employing a constant double wedge sec-
tion cf four inches chord were fabricated and ballistically impacted.
Figure 16 shows typical hybrid and superhybrid specimens fabricated for Task
III tests. Gelatic. projectiles were fired at relative velocities and impact
angles to simulate local impact forces and stresses on the panels typical of
bird impacts. Th,. environmentally conditioned specimens were tested at 219 K

(-65° F), 194 K (70° F), and 394 K (250° F). Evaluation of the impact damage
was carried out by nondestructive inspection (NDE), change in torsional stiff-
ness, in addition to visual observations and high speed motion pictures of

selected tests.

4.1 Material Selection

The materials used in Task II were essentially defined by NASA except
for the mixture ratio of T300 and S-glass in the hybrid composites and the
selection of the composite materials to be employed in the two superhybrids.

4.1.1 Glass/Graphite Fiber Ratio

General Electric hybridizing studies in the 1970-71 time period identi-
fied that an 80:20 ratio of graphite/S-glass intraplied hybrid achieved the

desired improved impact characteristics of basic graphite composites with
the minimum penalty on density, modulus, shear and flexural properties.
Figure 17 illustrates the effect of graphite to glass fiber ratio on Charpy
impact characteristics. Tables XXXIX and XL summarize some of the data

generated at General Electric dt!ring hybrid composition evaluations. Numerous

blades and FOD test panels have been fabricated using the 80:20 ratio of

graphite/S-Glass intgraplied fiber reinforcement and have been subjected to
high velocity ballistic impact tests on whirligig and static impact facili-
ties to confirm the effective impact resistance of this type of construction.
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Based upon the Task I, Material Characterization, results, S-glass composites
shear and flexural properties are degraded more severely by moisture absorption
than T300 and, therefore, it was advantageous to keep the S-glass percentage
to a minimum in the hybrid composites.

The hybrid materials used in Task II were based upon a 80:20 ratio of
T300/S-glass of an intraplied construction while maintaining a total fiber
e,)lume fraction in the molded composite of sixty percent.

4.1.2 Superhybrid Composite Materials

The polymeric composite materials selected for the superhybrid test speci-
mens were:

Superhybrid A PR288!T300(80)/S(20)

Superhybrid B SP313/T300(80)/S(20)

NR150A2 matrix as a potential candidate for superhybrid construction was elimi-
nated for two major reasons:

1. Difficulty in removing the solvents during cocuring processing
in view of the impervious outer layers of titanium and boron/
aluminum preventing the necessary outgassing during staging. The
core preform could have been staged separately to partially remove
the solvents prior to the application of the outer metallic layers,
but this would have _educed the wetability of the resin to the

foil surfaces and thereby inhibited the bonding characteristics.
NR150 resin primers no doubt could have been developed to improve
the wetability, but this would have involved extensive materials
and process development to ensure adequate adhesion. The concern
was that at this present stage, inferior specimens could have
been produced which may have inadvertently condemned NR150.

2.	 Thermal mismatch in expansion coefficients of the metallic foils
and the composite material was also a concern.	 The high proces-
sing temperatures [589 K (600° F)] involved with the NR150 system
would have created high thermal stresses at the titanium to
boron/aluminum to graphite composite bonded interfaces during
cooling down from the molding temperature to room temperature.
These thermal stresses, coupled with the induced impact loads,
would have jeopardized the impact resistance of this combination
of materials.	 It was essential to develop curing temperatures
for resin matrices which were slightly in excess of the operating
conditions for a graphite or combined graphite/metallic component

such that, upon raising to the operational temperature, the =
thermal stresses are negated. 	 Alternative solvents and processing

temperatures in the 422 K (300° F) region could have been developed
for the NR150 but would have needed additional effort beyond the
scope of this program.
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Metallic Foils

The boron/aluminum foils selected for the superhybrid specimen construc-
tion were composed of 0.14 mm (0.0056 in.) diameter boron filament and 1100

aluminum matrix. The material was procured as a prebonded monotape 0.19 t

0.005 mm (0.0074 t 0.0002 in.) thick, yielding a fiber volume fraction of
47.5 t 2.5 percent. The titanium foil outer skins of the superhybrid
specimens were produced from Titanium 6A1-4V sheet stock chemically etched
down to the appropriate thickness requirements.

4.1.3 Adhesives

Adhesive films were employed in the superh ybrid specimens at the inter-
faces between the titanium to boron/aluminum and the boron/aluminum to poly-
meric composite core. PR288/S-Glass and SP313/S-glass prepregs were initially
scheduled as the selected adhesive films in view of the common curing, flow,
and molding characteristics with the polymeric core materials. During the
execution of the Superhybrid Blade Program, NAS3-20402, tougher, higher peel

strength adhesives were evaluated and substituted for laminating resins plan-
ned to be employed as the adhesive. The selected cocuring foil bonding
adhesives for the two superhybrid systems were the AF163 with the PR288 hybrid
core and AF147 with the SP313 hybrid material construction specimens. The
selection of the two adhesives was based on

•	 Cure compatible with composite core material.

•	 Nylon carrier to control glue line thickness.

•	 Drapeable film with reasonable tack. properties.

•	 Lap shear properties of 27 MPa (4 ksi) at room temperature.

4.2 MATERIALS PROCUREMENT

All the intraplied hybrid prepreg tapes were purchased in accordance with

the General Electric Specification 401313-485, Rev B, "Unidirectional Hybrid
Fiber Preimpregnated Tape or Wide Goods." The intraplied hybrid materials
were based upon an 80:20 volume ratio of T300 graphite to S-Glass, maintain-
ing a total fiber volume Traction in the molded composite of 60 percent.

The two epoxy intraplied hybrid materials, PR288/T3OO/S and SP313/T300/S,

together with the baseline PR288/T300, were procured from 3M Company and
the polyimide intraplied hybrid, NR15UA2/T300/S from Fiberite Corporation.

4.2.1 Material Quality Assurance

•	 PR288/T300 (Lot 785)
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The material was accepted for specimen fabrication with some
deviations which were outside the Epecificction limits. The

prepreg fiber weight of 128.5 gm/m2 (0.0263 lbs/ft 2 ) (Ref:

Table XLI, QC Data Summary) was lower than the 131 gm/m2

(0.0268 lb/ft 2 ) specification lower limit which also reflected

in the lower fiber volume percentage of 55.23 in the molded
laminate compared to the minimum specification value of 58.

Despite the lower fiber contents, the mechanical properties

were within the specified limits.

•	 PR288/TG300/S (Lot 786)

The QC Data Summary for this material shown in Table XLII indi-

cated that the graphite fiber content in the prepreg was 104 gms/m2

(0.0212 lbs/ft 2 ) versus the minimum specification level of 105
gm/m2 (0.0216 lbs/ft 2 ) which again affected the overall fiber
fiber volume percentage in the molded laminate being 57.4 versus
the minimum specification figure of 58. The material was released
for specimen fabrication based upon acceptable mechanical proper-

ties in the molded laminate.

•	 SP313/T300/: (Lot 787)

Table XLIII shows the QC Data Summary Sheet which indicated the
material was out of specification in prepreg fiber weight and
fiber volume in the molded laminate. tine room temperature short
beam shear value of 87 MPa (12.6 ksi) was outside the specification
limit of 97 MPa (14 ksi) which, in part, was attributable to the

1.09 percent voids in the molded QC test panel. 8P313/T300 com-
posites appeared to exhibit reduced short beam shear properties,
indicating a reduced compatibility between the fiber and the

resin.

•	 NR150A2/T300/S (Lot 08532)

The material was accepted for specimen fabrication despite
deviations which were outside the specification limits. The

glass fiber content was below minimum requirements, which
affected the overall fiber content in the prepreg. The
physical properties of the molded QC test panel indicated a
higher total fiber volume percentage of 64 percent due to the
reduced panel thickness of 1.8 mm (0.074 in.) The mechanical
properties of the panel were within specification limits
except for short beam shear values at room temperature. Table

XLIV shows the QC Data Summary for this batch of material.

•	 Boron-Aluminum Monocape

The Boron-Aluminum prebonded monotape composed of 0.14 mm
(0.0056 in.) diameter boron filament and 1100 aluminum matrix
was procured from Avco Corporation to GE specification 2013155-588
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Table k"I. Q.C. Data Summary - Homogeneous Prepreg.
(Specification 4013163-484)

Appendix

Prepreg Lot No.	 785 Date Received 7/13/78

Prepreg Type	 PR288/T300 Fiber Batch No. 498-2

Quantity 2.27 kits 	 (5	 lbs) Resin Batch No. 619Th 6 468TP

A. Fiber Data: Vendor MP)TL Spec. Accept	 Reject

Tensile Str.,MPa(KSI),Avg. 295(428) -- Min. x.
Tensile Mod.,GPa(MSI),Avg. 228(33.0) -- x
Density, gms/cc,Avg. 1.719

B. Prepreg Data:
136 ± 4

Fiber,gms/m2(ft2)*,Avg. 127(11.8) 128.5(11.94) (12.6 ± 0.4)	 x
Individual Specimens** 3/3 0/3 1/3 x
Resin,gms/m2 (ft 2 ),Avg. 85(7.9) 86(7.96) 78±4(7,3 ± 0.4)	 x
Individual Specimens** 0/3 0/3 2/3 x
Vols, % Wt., Avg. 0.6 0.107 2% Max. x
Individual Specimens** 3/3 3/3 2/3 x
Gel Time,Mins.@333 K(230° F) 37 47 40 min. k
Flow, %@383K (230° F) -- -- --
Visual Discrepancies

C. Laminate Data

Roll No.(s) No.	 1
Gel Time in Die, Mina. 47
Thickness, cm (in.) 2.0(0.080) 0.080 ± 0.002
Flex.	 Str.@RT.,MPa(ksi) 1607(233) 1675(243) 1620(235)	 x
@394K (250° F),MPa(ksi) 1303(189) 1441(209) 1172(170)	 x
Flex. Mod.@RT,GPa(msi) 110(15.9) 115(16.67) 103(15)	 x
@394K (250° F),GPA(msi) 1030,..9) 118(17.07) 100(14.5)	 x
SBS Str.@RT,MP(KSI) 110(15.9) 112(16.19) 97(1)	 x
@394K (250° F),MPa(ksi) 67(9.17) 73(10.53) 59(8.5)	 x
Fiber Volume, % 53.6 55.23 60± 2
Resin Content, % Wt. 39.5 37.38 Report	 x
Voids, % -0.41 2% Max	 x
Density, gms/cc 1.52 1.53 Report	 x
Cured Thickness per ply - mm (mils). 13mm(5.0)

D. Material Disposition

x

Accept for All Usage 	 • &-:ept for Limited Use NASA ENVIRONMENTAL PROGRAM
Reject	 and (a) Return to vendor_	 or (b) Scrap`___.__ _._

Q.C. Eng. G.C. Murphy Date: 7126/78

	

*	 Fiber Wt. - 7.08 x SP.Gr. of fiber.

	

**	 No. specimens in Spec./No. specimens tested.
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Table XLII. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-48 )

Addendum

Prepreg Lot No.	 786
	

Date Received	 7113/78

Prepreg Type	 P1288/t 00/B
	

Fiber Batch No. 4/13/79

Quantity 4.54 kys (10 lbs) Resin Batch No. 619TP

A. Fiber Data:	 Vendor

Batch No.	 498-2
Tensile Str.,MPa(ksi),Avg. 2951(428)
Tensile Mod.,GPa(msi),Avg. 228(33.0)
Density, gms/cc,Avg.	 1.719

B. Prepreg Data:

Gr4hiie,gms/m2(gms/ft2)Avg 101(9.4)
Individ. Specimens***	 0/3

SecFiber,gms/m2(gms/ft2)Avg 39(3.,6)
Resin,gms/m2(ft 2 ),Avg.	 3/3
Tot.fiber wt.gms/m2(gms/ft2) 140(13.0)
Individual Specimens**	 0/3
Resin,gms/m2(gms/ft 2 )Avg.	 84(7.8)
Individual Spcimens*'**	 1/3
Vols.,% Wt., Avg,	 0.5
Individ.Specimens***	 3/3
Gel Time,Mins.383 K (230° F) 34
Flow,% 383K (230' F) 	 --
Visual Discrepancies

C. Laminate Data:

PAPTL	 SPcc_	 Accept Reject

--	 410 Min.	 x
--	 29 - 34
	

x
--	 1.785 - 1.827

	

:0i+(9.64) 11G14(10.210.4)*
	

x
U/3	 2/3
	

x
36(3.3)	 38±3(3.5t0.3)***
	

x
3/3	 2/3
	

x

	

140(13.01) 147±4(13.720.4)
	

X

0/3	 2/3
	

x
85(1.9)	 7915(7.3±0.5)
	

x
1/3	 2/3
0.7	 2% Max.	 x
3/3	 2/3
	

x
20	 40 Min.	 1:

--	 3 - 7

Roll No.(s)
Gel Time in Die, Mine.
Thickness, cm (in.)
Flex. Str.@RT.,MPa(ksi)
@394 K(250' F),MPa(ksi)
Flex. Mod.@RT,GPa(msl)
@394 K(250' F),-GP&(mai)
SBS Str.@RT,MPa(ksi)
@394 K (250' F),MP&(kai)
Fiber Volume, %
Resin Content, X Wt.
Voids, X
Density, ps/cc

20
0.2(0.080)

1538(223)	 1586(230)
1310(190)	 1241(180)
101(14,6)	 108(15.6?)
93(13.5)	 107(15.49)
108(15.1)	 107(15.59)
67(9.))	 7i(10.31)
43.19/11.03 45.7/11.7
36.86	 33.3
-0.94	 -0.11
1.61	 1.63

0.080 ± 0.002
	

x
1345(195)
	

x
1172(170)
	

N

97(14.0)
	

x
90(13.0)
	

x
97(14.0)
	

x
59(8.5)
	

x
48/12(6012;
	

x
Report
	

X

2% MP.x
	

X

Report
	

x
Cured Thickness per ply- mm (oils). 14mm(5.0)

D. Material Disposition:

Accept for All Usage.	 Reject	 and (a) Return to

Vendor	 or (b) Available for Limited Use Only NASA ENVIRONMENTAL PROGRAM

Q.C. Eng. G.C. Murphy Date: 7i2(•/"a

	

*	 Fiber Wt. a 7.08 x SP.Gr. of fiber.

	

**	 No. specimens in Spec./No. specimens tested.
***
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Table XLIII . Q C. Data Sunm^ary - Homo eneous Prepreg.
(Specification 4013163-4)

Addendum

I	 Prepreg Lot No.	 787 Date Received	 7113/78

Prepreg Type _ SP313/T300/S _ Fiber Batch No.	 4/13/79_

Quantity 4.54 kgs _ 	 ( 10	 lbs) Resin Batch No.

A.	 Fiber Data:	 Vendor M&PTL S PLC-•	 Accept Reject
Batch No.	 498-2
':ensile Str.,14Pa(ksi),Avg.	 2951(428) -- 410 Min,	 x
Tensile Mod. ,GPa(msi),Avg. 	 228(33.0) -- 29 - 34	 x
Density, gme/rc,Avg.	 1.719 -- 1.785	 -	 1.827

B.	 treDISS Dot	 • -
rap t e,gms%m2 (gms/ft 2 )Avg 102(9.5) 104(9.64) 110 ±4(10.2 ±U.4)* x
Individ. Specimens*** 	 -- 1/3 2/3 x

Sec Fiber, gms/c 2 (gms/ft 2 )	 38(3.5) 36(3.38) 36±3(3.5±0.3)**	 x
Indiv. Specimens*** 	 -- 1/3 2/3 x

Tot.fiber wt.g012/m2(gms/ft2)Avg 140(13.02) 147 ±4(13.7±0.4) x
Individual Specimens	 -- 0/3 2/3

Resin,gms/m2(gms/ft2)Avg.	 85(7.9) 78(7.2) 79±5(7.3±0.5)	 x
Individual Specimens***	 -- 3/3 2/3

Vole.,% Wt.,	 Avg,	 383 K	 0.5 0.24 2% Max.	 x
Indiv. Specimens***	 -- 3/3 2/3	 x

Gel Time,Mins.383 K (230° F)	 -- 50	 121 40 Min. x
Flow , % 383 K (230 ° F)	 -- -- 3 - 7
Visual Discrepancies

C. Laminate Data

Roll No.(s) No.	 1
Gel Time in Die, Mine. 50@149*C ( 300' F)
Thickness,	 cm (in.)	 0 . 2(0.080) 0.1(0.080) 0.2 ± 0.005(0.080 +--0.002)
Flex.	 Str.@RT. , MPa(ksi)	 1634 ( 237) 1634(237) 1345(195)	 x
@394 K	 ( 250° F), MPa	 (ksi ) 1310(190)ll)l496(217) 1172(170)	 x
Flex. Mod.@RT , GP*(mai)	 108(15 . 7) 108 ( 15.7) 97 ( 14.0)	 x
@394 K	 (250° F), GPa (msi)l07(15 . 5)fl) l08(15.73) 90(13.0)	 x
SBS Str @RT, MPa ( ksi)	 87 ( 12.6; 87 ( 12.63) 97(14.0) x
@394 K ( 250° F), MPa	 (ksi) 49(7.1)	 (11 70(10.14) 59(8.5)	 x
fiber Volume, %	 -- 45.3/11.8 48/12	 (6012) x
Resin Content, % Wt. 	 -- 32.84 Report
Voids, %	 -- +1.09 2% Max	 x
Density, goo/cc	 1.58 1.61 Report
Cured Thickness per ply - mm (mile) 0.14	 (5.0)

0.14(5.0)

D. Material Disposition

Accept	 for All Usage	 Reject and (a) Return to

Vendor	 or (b) Available for Limited Use Only NASA ENVIRONMENTAL PROGRAM

O.C. Eng. G.C.	 Marphy Date: 7/26/78

*	 Graphite Wt. - 5.66 x Sp.Gr. 	 of	 fiber.

**	 Sec.	 F'iher Wt. -	 1.42	 x Sp.	 Gr.	 of	 fiber.
***	 No. Specimens in Spec./No. Specimens tested
ill	 Tested at450 K(350 * F)

L 121	 Gel	 8±422 K (300'F)	 not	 indicative of laminata
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Table XLIV. Q C. Data Su®mary - Homogeneous Prepreg.
(Specification 4Q13163-48)

Addendum

Prepreg Lot No.	 C8532 Date Received	 7/13/78

Prepreg Type	 NR150A2/T300/S Fiber Batch No

Quantity 2.22 Kgms (4.9 lbs) Resin Batch No.El ' 588-59/E15588-27

A. Fiber Data:	 Vendor M3PTL Spec.	 Accept	 Reject

Batch No.	 515-2
Tensile Str. , MPa (ksi), Avg 3241(470) -- 410 Min.
Tensile Mod.,GPa (msi) , Avg 236 (34.2) -- 29 - 34
Density, gms/cc ,Avg. -- 1 . 785 - 1.827

B. Prepreg Data;
Graphite, /m2 (gms/ft2 )Avg	 109 ( 10.08) 108(10 . 03) 110 ±4 ( 10.210.4)*	 x

Individ. Specimens*** 	-- 2/4 2/3	 x
SecFiber ,gms/m2 (g0s/ ft 2 )Avg	 29(2.73) 27(2.481) 3813(3.5 ±0.3)**	 x

Indiv. Specimens*** 	-- 2/4 2/3	 x
Tot.fiber wt.gms/m2 (gms/ft 2 )	 138(12.81) 140(13.02) 147±4 ( 13.7*-0.4)	 x

Individual Specimens 1/4 2/3	 x
Resin ,gms/m2(g,s/ft 2 )Avg.	 71 ( 6.6) 78 (7.259) 79±5(7 . 3 ±0.5)	 x

Individual Specimens*** 4/4 2/3	 x
Vols .,Z Wt., Avg,	 383 K	 18.5[1] 16 . 1 2% Max.	 x

Indiv. Specimens*** 	-- -- 2/3
Gel Time ,Mins . 383K (230' F)	 2 [2] -- 40 Min.	 x
Flow,% 383 K (230° F)b 	 -- -- 3 - 7

689 kPa (100 psi) 23.0 -- 3 - 7
Visual Discrepancies

C. Laminate Data

Roll NoA s)
Gel Time in Die, Mins.
Thickness, cm (in.) 	 0.95(0.077) 1.88(0.014) 0.2 ± 0.005 (0.080±0.002)x
Flex. Str.@RT.,MPa (ksi)	 1207(175) 1531(222) 1345(195)	 x
@394K (250' F) , MPa (ksi)	 1048(152) 1338 ( 194) 1172(170)	 x
Flex. Mod.@RT , GPa (asi)	 100(14 . 5) 117 ( 17.0) 97 ( 14.0)	 x
@394K ( 250' F) , GPa (msi)	 103(15 . 0) 119 ( 17.3) 90(13.0)	 x
SBS Str. @RT,MPa (ksi)	 98(14.2) 90(13.0) 97 ( 14.0)	 x
@394K (250' F) , MPa (ksi)	 70(10.1) 69(10 . 0) 59(8.5)	 x
Fiber Volume, % 	 -- 53/11 48/12 (60±2)
Resin Content, % Wt. 	 31.9 28.84 Report
Voids, %	 -- 2.79 21 Max	 x
Density, gms/cc	 1.7 1.68 Report
Cured Thickness per ply - ms (ails).

0.14(5.0)
D. Material Disposition

Accept for All Usage._	 Reject and (a) Return to

Vendor	 or (b) Available for Limited Use Only NASA ENVIRONMENTAL PROGRAM

Q.C. Eng. G.C. Murphy Date:	 7/26/78

*	 Graphite Wt. - 5.66 x SP.Gr. of fiber.
**	 Sec. Fiber Wt. a 1.42 x SP. GR . of fiber.
**+^	 No. Specimens in Spec. / No. Specimens tested
[1]	 Tested at 589 K (600' F)
[2]	 Gel at 477 K (400° F)
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Class B parameters for the preparation of the bonded monotape
sheets were 789 K (960' F) at 27.57 x 106n/m2 (4 ksi) pressure.

Permissible defect criteria and quality assurance provisions
were controlled by GE Specification 4013155-235. The volume
percent of boron filament was maintaining at 46 to 47 percent.
Filament tensile strengths were of 3.4 x 10 9n/m2 (500 ksi)
determined according to GE specification 4013155-237.

4.3 TEST SPECIMEN FABRICATION

4.3.1 Test Specimen Geometry

Figure 18 shown the specimen geometry used for Task 11. This geometry
has previously been utilized for testing of boron/aluminum and polymeric

materials on NASA Program NAS3-19729. The specimens are a doubl e wedge shape

section with a 0.38 cm (0.15 in.) maximum thickness and 1.3 am (0.05 in.)

leading edge. The overall chord of 7.6 cm (3 in.) is designed to be long
enough to allow impacts at an incidence angle of 25 degrees.

4.3.2 Fabrication Methods

Two basic ply/material layup designs were used for the manufacture of

the specimens. A typical diagramatic layup design, shown in Figure 19 was
employed for the hybrid composiL simulated airfoil specimens. Figure 20

illustrates the basic layup pattern and interleaving of the metallic foil
construction used for the superhybrid specimen designs. Each of the 80 pre-
forms was preassembled in accordance with the appropriate configuration and

the weight recorded prior to molding.

•	 PR288/T300 and PR288/T300/S Specimens

The following procedure was employed in the molding of the PR288

composite specimens:

•	 Mold heated to 383 K 3 2 K (230° F 3 50 F).

•	 Load preform and slowly close mold to 10 percent off

closure in 3 minutes.

•	 Hold for 35 minutes.

•	 Maintain 2068 - 51%i kPa (300-750 psi) for 2 hours.

•	 Remove part from mold and postcure 4 ho gs at 408 K

(275' F) and 1 hour at 450 K (350° F)

Tablas XLV and XLVI list the specimens and the manufacturing data

generated for the PR288/T300 and t"..e PR288/T300/S designs respectively.
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Basic 1,ayup Aattvrns 00 . 35°, 00 , -35°
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SP313/T300/S
NR150At/T300/S

Figury
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25.4 cm
(10 in.)

in.)

Titanium 6-4
n in mm rn-nnd in - )

W^

AF163 Adhesive
Film

Basic Lay-Up Pattern 	 Core Materials
Boron-Aluminum +15 0 , -15°	 PR288/T300/S
Composite Core 0 0 , 35 0 , 0 0 , -35 0	SP313/T300/S

Adhesive
AF163

Figure 20. Typical Layup Pattern for Superhybrid Simulated Airfoil Specimens.
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Table XLV. Baseline Specimens
PR288/T300
Fabrication Data.

Specimen
No.

Preform
Weight
(grms)

Thickness
mm

(inches)

Density
(gms/cc)

Final
Weight
(grm s)

3.86-3.97
785-1 87 (0.152-0.155) 1.520 77.5

3.84-384
785-2 87 (0.151-0.151) 1.529 76.5

3.84-3.81
785-3 87 (0.151-0.150) 1 529 76.5

3.86-3.78
785-4 88 (0.152-0.149) 1.525 77.0

3.89-3.84
785-5 90 (0.153-0.151) 1.520 77.5

3.84-3.86
785-6 88 (0.151-0.152) 1.541 77.0

3.78-3.84
785-7 89 (0.149-0.151) 1.520 76.0

3.78-3.84
785-8 89 (0.149-0.151) 1.524 76.5

3.8/4-3 .89
785-9 88 (0.151-0.153) 1.524 77.0

3.84-3.84
785-10 89 (0.151-0.151) 1.525 77.0

3.86-3.89
785-11 89 (0.152-0.153) 1.535 77.5

3.89-3.86
785-12 89 (0.153-0.152) 1.535 77.5

3.84-3.86
185-13 88 (0.151-0.152) 1.525 77.0

3.89-3.84
785-14 88 (0.153-0.151) 1.540 77.0
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Table XLVI. Hybrid
PR288 /T300 /S Specimens
Fabrication Data.

Specimen
No.

Preform
Weight
(gyms)

Thickness
am

(inches)

Density
(gins/cc)

Final
Weight
(grins)

3.75-"1.81
786-1 93 (0.148-150) 1.616 80

3.75-3.75
786-2 93 (0.141-0.148 ) 1.631 80

3.84-3.'8
786-3 93 (0.151-0.149) 1.631 80

3.75-3,73
786-4 93 (0.148-0.147) 1.616 80

3.78-3.84
786-5 93 (0.149-0.151) 1.610 80

3.84-3.84
786-6 93 (0.151-0.151) 1.616 80

3.84-?.81
I786-7 93 (0.151-0.150) 1.616 80

3.86-3.84
786-8 93 (0.152-0.151) ,	 1.616 80

3.75-3.81
786-9 93 (0.148-0.150) 1.595 79

3.81-3.81
786-10 93 (0.150-0.150) 1.595 79

3.81-3.81
786-11 93 (0.150-0.150) 1.585 79

3.81-3.81
786-12 93 (0.150-0.151) 1.600 80

3.84-3.84
!

786-13 93 (0.151-0.151) 1.631 I	 80

3.75-3.73
786-14 93 (0.148-0.147) 1.595 79
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•	 SP313/T300/S

The basic molding procedure developed for the SP313/T300/S

composite specimens entailed:

•	 Mold heated to 422 K (300' F).

•	 Load preform and slowly close mold to 10 percent off
closure.

•	 Hold for 6-7 minutes.

0	 Slowly close mold in 30 minutes.

•	 Maintain 2068-5171 kPa (300-750 psi) for 60 minutes.

•	 Remove part and pestcure 4 hours at 450 K (350° F).

Table XLVII shows the specimens and fabrication data.

0	 NR150A2/T300/S

Molding problems associated with specimen surface finish were
investigated in conjunction with DuPont (resin manufacturer).

Tg (glass transition temperature) evaluation of the specimens

indicated that the center section of the "airfoil" specimen to
be fully cured and solvent-free showing a Tg value of 548 K
(528° F), yet the leading/trailing edges of the specimen had a
low Tg value of 407 K (173' F). Insufficient resin matrix was
deemed to be the major cause of the poor surface finish and

high void content in the specimen. Numerous panels were fabri-

cated varying staging conditions, die closure rates, and modi-
fying the layup to employ a finished 0.114 mm (0.0045) in.)
molded thickness per ply compared to the designed 0.127 mm
(0.005 in.) to add more material uniformly throughout the pre-

form. During the molding trials it was noted that a consider-
able amount of solvent and resin was being emitted from the

preform during the consolidation/molding cycle from 422 K (300 * F)
staging temperature to 616 K (650' F ) , especially as the die

temperature reacted the 525 K-561 K (485-550' F) range. Experi-
ments indicated that only four percent of the initial sixteen
percent was removed during the initial 422 K (300° F) staging.
Ten percent was removed during the initial 616 K (650° F) press
cure and two percent finally was removed during the "PreDot"
final consolidation process at 672 K (750 * F). Extended staging
times were evaluated between 422 K (300° F) and 616 K (650° F) to

allow the solvent to escape slowly from the preform without
losing resin matrix. a free oven staging of the preform from
room temperature rising a 1.7 K W F) per minute to 616 K (650° F)
was finally developed which allowed the volatiles to freely and
slowly escape.
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Table XLVII. Hybrid
SP 313/T300/S Specimens
Fabrication Data.

Specimen
No.

Preform
Weight
(grins)

Thickness
mm

(inches)

Density
(gms/c:)

Final
Weight
(gyms)

3.75-3.81
787-1 91 (0.111-150) 1.554 78.5

3,75-3.78
787-2 90 (0.148-0.149) 1.564 79.0

3.78-3.78
787-3 90 (0.149-0.149) 1.580 79.0

3.75-3,78
787-4 90 (0.148-0.149) 1.580 79.0

3.78-3.78
787-5 91 (0.149-0.149) 1.550 78.0

3.75-3.78
787-6 91 (0.148-0.149) 1.576 78.0

3.81-3.75
787-7 90 (0.150-0.148) 1.579 78.5

3.75-3.81
787-8 90 (0.148-0.150) 1.554 78.5

3.78-3.75
787-9 90 (0.149-0.148) 1.576 78.0

3.81-3.75
787-10 91 (0.150-0.149) 1.550 78.0

3.91-3.84
787-IIA 93 (0.154-0.151) 1.558 81.0

3.78-3.8i
787-12 91 (0.149-0.150) 1.576 78.0

3.75-3.75
787-13 90 (0.1.48-0.148) 1.570 78.5

3.78-3.78
787-14 90 (0."149-0.149) 1.550 78.0
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The final process developed which produced satisfactory specimen is
described below:

•	 Mold heated to 422 K (300' F).

•	 Load preform and close mold to 1.65 mm (0.065 in.) off stops.

•	 Hold for 2 hours.

•	 Remove consolidate preform and place free in cold oven.

•	 Raise oven temperature at 1.7 K 0' F) per minute to 616 K
(650' F; .

•	 Preform placed back into 422 K (300' F) mold.

•	 Raise mold temperature at 1.7 K (3' F) per minute to
673 K (750' F).

•	 Increase molding pressure from 345 kPa to 20,685 kPa
(50 psi to 3,000 psi).

•	 Close mold down to within 0.127 mm (0.005 in.) off closure.

•	 Release pressure and vent for 30 ninutes.

•	 Reapply 20,685 kPa (3,000 psi) and close mold.

•	 Hold for 10 minutes.

•	 Cool to 394 K (250° F) and remove molding.

Table XLVIII lists the NR150A2/T300/S specimens fabricated together
with the pertinent manufacturing data.

a	 Suverhvbrid PR288/T300/S Specimens

The superhybrid specimens were fabricated employing 0.1 mm
(0.004 in.) titanium 6A104V foil outer plies and two precon-
solidated boron/aluminum foil outer skin plies with a PR288/
T300/S composite core. AF163 adhesive was utilized in the
foil-to-foil and fr..!-,.u-composite interfaces. The pretreat-
ment of the metallic foils involved solvent cleaning, grit
blast and priming the surface with XA 3950 primer solution.

The molding procedure employed involved the following steps:

•	 Mold heated to 383 K (230' F).

•	 Load preform and close to 5 percent off closure in 5 minutes.

•	 Hold for 15 minutes.

€j
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Table XLVIII. Hybrid
NR150 A2/T300/S Specimen
Fabrication Data.

Spec.
No.

Preform
Weight
(grins)

After
422 K

(300 * F)
(grins)

After
616 K
(650' F)
(gyms)

Molded
Weight
(grins)

Thickness
mm

(inches)
Density
(gms/cc)

Final
Weight
(grins)

3.73-3.71
NRl 117 109 lOG 99 (0.147-0.146) 1.692 82.0

3.73-3.71
NR2 116 109 99 cs (0.147-0.146) 1.670 81.0

3.94-3.94
NR3 117 110 100 99 (0.155-0.155) 1.692 88.0

NR4 SCRAP OVER STAGED IN OVEN

3.91-4.00
N15 117 111 100 99 (0.154-0.157) 1.695 89.0

3.91-3.86
NR6 117 110 99 98 (0.154-0.152) 1.692 88.0

3.96-3.81
NR7 116 110 98 97.5 (0.156-0.150) 1.684 87.5

3.86-3.94
NR8 117 111 99 98.5 (0.152-0.155) 1.692 88.0

3.91-4.00
NR9 116 111 99 98 (0.154-0.157) 1.692 88.0

3.91-3.90
WR10 115 110 98 97 (0.154-0.153) 1.709 88.0

3.94-3.83
NRll	 1 115 110 98 97 (0.155-0.151) 1.689 87.0
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•	 Slowly close mold applying 517 /kPa (750 psi) maximum
pressure.

•	 Maintain temperature and pressure for 2 hours.

s	 Remove part and pottcure for 4 hours at 408 K (275' F)
and 1 hour at 450 K (350' F).

Table XLIX lists the manufacturing data associated with the PR288/T300/S
superhybrid specimens.

•	 Superhybrid Specimens SP313/T300/S

The design of the SP313/T30C/S superhybrid specimens was identical

with the PR288/T300/S described above with the exception that the
metallic foils were primed with EC3917 and AF147 adhesive was
employed in lieu of the AF163 system.

Compatibility studies of the selected AF147 adhesive and the
SP313 /T300 /S prepreg were conducted using the established SP313
molding procedure. Titanium lap shear specimens were fabricated.

using the AF147 adhesive against the grit blasted and primed
titanium blanks with two plies of the SP313 /T300/S prepreg
sandwiched between. Average lap shear values of 24 MPa (4.07 ksi)
were achieved indicating suitable compatibility of the two systems.

The molding pr6cess utilized in the fabrication of the specimens is
briefly described below:

s	 Mold heated to 422 K (300' F).

•	 Load preform and slowly close mold to 10 percent off

closure withi:i 5 minutes.

•	 Slowly close mold	 15 minutes using 5171 kPa (750 psi)
maximum pressi,:e.

•	 Maintain temperature/pressure for 60 r..lnutes.

•	 Remove part and postcure for 4 hours at 450 K (350' F).

Table L itemizes the specimens fabricated and the fabrication data

records.

4.3.3 Nondestructive C-Scan Quality Assurance

All the specimens were inspected by ultrasonic through transmission tech-
nique and the resultant C-scans indicated good consolidation with minimum poros-
ity present. An interesting phenomenon was noted during the NDE inspection of

92



Table XLIX. Superhybrid
PR288/T300/8 Spec::aens
Fabrication Data.

Specimen
No.

Preform
Weight
(grme,

Thickness
M

(inc:^ps)

Density
(gins/cc)

Final
Weight
( grins)

3.96-3.94
PR1 132 (0.156-0.155) 2.028 107

3. ..1-3.81
PR2 133 (0.150-0.150) 2.020 103

E	 MI-3.90
PR3 133 (0.150-0.153) 1.981 103

3.81-3.78
PR4 132 (0.150-0.149) 2.010 102

3.78-3.81
PR5 132 (0.149-0.150) 1.971 102

3.84.3.86
PR6 132 (0.151-0.152) 1.981 103

3.84-3.84
PR7 133 (0.151-0.151) 1.981 103

3.86-3.78
PR8 133 (0.152-0.149) 1.980 101

3.99-3.84
PR9 133 (0.157-0.151) 1.981 102

3.84-3.84
FO 0 132 (0.151-0.151) 1.971 101

3.84-3.86
PRil 133 (0.155-0.152) 1.971 101

3.81-3.86
PR12 133 (0.150-0.152) 1.962 102

3.81-3.90
PR13 133 (0.1500.153) 1.980 101

3.91-3.81
P.!4 132 (0.154-0.150) 1.980 101
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Table L. Superhybrid

SP313/T300/S Specimens
Fabrication Data.

Specimen
No.

Preform
Weight
(grins)

Thickness
mm

(inches)

Density

(gins/cc)
Final

Weight
(grins)

4.14-4.06
SP 1 143 (0.163--0.160) 2.041 100

3.96-4.01
SP 2 143 (0.156-0.158) 1.943 103

3.71-3.83
SP 3A 143 (0.146-0.151) 1.980 101

3.86-3.81
SP 4 143 (0.152-0.150) 1.981 103

3.99-3.89
SP 5 143 (0.157-0.153) 1.944 105

3.94-3.83
SP 6 143 (0.155-0.151) 1.943 103

3.76-3.89
SP 7 142 (0.148-0.153) 1.962 102

3.81-3.73
SP 8 141 (0.150-0.147) 2.000 100

4.01-3 81
SP 9 143 (0.158-0.150) 1.943 103

3.86-3.94
SP 10 142 (0.152-0.155) 1.943 103

3.94-3.76
SP 11 141 (0.155-0.148) 1.962 104

3.71-3.83
SP 12 143 (0.146-0.151) 2.000 102

4.04-3.78
SP 13 142 (0.159-0.149) 1.945 t06

3.71-3.86
SP 14 142 (0 . Imo';-0.150 ) 1.990 101
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the SP313/T300/S superhv'^rid specimens. The first prototype specimen
molded indicated a high egree of porosity within the laminate and the pro-
cess was modified to achieve a more compatible resin gel time in the SP313
with the AF147 adhesive. The C-scan of the second specimen indicated con-
siderable improvement had been achieved by the revised processing. A third
specimen was then produced using identical procedures to those employed for
the second specimen. The C-scan inspection of the specimen showed apparent
high degree of porosity existed within the molding. A detailed investigation
of the processing parameters, preform weights, etc., revealed no difference
between the two moldings. The only visible difference between the two speci-
mens was that the one exhibiting "low porosity" had been lightly polished to
remove surface resin which had bled back onto the titanium outer surface
whereas the other specimen retained its original grit blast surface finish.
The specimen was polished and rescanned. A considerable improvement was noted
in the "apparent" po sity level. Generally, it was concluded that at the
high sensitivity level setting of the equipment, the ultrasound was attenu-
ated by the grit blasted surface "roughness". Figure 21 shows the dramatic

improvement of the C-scan in "apparent" porosity when half of the specimen
SP-8 was polished and the other half left in the grit blasted state. As a

result of the findings, all the previously inspected PR288/T300/S super-

hybrid specimens were polished and rescanned and similar improvement were

noted in the C-scans.

4.4 SPECIMEN CONDITIONING

Specimens were allocated to specific environmental humidity conditioning
and impact temperatures. The specimens were divided into two batches, the
first batch being planned to be impacted with RTV foam, projectiles at low

velocity 1'244 m/sec ( `800 ft/sec)] to determine damage threshold level.
After damage evaluation, the second batch of specimens were impactee at

higher velocities. The two batches of specimens were, therefore, conditioned
approximately three weeks apart to achieve uniform exposure. Tables LI and LII
list the specimen allocation for batches No. I and No. 2 respectively.

The simulated airfoil specimens were moisture conditioned at 355 K (180 - F)/

97% relative humidity to achieve the "dry" and "wet" and "wet spike" moisture
levels. Calibration sample specimens of each material/construction were

monitored during exposure to determine whet ► full saturation was achieved as

shown in Figure 22.

The approximate weight gain saturation levels for the various design
specimens were:

PR288/AS/S Control 2.6 percent

PR288/T300 Baseline 3.1 percent

PR288/T300/S Hybrid 2.7 percent

SP313/T300/S Hybrid 1.7 percent

NR150A2/T300/S Hybrid 0.9 percent

PR288/T300/S Superhybrid 0.3 percent

SP313/T300/S Superhybrid 0.2 percent
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The higher weight percentage gain of the PR288/T300 (3.1X) compared to
the hybrid versions PR288/AS/S (2.6X) and PR288/T300/S (2.7X) is a function

of the lower density of the material. the actual total weight of absorbed
moisture, which is a matrix controlled, for all three materials is almost
identical. The superhybrid specimens continued to slowly absorb moisture

through the exposed core material at the ends of the specimens. Except for a
minor moisture penetration through the leading and trailing edge metallic
ply bond lines, the impact zone of the superhybrid specimens were moisture
free.

"Dry" specimens were conditioned 36 hours at 355 K (180° 0/97% RH prior

to the day of test to achieve the moisture pick-up equivalent to three (3)

months ambient storage conditions.

4.5 TORSIONAL TESTING

A Weideman Baldwin torsional fatigue fixture was modified to evaluate

the torsional stiffness of the "airfoil" specimens. Clamping fixtures to
hold each end of the specimen over 2.54 cm (1 in.) lengths were produced

leaving a distance of 20.3 cm (8 in.) between the supports. A 38.73 cm
(15.248 in.) radius loading arm was affixed to the free end of the specimen
together with a counterbalancing feature to tare-out the loading arm weight.

The torsional test apparatus is shown in Figure 23.

Calibration tests were conducted on one specimen of each basic design/
material combinatin to check out the equipment and develop load deflection
"curves". Each specimen was torsionally loaded by applying weights to the

loading arm and the deflection angle measured by vertical displacement of
the loading arm. Typical "dry" specimens from Batch No. 1 were selected for
calibration which had not been conditioned but had been stored in ambient
room temperature conditions since fabrication. Figure 24 shows the load

deflection curves which were developed. After the load was removed, the
angle was measured to ensure no permanent deformation after 10 degree twist.
All the specimens regained their original shape except for the superhybrid

SP313/T30n!S specimen (SP-5) which indicated a permanent deformation of '2
degrees. The specimen was reinspected by ultrasonic C-scan and no internal
damage was indicated. The second superhybrid specimen was only calibrated

through 5 degrees to prevent similar "damage". Almost identical torsional
stiffness characteristics were exhibited by both superhybrid designs
(PR-1 and SP-5) and by the epoxy hybrid designs (787-1 and 786-5). The
PR288/T300 specimen (785-1) indicates higher torsional stiffness than the
hybrid designs which is caused by the inherent higher modulus fiber rein-
forcement of all T300 and no S-glass. The NR150A2/T300 hybrid specimen
(NR-5) indicates a torsional stiffness of - 15 percent than the equivalent
epoxy hybrid design specimens reflecting the high transverse flexural

properties of the resin as indicated ir, Task I for 0° orientation NR150A2/
T300 laminates [- 83 MPa ('12 ksi)].

100



xN

I

a

lfi

n '

W^.

i	 t

Figure 23. Specimen 'r,rsional Stiffness Measuring

Apparatus.

101



r-

0
r

Q^

O7

d

n IA4)
CM
41
rl

W

^ ^0
O

U ^

LC) La- W F
Ga W

O
W

4 0 p
-^^ O

O

^ 4 ^
rl

m
V

M

vN
O
tr

N
rl

W

1
Oe .-.
Z r^. 1
\C)Op ^
e+f O

N F-
N CO

Ore C
Z Cl.

r Ln
1	 1

N
g 
N
g

e^f e^i
H F-

M

M N
N d

1

d
Nv

1N
\
O

tO^f
H
\
M

M
dN

r
1

CL'
LL

N

O
M

W
N
w

C6

1

i	 \

\1

r+ N
.

Ul)

v

M
	 N	 r

102



The 294K (70' F) wet spike specimens were initially loaded to achieve 5
degree twist but this degree of torque was diagnosed as being too severe and

was believed, together with the thermal spike effect, caused 'nitial damage
within the specimens prior to impact. Subsequent specimens were loaded to
achieve only 2 degree twist and a procedure of inspecting each specimen by
ultrasonic hand scanning was instituted immediately prior to impact to check
for any initial damage caused by conditioning or torque testing. Upon com-
-lesion of the torque test, each specimen was tightly wrapped in aluminum foil

to minimize moisture loss and transferred immediately to the University of
Dayton for impact testing.

The postimpact test specimens were returned to Cincinnati Testing Labora-

tory for measurement of the torsional load required to twist the specimens
through 2 degrees. It was noted during the repeat torsion testing that some
specimens *ere apparently stiffer after impact. A detailed review of the

records indicated that some specimens were retested three days after impact and
it was believed that moisture desorption from the specimen was the cause of

increase in stiffness. In order to evaluate this phenomenon, the PR288/AS/S
"dry" control specimen was removed from the environmental chamber and a daily
measurement of moisture content and torsional load required to twist 2 degrees

was taken. The results of the study shown in Figure 25 clearly indicate a 0.3
percent change in moisture content, which is primarily surface drying, can

effectively change the torsional load by "3 percent. During the torsion test
the repeatability of the test was shown to be within ± 0.5 percent.

4.6 BALLISTIC IMPACT TESTING

4.6.1 Ballistic Impact Test Temperature Calibration

Typical hybrid and superhybrid specimens were supplied to the University

of Dayton with thermocouple holes drilled into the core section of each
design for temperature surveys to be conducted, in conjunction with the

heating/cooling apparatus to establish the parameters prior to commencing
impact testing. Additional surface thermocouples were affixed to the surface

of the specimen as shown in Figure 26. The specimen was mounted into the
clamping fixture and an insulated fiberboard hood °30 cm ( • 12 in.) cube was
lowered over the whole assembly. Heating was achieved by introducing elec-

trically heated forced air into the chamber and cooling to 219 K (-65° F) by
the use of liquid nitrogen.

The resultant heating and cooling cycles to which each particular speci-
men was subjected is shown on the attached charts. Figure 27 shows the typi-
cal heating time for a hybrid specimen and the time of impact after the heat-

ing box was removed. Each impacted specimen was fitted with a surface thermo-

couple S2 to monitor the specimen temperature to determine uniform condition-

ing at the time of firing the projectile. Figure 28 shows a similar heating
calibration curve for a superhybrid design specimen. Figure 29 and 30 show
the typical cnnling cycle finally developed to achieve semi-uniform tempera-
ture thoughout the hybrid and superhybrid specimens respectively using liquid
nitrogen as the cooling media.
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TC Locations

— Internal TC

4•

2.2 cm

3.8 cm	 ;' (0 . 875 in.)
Graphite/Ep,

Sl	
Superhybrid

8.8 cm	 TC

(3.5 in.)	 S1

Impact Site

1 1.3 cm
5.1 cm (0.5 in.)
(2.0 in.)
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1.3 cm	 ' 32
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O

+

+ t

O ^ t

Figure 26. Task II Specimen Support for Impact Testing and Position of
Thermocouples Used During Temperature Calibration
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Due to the use of improper thermocouples during the Batch No. 1 impact
tests, the specimens were exposed to inaccurate test temperatures. After

the final calibration curves (Figures 29 and 30) were established, it was
determined that all the Batch Na.l hybrid type specimens were actually impacted
at 209 K (-83' F) rather than 219 K (-65' F) as planned and that the superhybrid
specimens were tested at 230 K (-45° F). One Batch No. 2 specimen, S/N 785-14,
was also impacted at 419 K (295' F) instead of 394 K (250' F) before the thermo-

couple problem was discovered.

4.6.2 Ballistic Impact Testin_g

The Work Statement called for impact testing on a cantilever supported
specimen. During testing under NASA Contract NAS3-19729, "Impact Resistant
Boron/Aluminum Composites for Large Fan Blades," using cantilever supported

specimens of identical geometry most of the specimens suffered "root" bending
failures just above the clamp instead of local failures at the point of impact.

Since that time General Electric had conducted over 80 ballistic impact tests
using a "free-free" configuration where the specimen was not rigidly attached
to an y support but allowed to move treel y after being impacted.

In an attempt to determine a support %ystem which would provide the most
meaningful data, several trial impact tests were conducted using prototype
specimens supported in the cantilever and tree-free mode. The results of

these tests are summarized in Table Llll. Eight specimens including four

graphite/epoxy (PR288r'T300), three h ybrid/epoxy and su perhybrid/epoxy were

:,sed for the tests. The results of this testing indicated that the .-antilever

test results could be biased b y the structural response of the attachment.
In All erases, the failure of the cantilever specimens occurred at the clamp
dither as the sole failure mode or in addition to local damage.

gelatin projectile of 2.54 cm (1 in.) diameter and 7.7 grams in lieu of
the 3.175 em ( 1-1/4 in.) dia meter (15 grams) projectile was selected and
tasting was conducted using a fifty percent slice (2.85 grams) at imapact
velocities of 274 m/sec and 304 m/sec (900 and 1000 ft/sec).

Subsequent to :his selection, a further specimen was tested using; a 5
gram slice of a 15 gram pro j ectile to simulate the revised impact conditions,
but at a lower velocity. The results of this test shown in Table LIII, Test

No. 2, indicates a combined root and local failure made.

The Task 11 Batch No. 1 impact testing was conducted as follows:

•	 Specimen supported in cantilever mode.

•	 Specimen was clamped 13.97 cm (5.5 in.) from the free end

using a constant clamping lewd.

•	 Reusable fiberglass spacers were used between the clamping
vise and the specimen.

•	 Impact location was 5.08 cm (2 in.) up tram the clamp
(Reference Figure 26).
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fÊV,

o
tioc u	 yyO C^ O

,
C^	 ^O	 n	 Q mN ^ oOAN m̂

N̂ NO Ne.l Ô ^^vpO
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Table LXII. Torsion Load Teat Data, -1 19 K (-65 e F) and 294 K (70° F) "Dry".

Material
Specimen

S/N

Impact
Test
Temp.Cond.

Cal ib.
Specimen
Torsion
Load
2' Twist

Conditioned
Torsion
Load
2' Twist

After	 Change in
Impact	 Torsion Load
Torsion	 After Impact
2' Twist	 Percent

PR288/T300 785-1 219 K (-65' F) 400 355.2 269.7 + 4.08
"Dr y.t

PR288 /T300 /S 786-1 219 K (-65' F) 354 384.4 329.1 -14.3
"Dry"

SP313/T300/S 787-1 219 K (-65' F) 349 327.0 325.9 - 0.2
ttft yn

MR150A2/T300/S MR-1 219 K (-65' F) 417 315.6 320.7 -	 1.6
(Hybrid) "Dry"

(Superhybrid) PR-1 219 K (-65' F) 655 705.0 741.3 + 5.1
PR288/T300/5+ "Dry"

Ti+B/ Al

(Superhybrid) 5P-1 219 K (-65' F) 624 740.7 748.4 + 1.04
SP313/T300/L+ 'Dry"

Ti+B/AI

PR288/T300 785-2 294 K (70' F) 400 368.0• 372.3 +	 1.16
"Dr y"

PR288 /T300/S 786-2 294 K (70' F) 354 123.6+ 350.6 + 6.34
„Dry"

SP3:3,'T300/S 787-2 294 K (70' F) 349 320.3 351.6 + 9.8
"Dr yu

NR150A2/T300/S MR-2 294 K (10' F) 417 303.6 304.3 + 0.23
(Hybrid) 'Dry"

(Superhybrid) PR-2 294 K (70 * F) 655 602.8 774.8 +26.5
PR288/T300/S+ "Dry"

Ti+S/ Al

(Superhybrid) SP-2 294 K (70' F) 624 601.2 742.7 +23.5
SP313/T300/S+ "Dry"

Ti+B/A1

* rested to 5 degree twist - Normalised to 2 degree twist.
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Table LXIII. Torsion Load Test Data, 294 K (70° F) Wet and 294 K (70° F)
Wet Spike.

Material
Specimen

SIN

Impact
Test
Temp.Cond.

Cal ib.
Specimen
Torsion
Load
2' Twist

Conditioned
Torsion
Load
2' Twist

After
Impact
Torsion
2* Twist

Change in
Torsion Load
After Impact
Percent

PR288/T300 785-3 294 K (70' F) 400 366.7* 373.1 +	 1.7
"Wet"

PR288 /T300/S 786-3 294 K (70' F) 354 323.5* 331.1 + 8.6
"Wet"

SP313/T300/S 787-3 294 K (70' F) 349 346.4* 351.6 + 2.3
"Wet"

NR150A2/T300/S NR-3 294 K (70' F) 417 391.7* 406.7 + 3.8
(Hybrid) "Wet"

(Superhvbrid) PR-3 294 K (70' F) 655 563.2* 658.8 +16.9
PR288 /T300/S+ "Wet"

Ti+B/A:

(Superhybrid) SP-3A 294 K (70' F) 624 572.4 709.4 +24
SP313/T300/S+ "Wet"

Ti+B/A1

PR288/T300 785-4 294 K	 (70' F) 400 349.92* 337.04* -	 3.6
"Wet Spike"

PR288/T300/S 786-4 294 K (70 * F) 354 336.00* 325.64* -•3.08
"Wet Spike"

SP313/T300/S 187-4 294 K (70' F) 349 372.80* 280.40* -24.9
"Wet Spike"

(Superhybrid) PR-4 294 K (70' F) 655 560.40* 599.60* +7.0
PR288/T300/S+ "Wet Spike"

Ti+B/Al

(Superhybrid) SP-4 294 K (70' F) 624 591.24* 654.64* +10.7
SP313/T300/S+ "Wet 'Pike"

Ti+B/A1

*Tested to 5 degree twist - Normalized to 2 degree twist.
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Table LXIV. Torsion Load Test Data, 394 K (250° F) Dry and 394 K (250° F) Wet.

Material
Specimen

SIN

Impact
Test
Temp.Cond.

Cal ib.
Specimen
Torsion
Load
2' Twist

Conditioned
Torsion
Load
2' Twist

After
Impact
Torsion
2' Twist

Change in
Torsion Load
After Impact
Percent

PR288/T300 78:)-5 394 K (250' F) 400 370.0 390.9 +5.6
"Dry to

PR288/T300/S 786-5 394 K (250' F) 354 327.7 380.3 +16
"Dry"

SP313/T300/S 787-5 394 K (250' F) 349 335.1 328.8 -1.9

NR150A2/T300/S NR-•5 394 K (250' F) 417 377.0 386.0 +2.4
(Hybrid) "Dr v'

(Superhybrid) PR-5 394 K (250' F) 655 656.6 699.5 +6.53
PR288/T300/S+ "Drv"

Ti+B/A1

(Superhybrid) SP-5 394 K (250' F) h25 710.0 741.8 +4.5
SP313/T300/S+ "Drv'

Ti+B/A1

PR288/T300 786-6 394 K (250' F) 46G 371.3 369.7 -.4
"Wet"

PR288/T300/S 786-6 394 K (250' F) 354 279.1 314.9 +12.8
"Wet

SP313/T300/S 787-6 394 K (250' F) 349 345.6 330.5 -4.36
"Wet"

NR150A2/T300/S NR-6 394 K (250' F) 417 384.9 363.6 - 5.53
(Hybrid) "Wet"

(Superhybrid) PR-6 394 K (250' F) 655 624.4 716.7 +14.8
PR288 /T300/S+ "Wet"

Ti+B/A1

(Superhybrid) SP-6 394 K (250' F) 625 683.4 649.8 - 4.9
SP313/T300/S+ "Met"

Ti+B/A1

*Tested to 5 degree twist - Normalised to 2 degree twist.
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Table LXVI. Batch No. 1 Specimen Ranking by Test.

?EST CONDITION SPECIMEN
DASH N0.

RANKING
1	 '2	 3	 4	 5	 6

219 K (-65° F) "Dry" -1
SP
786 787 PR NR 785

294 K (70° F) "Dry" -2 SP PR 786 785 787 NR*

294 K (70° F) "Wet" -3 NR 787 786 SP 785 PR

294 K (70° F)

"Wet Spike" -4 PR SP 785 787 186 --

394 K (250° F) "Drv" -5 NR 787 SP 785 PR 786

394 K (250° F) "Wet" -6 NR SP 787 785 PR 786

394 K (250° F)

"Wet Spike" -7 SP 787 786 PR 785 _-

* NR Specimen Molding Poor Quality

LEGEND:

785	 PR288/T300 (Baseline)
786	 PR:.88 /T300/S Hybrid
787	 SP313/T300 /S Hybrid
NR	 NR15OA2/T300 /S Hybrid
PR	 PR288/T300/S+Ti+B/Al Superhybrid
SP	 SP313/T300 /S+Ti+B/Al Superhybrid
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Table LXVII. Batch No. 1 Specimen Design Rating.

Test
Condition

Specimen Design
Points - Equal RaLing

785 786 787 NR PR SP

219 K(-65' F) 5 1 2 4 3 1
"Dr y"

294 K (70' F) 4 3 5 6*
"Dry"

294 K (70' F) 5 3 2 1 6 4
"Wet"

294 K	 (70' F) 3 5 4 --- 1 2

"Wet Spike"

394 K (250' F) 4 6 2 1 5 3

"Dry"

394 K (250' F) 4 6 3 1 5 2

"Wet"

394 K (250° F) 5 3 2 --- 4 1

"Wet Spike"

Total Points 30 27 20 13 26 14
Actual

Assuming NR Tests 30 27 20 15 26 14

294 K (70° F) & ;94 K
(250° F) Wet Spike

Ranking 6 5 3 2 4 1

Order

*NR Specimen Molding Poor Quality
1-Least Damage
6-Most damage

Legend:

785 PR288/T300 Baseline
786 PR288/T300/S Hybrid
787 SP313/T300/S Hybrid
NR	 NR150A2/T300/S Hybrid
PR	 PR288/T300/S+Ti+B/A1 Superhybrid
SP	 SP313/T300/S+Ti+B/A1 Superhybrid
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•	 The Superhybrid design configuration with the more moisture
resistant matrix core material (SP313/T300/S) exhibits the

best overall resistance to impact damage as shown in Tables

LXVI and LXVII (Reference Specimen SP).

•	 The NR150A2/T300/S hybrid system demonstrated almost equal
impact characteristics to the SP313 superhybrid. The superior

moisture resistance and improved fracture toughness of the NR150A2
matrix resulted in the best overall impact performance of the
specimens (NR) in the wet conditioned state.

•	 The PR288/T300 (785) nonhybrid "Baseline" system exhibited the
worst overall impact resistance characteristics. The poor

moisture saturated p_operties of PR288 resin matrix coupled with

the low impact resistance of the pure carbon fiber reinforcement
are deemed to be the major contributary causes for the poor impact
performance.

• Measurement of torsional stiffness changes in the specimens after

impact did not effectively indicate the degree of impact damage.
This lack of senRitivity of the test method was partially due to
the following conditions:

•	 There was no gross damage during the impacting of the speci-
mens and therefore the specimen cross section remained essen-

tially the same except for local delamination

•	 Loss of moisture between the time of the impact test and
torsion testing resulted in increasing the specimen stiff-
ness as shown in Figure 25.

•	 Torsion testing to 5 degree twist caused initial damage to
this desin of specimen and 2 degree twist was selected as
the test measurement parameter

•	 The repeatability of the torsional test data was demonstrated

to be within t 0.5 percent

•	 There were indications that the thermal spike conditioning at 422 K
000 * F) caused some pre-impact damage especially to the moisture

saturated lower temperature capability systems.

•	 The titanium outer layer of the superhybrid systems peeled back in

the leading edge impact zone. The low ballistic strain response of

the foil bonding adhesives coupled with the degradation of the
adhesive caused by moisture ingress between the foils in the lead-

ing edge area were the primary cause of this type of failure. A
leading edge wraparound protection would eliminate these phenomena.
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s	 An analysis of the impact gun tolerances showed a target accuracy of
* 3.8 mm at 1 m distance (+ 0.150 in. at 3 ft) from the gun
barrel. The average impact velocity range over the Batch No. 1
tests were 1.68 m/sec to 201 m/sec (552 to 660 ft/sec) thie resultant
impact energy ranged from 7.4 to 19.7 Joules (5.48 to 14.51 ft-lbs).

s	 There was no delamination damage on the specimens impacted at 219 K
(-65' F) in the dry condition. Three upecimens were, however,
damaged at the clamp support due to bending and the more brittle
nature of the matrices at the cryogenic temperature.

s	 The cantilever test method obscured the local impact damage results
since 20 specimens (50 percent) were damaged at the clamp support
due to excessive bending.

4.8 BATCH N0. 2 BALLISTIC IMPACT TESTING

The ballistic impact specimen support method and impact teat conditions
were modified for the Batch No. 2 specimens after c---ducting preliminary impact
tests, on additional surplus specimens, to ensure minimal root clamp location
failures compared i.) Batch No. 1 where 50 percent of the specimens exhibited
local failure in this area.

The final established Batch No. 2 test conditions were:

s	 Cantilever specimen support (as Batch No. 1).

s	 Fiberglass spacer clamps protruded - 2.3 mm (" 1/8 in.) above the
aluminum clamps.

s	 1.5 mm (1/16 in.) rubber pads inserted between the aluminum clamps
and the steel vice to help cushion the high stress concentration
at the clamp interface.

s	 Impact elacity increased to 274 m/sec (900 ft/sec).

s	 Full bite of 2.54 cm (1 in.) diameter gelatin projectile to
ensure more uniform import- energy levels.

s	 Incidence angle 25 degrees.

The revised Batch No. 2 specimen test allocation/conditioning matr ;x
is shown in Table LXVIII. Two undamaged Batch No. 1 NR150A2/T300/S speci-

mens were incorporated into the Batch No. 2 test plan (SN NR-3 and NR-5).

Saecimen moisture conditioned weights and the torsion test load data
for the specimens are shown in the following tables:

Table LXIX	 - conditioned specimen weights - 219 K (-65' F) dry and
294 K (70' F) dry
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Table LXVtI2. Batch No. 2 Specimen Conditioning/Irnpcct

Test Temperature Matrix.

Task II - Test Matrix/Specimen Allocation

Material

219 K
(-65° F)

Dry

294 K (70 	 F) 394 K (250' F)

Dry Wet Wet Spike Dry Wet Wet Spike

PR288/'r300 785-8 785-9 785-10 785-11 785 -12 785-13 785-14

PR288 /T300/S 786-8 786 -9 7o6-10 786-11 786-12 786-13 786-14
(Hybrid)

SP?l3/T300/S 787-8 787-9 787-10 787-11A 787-12 787-13 787-14
(Hybrid)

NR15JA2 /T300/S NR -7 NR-8 NR-9 NR-3 NR-10 NR-11 NR -.1
(Fybrid)

PRkd8/T300/S+ PR-8 PP.-9 PR-10 PR-11 IPR-12 PR-13 PR-14
Ti+B/Al

(Superhybrid)

SP313/T300 /:+ SP-8 SP-9 SP-10 SP-11 SO-12 SP-ls SP-14
T i+B/Al

( Superhybrid)
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Np 0Ô Jr: J N d

d
W ^

cc
O

Ll m .T N
' y

0. ^ I^i
W .r

W
a
r

P
W

N
O

r
O m

^ •
^

d
Y

W ^ ^ O
Oas

n C
L	 Y ^A .. r N ^f ppO r W

M
Y C y W J1 .O O L a0 •O N N J
tl^` O O O O O O O O O O O O

Y n
Nh

O O
Lao

O
^ a O ^

P r
^ ^

ppp
N

s
^O T.r Y1 eC n ^++ m

M S^ — P P N m — ^T P ^ d
p
C

G 7 m m J m O O n W n W O O

UO O n .A O ^/+ O O v+
c ohc o a° m a o m^ m^ ^ M d J ^e — n o
u w'  o Y" ao °^ o o °' m o 0
aoil _r r

m
^ O J ^ n h ^ O uY N .n p

m N̂ ^Oa OPrm dJ1 y. rn Ori V\n pO^ NP N
L M G
W O•.^J

N
O

J O n O N P N N
_

^ mm N .. a $ °^ aao
^aov m m 0 o n n0

a
Y
Ln :cc 1A O O O O O C J O
C .r n aOD ^ ^ ^ ^anD O O m O

N O^ ^

ov r., Y W vV Gv _

GV
_

4w
_

4.
_

Gv
_

[Y GvC
G

V1
O

V1
O

u1
O .O

J1
'O

h
.O

as
V v v v v!. T T T T T r T T T... T .. T .. T .. T.^ 6aw n ^( Yo aL Mo ai Yp Y Vo y, Ya p( Yp M'ta y( M Y Y Mas	 a Y

Y p Y'°p YYp
N N N N ry ~N P•y PN PN PN PN PN

C
er x m m m W P P P  m
a

^ P P
i

w
a0 ap ^o s

n In
W ^o s

a y

N to
y y

; .^i\ a^1\ N In $... q ^\OO OO OO n .-.
F

M O
F O ^ Y pp

a 0 < J O O P1 9 Y O ^" p̂+L_
n F H

v
N M L F m G F m

O
F

O
F

O
F

H
N d

L O <
t	 aq

v<
t H O`

O>. m.^i :Y`'1
F

Y m W
^=

Y
00 H mm W n

^+ O S 101. Y ^•ii6r
• N

a
N
Y d m y

GN
m OG

C.^ H
y V6 N

m
N

Nv  .1 H
7 O

F

I d O. N Z `-' d v W d S Vii Z v
 IL.



Table LXX - conditioned specimen Weights 295 K (70' F) wet and

394 K (250' F) wet

Table LXXI - conditioned specimen weights 294 K (70' F) and 394 K

(250' F) wet spike

Table LXXI1 - conditioned specimen weights 394 K (250' F) dry

Table LXXIII - torsion load test data 219K (-65' F) and 294 K (70' F)

dry

Table LXXIV - torsion load test data 294 K (70' F) wet and 294 K

(70' F) wet spike

Table LXXV - torsion load test data 394 K (250' F) dry and 394 K

(250" F) wet

Table LXXVI - torsion load test data 394 K (250° F) wet spike

The impacted specimens were reinspected by ultrasonic C-scan and the

reduced size copies of the C-scan are shown in Figures 39 through Figure 45.

4.9 DATA EVALUATION RESULTS AND CONCLUSIONS

The Batch No. 2 specimen impact damage assessment conducted using ultra-
sonic hand scanning and C-scanning methods together with visual inspection

and impact test parameters tabulated in Tables LXXXII through LXXX.

The revised specimen clamping support for the Batch No. 2 specimens did
partially reduce the susceptibility for specimens to fail in bending at the

clamp interface. Nineteen percent of the specimens did exhibit localized

clamp zone surface cracks.

Several attempts were made to arrange the data in a nondimension form
using several variables including normal impact energy, area of delamination,

flexural strength, shear strength percent moisture, and test temperature.
These attempts were not successful in producing a meaningful correlation of
data, therefore, a more straight forward method of presenting the data as a
function of percent delamination versus normal impact energy has been used
for each of the material combinations and environmental conditions. These
results, which proved to be meaningful in evaluating the data, are shown in

Figures 47 through 51. Further simplification of this data is shown in
Figures 52 and 53 in the form of a bar graph for all of the materials and

environmental conditions. The Batch No.l test results are distinguished from
the Batch No. 2 results by cross hatching. Using data from these figures,
the materials were ranked using a numerical grading system of 1 through 6

depending on their degree of delamination from the Batch No. 2 test conditions
(i.e. 274 m/sec (900 ft/sec] and 25 degrees incidence angle, and 717 gram
slice). Table LXXXI presents the summary of this -anking by test and Table

LXXXII the rating by specimen design. The observations and conclusions from
this data are as follows:
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Table LXXIII. Torsion Load Test Data, 219 K (-65° F) and 294 K (70° F) "Wet".

Material
Specimen

SIN

Impact
Test
Temp.Cond.

Cal ib.
Specimen
Torsion
Load
2' Twist

Conditioned
Torsion
Load
2' Twist

After
Impact
Torsion
2' Twist

Change in
Torsion Load
After Impact
Percent

PR288 /T300 785-8 219 K (-65' F) 400 377.7 274.6 -27.30
"Dry'

PR288/T300 /S 786-8 219 K (-65' F) 354 336.5 290.8 -13.60
"Dry"

SP313/T300/S 787-8 219 K (-65' F) 349 332.7 302.2 - 9.17
"Dry"

NR150A2/T300/S NR-7 219 K (-65' F) 417 363.0 381.0 +4.% 
(Hybrid) 'Dry"

(Superhybrid) PR-8 219 K (-65' F) 655 680.4 489.8 + 1.38
PR288/T300/s+ 'Dry"

Ti+B/A1

(Superhybrid) SP-8 219 K (-65' F) 624 657.1 680.0 + 3.49
SP313i	 300/S+ 'Dry"

Ti+is/Al

785-9 294 K (70' F) 400 380.3 330.9 -13.00PR288i.30C
'Dry'

PR288/T300/S 786-9 294 K (70' F) 354 350.2 299.4 -14.50
"Dry

SP313/T300/S 787-9 294 K (70' F) 349 342.1 288.3 -15.70
'Dr y"

NR150A2/T300/S NR-8 294 K (70' F) 417 405.8 400.1 -	 1.40
(Hybrid) 'Dry'

(Superhybrid) PR-9 294 K (70' F) 655 712.9 724.5 +	 1.63
PR288 /T300 /S+ 'Dry"

Ti+B/A1

(Superhybrid) SP-9 294 K (70' F) 624 719.3 760.9 + 5.78
SP313/T300/S+ 'Dry"

Ti+B/A1
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Table LXXIV. Torsion Load Test Data, 294 K (70° F) and 294 K (70° F) "Wet
Spike".

Material
Specimen

S/N

Impact
Test
Temp.Cond.

CaIib.
Specimen
Torsion
Load
2' Twist

Conditioned
Torsion
Load
Y' Twist

After
Impact
Torsion
2' Twist

Change in
Torsion Load
After Impact
Percent

PR288/T300 785-10 294 K (70' F) 400 396.1 308.9 -22.0

"Wet"

PR288/T300/S 786-10 294 K (70' F) 354 326.4 301.3 - 7.69

"Wet"

SP313/T300/S 787-10 294 K (70' F) 349 338.1 249.5 -26.20

"Wet"

NR150A2/T300/S NR-9 294 K (70' F) 417 381.9 370.0 -	 3.12

(Hybrid) "Wet"

(Superhybrid) PR-10 294 K (70' F) 655 647.7 671.6 + 3.69

PR288/T300/S+ "Wet"
Ti+B/A1

(Superhybrid) SP-10 294 K (70' F) 624 682.1 681.7 - 0.06

SP313/T300/S+ "Wet"
Ti+B/A1

PR288/T300 785-11 294 K (70' F) 400 369.9 383.4 - 3.65

"Wet Spike"

PR288 /T300/S 786-11 294 K (70' F) 354 332.2 248.1 -25.30

"Wet Spike"

SP313/T300/S 787 -11A 294 K (70' F) 349 361.2 354.5 -	 1.85

"Wet Spike"

NR150A2/T300/S NR-3* 294 K (70' F) 417 391.3 380.0 - 2.89

(Hybrid) "Wet Spike"

(Superhybrid) PR-11 294 K (70' F) 655 654.4 675.3 + 3.19

PR288/T300/S+ Net Spike"
Ti+B/A1

(Superhybrid) SP-11 294 K (25' F) 624 707.5 756.6 + 6.94

SP313/T300/S+ "Wet Spike"
Ti+B/A1

*Batch No. 1 Specimen retested.
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Table LXXV. Torsion Load Test Data, 394 K (250° F) "Dry" and 394 K (250° F)
"Wet".

Material
Specimen

SIN

Impact
Test
Temp.Cond.

Calib.
Specimen
Torsion
Load
2' Twist

Conditioned
Torsion
Load
2' Twist

After
Impact
Torsion
2' Twist

Change in
Torsion Load
After Impact
Percent

PR288/T300 785-12 394 K (250' F) 400 370.0 291.8 -21.10
"Dry"

PR288/T300/S 786-12 394 K	 (250' F) 354 339.4 313.3 - 7.69
"Dry"

SP313/T300/S 787-12 394 K (250' F) 349 347.8 309.4 -11.00
"Dry to

NR150A2/T300/S NR-10 394 K (250' F) 417 414.8 386.5 - 6.82
(Hybrid) "Dry"

(Superhybrid) PR-12 394 K (250' F) 655 681.8 676.7 - 0.75
PR288 /T300/S+ "Dry"

Ti+B/Al

(Superhybrid) SP-12 394 K (250' F) 624 659.5 651.5 -	 1.21
SP313/T300/S+ "Dry"

Ti+B/A1

PR288/T300 785-13 394 K (250' F) 400 367.2 342.1 - 6.84
"Wet"

PR288/T300/S 786-13 394 K (250' F) 354 354.5 351.1 - 0.96
"Wet"

SP313/T300/S 787-13 394 K (250' F) 349 360.1 371.1 -25.90
"Wet"

NR150A2/T300/S NR-11 394 K	 (250' F) 417 399.7 341.8 -14.50
(Hybrid) "Wet"

(Superhybrid) PR-13 394 K (250' F) 655 650.0 673.2 + 3.57
PR288/T300/S+ "Wet"

Ti+B/A1

(Superhybrid) SP-13 394 K	 (150' F) 6?4 727.3 754.9 + 3.79
SP313/T300/S+ "Wet"

Ti+B/A1
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Table LXXXI. Batch No. 2 Environmental Specimens Ranking By Test.

Test Cundition
Specimen
Dash No.

Ranking

1 2 3 4 5 6

219 K (-65° F) -1 SP PR NR 786 785 787
"Dr yof

294 K (70° F) -2 PR NR SP 785 786 787
"Dry"

294 K (70° F) -3 SP Pk NR 786 787 785
"Wet"

1

294 K (70° F) -4 SP PR 785 NR 787 786
"Wet Spike"

394 K (250° F) -5 (	 SP PR NR 786 787 785
"Dry" '

394 K	 (250° F) -6 SP PR
+
!	 NR 786 785 787

"Wet"

394 K (250° F) -7 PR SP NR 1	 785 1	 786 787

Legend:

785 PR288/T300 (Baseline)
786 PR288 /T300 /S Hybrid
787 SP313/T300/S Hybrid
M NR150A2 /T3G0/S Hybrid
PR	 PR288/T300/Z+Ti+B /A1 Superhybrid
SP	 SP313/T300iS+Ti+B/A1 Superhybrid
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Table LXXXII. Batch Nu. 2 Environmental Specimen
Rating by Design.

Test
Condition

Specimen Design
Points - E ual Ratin

785 786 787 NR	 I PR SP

219 K(-65° F) 5 4 6 3 2 1

"Dry"

294 K (70° F) 4 5 6 2 1 3

"Dry"

294 K (70° F) 6 4 5 3} 2 1

"Wet"

294 K (70° F) 3 6 5 4 2 1

Net Spike"

394 K (250° F) 4 4 5 3 2 1

"Dr y"

394 K (250° F) 5 4 6 3 1
"Wet"

394 K (250° F) 4 5 6 3 1 2

"Wet Spike"

Total Points 31 32 39 21 12 10
Actual

Ranking 4 5 6 3 2 1
Order

Legend:

785 PR288/T300 Baseline
766 PR288/T300/S Hybrid
787 SP313/T300/S Hybrid
NR	 NR150A2/T300/S Hybrid
PR	 PR288/T300/S+Ti+B/AL Superhybrid
SP	 SP313/T300!S+Ti+B/A1 Superh^brid
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•

	

	 The PR288 graphite and hybrid composite specimens exhibited
similar impact damage characteristics with considerable delami
cation in nearly all the environmental conditions of 274 m/sec
(900 ft/sec). No definitive trends could be observed in the

data for these two materials (See Figures 46 and 47) with the
exception of the 294 K (250' F) "Wet" conditions which appeared
to have the least damage at the higher energy level. This
could be the result of a slightly lower energy level of 39.3
joules (29 ft-lb) for these two tests compared to the 47.5 to
54.3 joules (35 to 40 ft-lb) range for the majority of the other
conditions.

•

	

	 The SP313 hybrid composite specimens exhibited similar impacted
characteristics as the PR288 composite specimens with the majority
of the Batch No. 2 higher energy impact damage falling in the 60
to 100 percent range. This is illustrated in Figure 48.

•

	

	 The NR150A2 hybrid composite specimen exhibited considerably
better resistance to impact damage than either the PR288 or the
SP313 composites with the damage levels on all specimens being
less than 25 percent. The 294 K (70° F) and 394 K (250° F) "Dry"
conditioned specimens exhibited the least damage and the 294 K
(70° F) "Wet" and "Wet Spike" conditioned specimens the most
damage.

• Both the PR288 and the SP313 superhybrid specimens exhibited
superior resistance to impact damage at all levels of condi-

tioning compared to solid polymeric composite laminates. In
the case of-the two superhybrids, the SP313/T300/S + Ti+B/Al
appears to offer a slight advantage with the majority of data
falling below the 2 percent damage level (see Figures 50 and
51), being insensitive to environmental conditioning.



5.0 TASK III • - LEADING EDGE IMPACT PROTECTION SYSTEMS

Based upon the ballistic impact test results of Task II, one hybrid
one superhybrid system was selected and used for the fabrication of Lars

simulated blade test panels. The specimens were reinforced with a leadi
edge protection device prior to conducting ballistic impact tests. Init
NR150A2/T300/S superhybrid and SP313/T300/S superhybrid were the selecte
systems, but due to processing problems associated with the NR150A2 syst
the NASA developed PMR15 polyimide was finally substituted.

5.1 SPECIMEN DESIGN

The Task III specimen was a larger simulated airfoil design than th4^
used in Task TI, measuring 15.24 cm (6 in.) chord and 40.64 cm (16 in.) long
with a maximum thickness of 6.35 mm (0.25 in.). The final protection device

selected consis;.cd of rick`1 plated wire mesh applied to the leading edge over
a 7.62 cm (3 in.) c 6nrdal length. figure 54 shows the basic cross-section
geometry of th-- specimen which was also selected for Task IV - Simulated Blade
Spin Impact Tests.

The ply orientation/layup selected for the two designs of specimen are

diagramatically shown in Figures 55 Hybrid Design and 56 Superhybrid Design.
A photograph of the typical specimens are shown in Figure 57 and the cross
section construction is shown in Figure 58.

The materials initially procured for Task III were subjected to incoming

materials quality control procedures. Physical properties of the prepregs and

mechanical properties of the molded test panels are tabulated in the attached
Q.C. Data Summary Sheets, Table LXXXIII - SP313/T300/S and Table LXXXIV -
NR150A2/T300/S. The materials were released for specimen fabrication based
upon the acceptable mechanical properties in molded laminates.

5.2 SPECIMEN FABRICATION

5.2.1 Hybrid Specimens - (NR150A2/T300/S)

The initial NR150A2 Process Evaluation flat panels molded in accordance -
with the procedures developed for the Task IT specimens (Ref: Paragraph 4.3)
were of unacceptable quality/finish despite acceptable Q.C. mechanical proper-
ties. Once again batch to batch material variability was suspected. This

necessitated a complete re-evaluation of the molding/processing parameters for
the new batch of prepreg. Some ten additional flat panels were produced vary-
ing initial staging temperature / times, "PreDoT" die temperatures / pressures
and residual solvent (-)utent in attempts to secure a satisfactory process.

An interesting discovery made during the process evaluation study was
that absorbed moisture ^.n the fully cured laminate creates increased resin
matrix flow during the "PreDoT" post die forming procedure. A press cured
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^V.VVJ 111.)

40.6 cm

(16.0 in.)

A

Hybrid Design

Figu •e 55. H y brid Design Specimen Ply Orientation.
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Figure 5E, Superhybrid Design Specimen Material/Ply Orientation.
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Nickel Wire
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Nickel Wire Mesh

TYPICAL SECTION
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Figure 58.	 rypical H%brid and Superhvbrid Specimt-nti,
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Table LXXXIII. Q.C. Data Summary - Hybrid Prepreg (Specification 401316-485).

Addendum

Pe

Prepreg Lot No.	 814
Prepreg Type	 SP313/T300(80L)/S(20)
Quantity	 13.27 kg(29.25 lbs) 1600 ftl

A.	 Graphite Data: Vendor

Batch No. 759-2/760-2
Tensile Str.,MPa(Ksi),Avg. 3033/3165
Tensile Mod.,GPa(Mai),Avg. 221(230)
Density,gms/cc,Avg. 1,77/1.76

Date Received	 7-4-79
Expiration Date 4-4-80
Resin Batch No.	 Lot 647TP

MPTL	 Spec.	 Accept	 Reject

---	 2827 Min.	 X
200-234
	

X
1.785-1.827
	

X

X
X

X
X
X

X
X

X
X

B.	 Prepreg Data: 1.10	 2 4.0

Graphite,	 gma/m2 (ft 2 )Avg. 103(9.57) 103(9.1) (10.220.4)*
Individ. Specimens*** 1/3 1/4 2/3

Sec.Fiber,8ms/m2 (ft 2 )Avg. 41(3.8) 38(3.56) 3823.0(3.510.3)**
Individ.Specimens*** 3/3 4/4 2/3

Tot.	 Fiber Wt.,gms/m 2 (ft 2 )Avg. 144(13.37) 143(13.27) 147*--4.0(13.710.4)
Individ.Specimens*** 7/3 2/4 2/3

Resin,	 gms/m2 (ft 2 )Avg. 108(10.0) 90(8.35) 7925.0(1.320.5)
Individ.Specimens*** --- 0/4 2/3

Vols.,% vt.,Avg. 0.5 0.24 2% Max.
Individ.Specimens*** --- 4/4 2/3

Gel Time,Mins.@ 383K(230*F) --- N.A.(2) 40 Min.
Flov,%@383 K(230 *	F) --- --- 3 - 7
Visual Discrepancies

C.	 Laminate Data	 Panel No. G-354 XP-3

Roll	 No.'s ---
Gel Time	 in Die,Mins. ---
Thickne!%s,	 cm(in.) 4.9/Ply 0.085 0.080*0.002
Flex.Str.@RT,MPa(Ksi) 1593(231.0) 1517(220.0) 1345(195)
394X(250 * F),MPa(Ksi)	 (1) 1562(226.5) 1533(222.4) 1172(170)

F1ex.Mod.@RT,GPa(Msi) 110(15.9) 102!14.8) 97(14.0)
394 K(250 * F),GPa(Msi)	 (1) 105(15.2) 130(15.0) 90(13.0)

SBS Str.@RT,MPa(Ksi) 124(18.0) 111(16.1) 97(14.0)
394 K(250 * F),MPa(Ksi)	 (1; 70.3(10.2) 82(11.9) 59(8.5)

Fiber Volume,	 2 55.3 48/12	 (60*-2)	 (3)
Resin Content, X wt. 35.2 Report
Voids,	 % 0.36 22 Max.
Density,	 gms/cc 1.64 1.63 Report

X
X
X
X
X
X
X

X

X

D.	 Material Disposition

Accept for all usage_____  	 Reject 	 __	 and (a) Return to

Vendor	 or (b) Available for Limited Use Only NASA Environmental Program

Q.C. Eng. G.C. Murphy	 Date: 8-8-79

* Graphite wt. - 5.66 n SP. GR . of fiber
** Sec. Fiber Wt. - 1.42 - SP. GR . of fiber

*** No. Specimens in Spec./No. specimens tested
(1) at 450 K(350F) test temp.
(2) external gelation not typical of inte.nal
(3) panel thickness oversize
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Table LXXXIV. Q.C. Data Summary - Hybrid Prepreg (Specification 4013163-485).

Addendum

Date Received	 7-13-79
Expiration Date --- _
Resin Batch No.	 E17b02-7-1

El 7t)02-7-2

Vendor
	

MPTL	 Spec.	 Accept	 Reject

575-2
3248(±71)
	

2827(410)Min.	 X

239(34.6)
	

200/234(29 - 34)	 X
1.75
	

1.781-1.821
	

X

102(9.5) '102(9.515) 110*--4.0(10.220.4)*
1/4 2/3

32(3.0) 30(2.828) 38!3.0(3.5!0.3)**
3 1/4 2.3
35(12.5) 133(12.343) 147*--4.0(13.7!0.4)

2/4 2/3
75(7.0) 82(7.612) 79!5.0(7.3±0.5)	 X
3 4/4 2/3
18.4(1) 16.3 18% Max	 X
3 4/4 2/3
1	 (2) 40 Min.

3 - 7

XNR-10

0.079 0.080 0.080*_0.002	 X

1269(184) 1462(212) 1345(195)	 r
848(123) 1289(187) 1172(195)	 X
99(14.3) 100(14.5) 97(14.0)	 X

97(14.1) 101(14.7) 90(13.0)	 X
7 0(10.1) 97(14.0) 97(14.0)	 X
57(8.3) 77(11.2) 59(8.5)	 X

45/10 48/12	 (60±1)

28 38.2 Report
4 -5.76 2% Max

1.4 1.686 Report

Reject	 and (a) Return to

or (b) Available for Limited Use Only NASA Environmental Program

Q.C. Eng. G.C. Murphy	 Date: 8-8-79

* Graphite wt. - 5.66 n SP. GR . :;f fiber
** Sec. Fiber Wt. - 1.41 • SP. GR . of fiber
*** No. Specimens in Spec./No. specimens tested

(1) 112 Hr. :t 589 K(600" F)

(2) at 478 K(400° F)

Prepreg Lot No.	 C9-480
Prepreg Type_ NR150A2/T3U
Quantity	 10.25 W22.6 lbs)

A. Graphite Data:

Batch No.
Tensile Str.,MPa(Ksi),Avg.
Tensile Mod.,GPa(Msi),Avg.
hensity,gms/cc,Avg.

B. Prepreg Data:

Graphite, gms/m2(ft2)Avg.
Individ. Specimens***

Sec.Fiber,gms/m2(ft2)Avg.
Individ. Specimens-

Tot. Fiber Wt.,gms/m2(ft2)Avg.
Individ.Specimens***

Resin, gms/m2(ft2)Avg.
Individ.Specimens***

Vols.,% wt.,Avg.
Individ.Specimens***

Gel Time,Mins.@ 383 1:(230° F)
Flow.%@ 383 (230° F)
Visual Discrepancies

C. Laminate Data	 Panel No.

Roll No.'s
Gel Time in Die,Mins.
Thickness, cm(in.)
Flex.Str.@RT,MPa(Ksi)
394 K(250'F),MPa(Ksi)

F1ex.Mod.@RT,GPa(Msi)
394 K(250'F), Cps (Ms i)

SBS Ftr.@RT,MPa(Ksi)
394K(250'F),MPa(Ksi:

Fiber Volume, %
Resin Content, % wt.
Voids, %
Density, gmc/cc

D. Material Disposition

Accept for all usage_

Vendor

X
X
X
X
X

X
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NR150 laminate was cut into two pieces and one piece was moisture saturated
in a steam chamber to approximately one percent moisture weight gain while
the other half was left in the fully dried condition. Each panel was "PreDoT"

consolidate at 673 K (750' F) and 41.37 MPa (6,000 psi). The dry sample exhib-

ited only minor plastic flow of the NR150A2 matrix but considerable extrusion
and flow of the matrix was noted with the moisture conditioned specimen.

"PreDoT" moisture effect

Moisture conditioning of cured NR150 laminates assist in "PreDoT"
postforming by increasing thermoplastic flow of the matrix at
lower processing temperatures and pressures. The effects of mois-

ture on the mechanical properties of the matrix needs to be fully

investigated.

Moisture content of the basic NR150 prepregs may be a basic
of batch to batch processing variables which are affecting

acceptance of this material.

Absorbed moisture may be detrimental to highly loaded VR150 compo-
nents which operate at high temperatures. Sudden application of

heat and load may cause thermoplastic flow (yielding) of the NR150

matrix.

scaling up to a larger NR150 airfoil specimen presented

to the batch to batch variability.

After conducting panel molding trials with the new batch of material,
the developed process was applied to the larger simulated airfoil specimens
(6 in. chord x 16 in. long). Slight residual solvent retained within the
thick center section of the preform (<l percent average) created an unaccept-
able porosity zone during the 673 K (750 * F) press molding cycle.

Fcur full size specimens were molded in an attempt to devise a satisfac-
tory staging/cure/mold cycle. Preliminary indications were that oven staging

the NR150 preform at 533 K (500' F) for >30 hours is necessary to remove all
free solvent.

The molding/staging cycle finally developed for the NR150A2/T300/S hybrid

III and IV airfoil specimens was as follows:

Staging Cycle

The assembled preform was supported and lighly clamped in a contoured

aluminum honeycomb fixture to Allow easy release of volateles. The asse1aly
was placed in a cold oven and the temperature raised at 1.7 K (3' x)/minute
to 394 K (250' F) and held at that temperature for one hour. The temperature



was raised at the same rate to 422 K (300' F) and held for 2 hours and again
to 533 K (500' F) for 32 hours. Upon completion of the staging cycle -1 per-

cent solvent remaineA.

The solvent content was based upon adjacent material samples taken from
prepreg roll and processed at 588 K (600' F) per the Q.G. solvent extraction

method.

•	 Molding Cycle

The die temperature was raised to 588 K (600' F) and the preform was

loaded and 6.89 MPa (1,000 psi) pressure slowly applied. The molding pres-
sure was increased after 10-minute holding periods at each 6.89 MPa (1,000 psi)
pressure increment until a maximum pressure of 31 MPa (4,500 psi) was reached.
The mold was then allowed to cool to 394 K (250' F) prior to removal of the

molding.

A totai of twelve specimen3 were molded in accordance with the above pro-

cedure. The quality of the molding varied considerably despite the controlled
processing. After evaluation of the NDE C-scanning inspection and visual
inspection, a total or two moldings were scrapped. In view of the apparent
success with repressing moisture conditioned specimens (Ref: Paragraph 5.2.0

the 10 potentially acceptable specimens were moisutre saturated and repressed
at 616 K (650' F) in an attea;pt to improve the molding quality. An improvement
in the NDE C-scan inspection was noted in all specimens, except two which
exhibited excessive flow of material from the core during the repressing oper-
ation. The eight remaining specimens were approved for proceeding with the

application of the wire mesh LE protection device.

During the bonding of the wire mesh to the NR150A2 hybrid specimens, a
serious problem was uncovered. During the rework removal of the wire mesh off

two specimens, which exhibited wrinkling of the wire, it was noted that the

adhesion of the wire to the NR150 composite was good but that the outer layer
of teh NR150 composite pzeled away very easily as the wire was being stripped

off. Moisture degradation of the NRl50A2 matrix during the 588 K (b50' F)
pressing after moisture conditioning was suspecte.6. A series of peel test
specimens were prodsced uy bonding wire mesh oti-i^s tp specimens which were
moisture conditioned/press cured 588 K (670' F) and Specimens which had not
been subjected to moisture. Additional specimens w,^rr- prepared in which the

top layer of material had been removed in case the degradation was only super-
ficial oxidation. Good adhesion with no laminate failure was apparent with
the specimens which had not been moisture conditio,e(. and molded at 588 K

(650' F). All of the moisture conditioned specimens failed within the com-
posite at minimal peel loads. All eight airfoil specimens had the bonded wire
mesh removed and all exhibited similar matrix failure.

s	 Effect of Moisture/Repressing of NR150A2

In order to evaluate the moisture / processing c£fec t c on ti<<r composite

mechanical properties, a NR150A2/T300 /S test panel wa, fabric >._eri using the

staging /molding cycle employed for the Task 1I* • iricil specimens. Half of

the molded panel was subjected to the moisture onditioning and repressed at
616 K (650° F) and the remaining half panel was fully dried and not repressed.
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The mechanical properties generated from test specimers machined from 'he

two half panels are shown in Table LXXXV. The moisturized and repressed panel

exhibite lower n echanical properties than the dry panel. A significant reduc-
tion in properties can be noted between the "dry" panel and the initial
incoming Q.C. values recorded for this batch of material. Aging of the mate-

rial end moisture absorption by the prepreg may be the cause of the lower

properties.

5.2.2 Hybrid Specimens - (PMR15/T300/S)

In conjunction with NASA, PMR15 polyimide resin system was mutually
selected to replace the problematic NR150A2 as the Tasks III and IV hybrid
material.

5.2.2.1 Process Development

A total of 11 test panels were molded before an acceptable material
quality control specimen was produced. The Q.C. Data Summary Sheet, Table
LXXXVl shows the vendor (Fiberite Corporation) and in-house information gener-
ated on the basic pr.epreg and molded test panel.

The final process used in the fabrication of the 2 mm (0.080 in.) thick

Q.C. test panel (PMR-11) was basically;

•	 Heat mold to 477 K (400' F)

•	 Place preform in mold and close mold down to 0.304 mm (0.012 in.)
of closure,

•	 Hold for one hour (Imidize cycle),

•	 Remove panel from mold,

•	 Increase mold temperature to 588 K (600' F),

•	 Reload panel into hold mold and apply 6.9 MPa (1,000 psi),

•	 Hold for one hour at 588 K (600' F),

•	 Cool mold to below 533 K (500' F) and remove molding,

•	 Postcure ten hours at 588 K (600' F)
Free in air-circulating oven.

The fundamental problems _ncountered during the process development of i
satisfactory test panel were; 1) removal of exceso matrix during the low

viscosity stage of the resin imidizing cycle, 2) solvent removal from the

compacted preform and 3) fiber wash during the molding cycle caused by the
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Prepreg Lot Mo. C1-025
Prepreg Type PMR15/T3001S
Quantity	 11.8 ka(26 lbs) (Two rolls)

Date Received 3-17-80
Expiration Date September, 1980
Resin Batch No.
Mfg. Date: 3/13/80 -

Table LXXXVI. Q.C. Data S^ry - Hybrid Prepreg (Specification 4013163-485).

lAdendum Class 'C'

A.	 Graphite Data: Vendor MPTL Spec. Accept Reject

Batch Mo. 1019
Tensile Str.,MPa(Ksi),Avg. 3268(474) --- 2827(410)Min. X
Tensile Nod.,GP&(Msi).AvS. 234(34) --- 200-234(29-34) X
Done ity,ps/cc,Avg. 1.75 --- 1.785-1.827 X

B.	 Prepre&Data: 1.10 1 4.0

Graphite. Bum/m2(ft2 )Avg. 105(9.80) 103(9.57) (10.210.4)* X
Individ. Specimens*** -- 2/3

Sec.Fiber,ps/m2(ft2 )Avg. 33(3.02) 50(4.86) 3813.0(3.510.3)** X
Individ.Speciseos*** -- -- 2/3

Tot. Fiber Mt..gms/m2(£t2 )Avg. 138(12.79) 153(14.25) 147t4.0(13.7tO.4) X
Individ.Specimens*** 13 --- 2/3

Resin, gr/m2 (ft2 )Avg. 83(7.7) %(8.9) 1935.0(7.3to.5) X
Individ.Specimens*** 13 -- 2/3

Vols.,X vt.,Avg. 103(9.6) 81(7.52) Report X
Irdivid.Specimens*** 3 --- 2/3

Gel ciw ,Min•.! 473 R(400'F) 0.8 -- Report X
Flow.%@ 450 K050' F)69MPa(100 19.7 -- Report X

psi)
Visual Discrepancies

C.	 Laminate Data	 Patel Mo.

Roll Mo.'s 1
Gel Tice in Die,Mins. ---
Thickness, m.(in.) 2.2(0.088) 0.2(0.075) 0.08010.002 X
F1ex.Str.@U NP&(Ksi) 1145(166) 1510(219) 1345(195) X

e 394 K (250'F),MPa(Ksi) 1124(163) 1613(234) 1172(170) X
F1ex.Mod.@RT.GPa(Msi) 87(12.48) 116(16.85) 97(14.0) X
394 K(250'F).GPa(Msi) 89(12.89) 121(17.5) 90(13.0) X

SBS Str.LI1T,MPa(Ksi) 105(15.2) 109(15.8) 97(14.0) X
394 K(250'F),'Qa(Ks0 88(12.8) 95(13.8) 59(8.5) X

Fiber Volume. 2 -- 59.83 48/12 (60t2) X
Resin Content, 2 wt. 38.2 28.74 Report
Voids, X -- 5.27 22 Max. X
Density, gr/cc 0.58 Report
Ply Thickness (ins) 0.0055

D.	 Material Disposition

Accept for all usage Reject and (a) Return to

Vendor	 or (b) Available for Limited Use Only RASA Environmental Proa.ram

Q.C. Eng. G.C. Mur her 	 Date:	 April. 1980

* Graphite wt. a 5.66 n SP. GR . of fiber
** Sec. Fiber Wt. a 1.42 n SP. GR . of fiber

*** Mo. Specimens in Spec./Mo. specimens tested
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"Plastic" flow of the viscous imidized resin. A complete list of the process
development 7.62 cm x 17.78 cm x 2 mm (3 in. x 7 in. x 0.080 in.) panels pro-
duced are shown in Table LXXXVII.

5.2.2.2 PHR15 Hybrid Specimen Fabrication

Considerable difficulties were encountered in scaling up the PMR15 /T300/S
flat panel process to the 40.6 cm x 15.24 (16 in. long x 6 in.) chord simu-
lated airfoil specimen size. The fundamental problems exhibited in the flat
panel process were further complicated by the variation in the "airfoil" thick-
ness 1.27 mm to 6.3 mm (0.050" in. to 0.250 in.). Fiber "wash" during final
molding and excess resin loss due to the rapid expulsion of the solvent at the
477 K (400 * F) imidizing temperature were the major concerns. The goal was to
achieve a relatively fast economic process cycle which could be applied to
future blade and vane production. Slow imidizing cycles and long press mold-
ing procedures were, however, evaluated without any improvement being noted in
the molded part. The list of specimens fabricated during the attempts to
develop a satisfactory process are shown in Table LXXXVIII. Panels PMR-F8, F9
and F10 were fabricated using surplus PMR/T300 prepreg since the PMR15/T300/S
available material stock was diminishing rapidly. Panel F3, which exhibited
two local blistered areas, was also subjected to a 12 hour room temperature
water soak and repressed at 588 K (600° F) to evaluate the "NR150 moisture plas-
ticizing/increased flow effect". The C-scan re-evaluation of the part indi-
cated considerably more delamination occurred as a result of the moisture
treatment. The process initially evaluated on F3 panel appeared to exhibit
the best visual quality and C-scan indications of minimum porosity and, there-
fore, Panels F10 and Fll were successfully repeated using the same basic pro-
cess except the initial die closing time was extended to 15 minutes to allow
improved venting of the solvent prior to imidizing for an additional one hour.

All the remaining Task III and IV specimens were fabricated using this
process and are listed in Table LXXXIX. A large percentage of the specimen
exhibit slight leading/trailing edge damage caused by resin/fiber flash entrap-
ment between the punch and cavity of the mold being broken off while opening
the mold after cooling down to 533 K (500° F).

•	 Poatcure Study

Prior to selecting the postcuring procedure for the large FOD test speci-
mens, sample test panels 7.62 cm x 17.78 x 2.03 mm (3 in. x 7 in. x 0.080 in.)
molded in accordance with the method developed for the FOD specimens, were
fabricated and then postcured. One sample test panel was cut into two pieces
and one piece postcured by placing into an oven at room temperature and
raising to 588 K (600' F) at 5.6 K (10° F) /minute and held for 10 hours. The
panel exhibited severe surface blistering. The second half of the panel was
subjected to a postcure cycle consisting of 449 K (350° F) for 72 hours fol-
lowed by a 588 K (600' F) for 10 hours using a similar heatup rate as the previ-
ous panel. No blistering was evident in the panel indicating that the free
methanol, believed to be the cause of the blistering , had been removed by
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Table LXXXVII. Process Development Panels - PMR151T300/S.



Table LXXNIII. Process Development PME.15 FQD Test Panels.
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Table LXXXIX. Task III and IV PMR Test Specim an Data.

SIN

perform
Weight
(am)

Weight
After

ILidising
(pit)

Final
!bided
Weight
(sm)

molded
Thickness
e'(in.)

Density
(am/cc) Visual Defects

F12* 403 371 370 6.22 1.5857 4 Hour iaidiso cause porosity; slight edge
(0.245) damaged

F13 406 376 375 6.21 1.5405 Slight edge porous; surface rippl*s; wall
firer wrinkl*

F14* 305 375 374 6.27 1.5855 Slight firer tow unbend one edge
(0.247)

F15* 406 375 374 6.27 1.5855 One side porous + dry; surface ripples
(0.24:)

F16* 407 375 375 6.27 1.SSSS Slight edge I	 s	 ; surface ripple
(0.247)

F17* 397 367 367 6.20 1.5808 Slight edge damaged; slight surface ripple
(0.244)

iris 393 365 364 6.20 13806 Sash surface texture - bad flow
(0.244)

F1" 395 363 364 6.20 1.5$06 Slight surface ripple
(0.244)

F20* 395 364 364 6.17 I.S947 Edge douse both sides; slight surface ripple
(0.243)

F22* 395 365 364 6.17 1.5608 No apparent defects
(0.243)

F23* 395 365 36S 6.17 1.5852 Slight edge damaged; slight surface ripple
(0.243)

F24* 394 364 361 6.17 1.5833 Slisitt edge damaged. slight surface ripple
(0.243)

F25* 401 371 370 6.2S 1.5844 Edge damse bob rides; surface ripples
(0.246)

F26* 403 372 371 6.22 1.5619 Edge douse both sides; surface rides
(0.245)

F27* 403 371 371 6.25 1.5870 Slight surface ripple
(0.246)
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diffusion at the lower temperature. In order to evaluate the effects (or
need) of the postcure cycle, two panels were fabricated for mechanical prop-
erties determination. The effects of no postcu:e were evaluated with Panel
No. 14, and Panel No. 15 was cut into two pieces, one half was postcured for
20 hours at 450 K (350' F). The result- are tabulated in Table XC. Although
additional post curing after press molding does not appear to improve mechani-
cal properties [up to 394 K (250' F)], all the FOD test specimens were sub-
jected to additional "postcuring" at 449 K (350' F) to remove any free solvent.

5.2.3 Superhybrid Specimens

A total of fourteen (10 Task III and 4 Task IV) superhybrid specimens
were fabricated using the fiber orientation/layup design shown in Figure 56.
The surface preparation of the Titanium 6-4 and the boron/aluminum foils con-
sisted of light grit blasting using 120 alumina grit and 0.4 MPa (20 psi) pres-
sure and apply a 3M primer PA-3917. After air drying the primer for 2 hours
at room temperature, a film of AF-147 3M adhesive was applied to the bonding
surface in accordance with the ply stacking sequence shown in Figure 56. The
assembled preform was placed into the preheated mold tool [422 K (300' F]. The
mold was close at a predetermined closure rate using a maximum pressure of
5.17 MPa (750 psi). The part remained in the die under pressure and tempera-
ture for 2 hours. Immediately upon removal from the mold, the specimen was
transferred to the postcure oven operating at 450X (350' F) for four (4)
hours. The specimens were subjected to NIB; C-scan inspection prior to apply-
ing the nickel plated leading edge protection device. NIB+ C-scan equipment
parameters were established to determine more realistic "defect indications".
The first =_ght specimens C-scanned indicated that varying degrees of porosity
existed within the composite core section of each specimen. The differing
gelation times, at the molding temperature, of the AF147 Adhesive film and
the SP313 core laminating resin, in addition to high volumeric squeeze out of
the AF147 [0.29/=2 (0.06 lb/ft 2 )] adhesive were believed to be the cause of
the varying porosity. Although each specimen has been processed using the
die closure time/distance curve, slight immeasurable deviations creared
porosity within the core laminations. Relatively fast die closure rates were
required to expell the surplus adhesive between the metallic foils prior to
the gelation of the AF147 which affected the retention of the SP313 core
matrix. Nonstandard lower weight adhesive films with extended gelation
times would rectify the problem for future similar design specimens.

The manufacturing data including the nickel plated wire mesh inspec-
tion records for the 14 Superhybrid specimens are shown in Table XC11

5.3 LEADING EDGE PROTECIION SYSTEM

A l=ading edge protection system comprising of a 0.254 mm (0.010 in.)
314 stai.=less steel foil bonded with a unique polyurethane elastomeric adhe-
sive system was considered as an alternate to the nickel plated wire mesh sys-
tem developed by General Electric (U.S. Pntent No. 3892612 - Method for Fabri-
cating Foreign Object Damage Protection for Rotor Blades).
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Initial ballistic impact evaluation of the alternative system on the Air
Force F103 Blade Program (F33615-74-C-5072) appeared promising. A typical
F103 blade midspan 7011 airfoil section specimen sustained a total of eight
impacts of 108 gas 0.8 oz.) simulated bird at varying velocities up to 335
m/see (1100 ft/sec). Although considerable deformation of the leading edge
occurred during the tests, the steel foil remained banded to the composite.
Prior to committing to the use of the new protection device for Tasks III and
IV, a preliminary moisture/temperature capability study of the polyurethane
film adhesive was conducted. Aluminum single lap shear test specimens were
fabricated using the 3M polyurenthane film 0.152 mm (0.006 in.) modified with
the thermoset adhesive PR286. Fifty percent of the specimens were wet con-
ditioned by immersing in water 355 R (180 ` F) for 4 days. The significant
reduction in properties, illusrrated in Figure 59, caused by temperature and
moisture, negated the use of thi-i system for Tasks III and IV and, therefore,
all the specimens were fitted with the originally selected nickel plated wire
mesh as the protection device.

5.3.1 Mickel Plated Wire Mesh Leading Edge Protection System

The selected nickel plated wire mesh protection device basically con-
sists of an annealed 316 stainless steel 100 mesh wire cloth secondary bonded
to the leading edge of the molded specimen using Metlbond 328 (NARKCO) GE
Spec. ASOTF104-Class C adhesive. The surplus cured adhesive is removed from
the external surface of the wire cloth until the wire is completely exposed.
The wire surface is electroplated using a sulfamate nickel plating solution
to the thickness shown in Figure 54. The varying thickness/contour of the
nickel plate is achieved by the use of "thieves" and shielding built into the
plating fixture. After plating, the leading edge contour is benched to final
dimensions.

Two prototype specimens were processed by Hogan Plating, Daytnn to
establish the plating procedures and to ensure a satisfactory quality level.
Plating hardness inspection on the two specimens exhibited hardness values of
Rockwell 031.5 and 032.5 respectively which was well within the General
Electric plating specification limits (GE Spec. 4013192-654).

The fabrication data records for the plated and finished specimens are
shown in Table XCI Hybrid Specimens and Table XCII Superhybrid Specimens.

5.4 SPECIMEN MOISTURE CONDITIONING

The completed specimens were subjected to a quality review by Design and
Manufacturing personnel and allocated to specific tests. Table XCIII shows
the test matrix/specimen allocation for Task III specimens and Table XCIV, the
Task IV Plan.

The Task III specimens were supplied to Cincinnati Test Laboratories for
moisture conditioning together with three additional calibration specimens to
determine moisture saturation parameters. A basic PMX/T300/S molding with no

190



Single Lap Shear strength. (psi)

}	 @	 §	 $

^.^/ ^ 7

qP

m	

n

 n

M

N

- - Z.	 ^ W	 M M

'JdX NINUOJ IS 49449 nt-7 orauTS

191



2 qq	 ^^

N^^41 w_

CA Ch	 U2 CA

^1
iC14

Ad Ok	
Bnn

z  ss
§& tr 	 W0

: w wt n 	 N

P407&
64 04

u

B^&
0.

®& ^b
06&
	 §^

ss	 n s
kca K to

Ok f"
fP.	 9
11.4_®

SD

06l

x  n s
WfA^ toCA

Cb4

^
.

n
lw ..4^

a 06

^ 0̂

^

^
$
^

^
^
^
,

k

^
n
^

§
^

^
-
^
n

:
^
C6
n

_̂
^
^

^
^

^
^

k

pw
n
^

}	 ^

192



Table XCIV. Test MatrixlSpeciment Allocation,
Task IV - Whirligig Tests

(Specimens Fitted With Titanium Adaptors)

Specimen
Design(Material)

Test Temperer re Condition
294 K (70° F) 394 K (250° F)

Superhyhrid SIN SPIII-4 SIN SPIII-6
(SP313) SIN SPIII-12 SIN SPIII-14

Hybrid SIN PMRF-23 SIN PHRF-14
(PMR15) SIN PNRF-24 SIN PMF-25
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protection (SIN	 F2) was conditioned at 355 K (180' F)/972 RH to determine
the fully saturated "wet" and "met spike" time scale for all specimens and a
similar spec-men fabricated using PR288/AS/S material (Slit PRIII-2) was
employed to =term ne the "dry" conditioning parameters. A third specimen
constructed of PR288/AS/S material with leading edge protection was included
for comparison. The basic conditioning plan and procedures for the Task III
"met" specimens was as follows:

•	 Dry all specimens for 24 hours at 394 K (250' F)

•	 Record specimen weight

•	 Condition all Task III "wet" specimens and the three calibration
specimens at 355 K (180' F)/97% RN

• Monitor weight gain percentage and graphically plot against time
"days) for each calibration specimen and one of each design test
specimen

•	 "Saturation" time was determined by the levelling out of the curve
for the PM15 (no 1F protection) specimen. (SIN 1KR-F2) - Ref:
Figure 60 - Conditioning parameters for Tasks III and IV specimens

•	 Remove specimens on the day of test OX days)

•	 Record moisture percentage weight gain

•	 Conduct torsional rigidity inspection. Determine load required to
twist specimen through an angular displacement of 2 degrees

•	 Specimens wrapped tightly in aluminum foil and passed to the
University of Dayton for impact testing.

The "dry" moisture conditioning procedure for the Task III specimens was:

•	 Dry all specime-s for 24 hours at 394 K (250' F),

•	 Record specimen weight,

•	 Condition "dry" specimens at 355 K (180' F)/97% Rg for y days +2 hours
(Ref: Figure 60),

•	 Record Moisture percentage weight gain,

•	 Conduct torsional rigidity inspection. Determine load required to
twist specimen through an angular displacement of 2 degrees,

•	 Specimens wrapped tightly in aluminum foil and passed to the
University of Dayton for impact testing.
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The PKR/T3OO/S "vet" calibration specimen with no leading edge protection
(S/H RW 2) indicated full saturation (1.18 percent) after 41 daps humidity
conditioning as shown in Figure 61. The comparative P8288/AS/S "dry" calibra-
tion specimen had absorbed 2.18 percent moisture in the same time period. The
two selected Task III test specimens, with the leading edge protection system,
one hybrid SIN PMRF-27) and one superhybrid (SIN SPIII-5) together with a basic
PR2881AS/S specimen (SIN PRIII-3) with the leading edge protection applied were
monitored under the same humidity conditions (Ref: Figure 62).

The reduced moisture absorption caused by the fifty percent of the hybrid
composite surface area being clad with the nickel plate and the superhybrid
titanium foil cladding of the airfoil can be noted in Figure 62 compared to
Figure 61. The slight weight gain of moisture in the superhybrid design was
created by moisture ingress into the exposed composite core/adhesive joints
at the cut end of the specimen and the joint line between the outer foil lay-
ers at the trailing edge.

The Task III specimen moisture conditioned weights and preimpact attic
postimpact torsional stiffness measurements are rhown in Table XCV.

5.5 TORSIONAL STIFFNESS CALIBRATION

Clamps were fabricated to adapt the Task III specimens to the torsional
stiffness apparatus used in Task II (Ref: Paragraph 4.5). Two npminally
dry calibration specimens, one hybrid design PPIII-3 (PR288/AS/S Material)
and one superhybrid specimen SPIII-4, were subjected to torque loads required
to twist the specimen through 0.5, 1.0, 1.5 and 2.0 degree angles. The results
of the equipment/specimen calibration trials are graphically shown in Figure
63. An angular displacement of 2 degrees was selected for measurement of the
torsional stiffness of the specimens before and after impact as a means of
qualifying impact damage. Tables XCI, Hybrid Specimens, %C11, Superhybrid Spec-
imens tabulate the load required to twist each specimen through the 2 degrees
angle in the pre-impact and past-impact conditions.

5.6 BALLISTIC IMPACT TESTING

The purpose of the impact testing was to evaluate the effects of tempera-
ture and moisture on the ballistic impact resistance of the two different
material/construction design specimens. Multiple impacts were conducted on
each specimen to determine the threshold level where initial local damage
began to occur. A total of 86 impact shots were conducted on the 20 Task III
specimens.

5.6.1 Equipment Calibration

A spare hybrid composite specimen was supplied to the University of
Dayton for the purposes of calibrating the equipment for the 219 K (-65 + F)
and 394 K (250' F) temperature conditions.
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A hole was drilled within the specimen tip such that a thermocouple could
be positioned internally within the specimen. This internal temperature was
utilised as the reference temperature for the hot and cold temperature require-
ments. Figure 64 shores the depth and location of the hole at the specimen tip
and the location in the calibration tests.

The cold and hot specimen temperature requirements were achieved by
enclosing the test specimens in an insulated enclosure (Figures 65 and 66)
which was fabricated of 1.5 cm (0.625 in.) thick particle board. The tempera-
ture in the enclosure was maintained using liquid nitrogen for 219 K (-65' F)
tests (Figure 65) and a resistance heater (blower) to achieve the 394 K
(250' F) temperature (Figure 66). Calibration curves were generated for the
desired temperature requirement. Figures 67 and 68 present temperature
versus time plots for the 219 K (-65' F) and 394 K (250' F) temperatures, respec-
tively for the hybrid composite specimen used as a calibration specimen.
Notice that the temperatures were overshot in both temperature requirements.
The insulated box was then removed and the test specimen to be impacted was
permitted to either cool down or warm up depending on the temperature require-
ment. For the actual impacts, only the surface temperature at the root was
monitored and the calibration curves were used to determine what the surface
temperature had to be to have the internal temperature at the desired level.
In the case for the 219 K (-65' F) shots, the skin temperature was 216 K (-70° F)
when the internal temperature was at 219 K (-65' F). In the case for the 394 K
(250' F) shots, the skin temperature cooled back to 366 K (200' F) when the
internal temperature was at the desired 394 K (250' F) level. When the desired
temperature levels were reached, the specimen was impacted with a full bite of
the artificial bird.

5.6.2 Impact Tests

The tests were conducted in accordance with the specimen allocation and
test matrix shown in Table XCIII. The 85 grams (3 ounce) microballoon gelatin
"bird" was launched such that the whole "bird" (fullbite) would impact the
specimen leading edge. In some cases, a small piece of the bird would be
sliced by the leading edge which did not impact the specimen. In the case
where slicing occurred, a catching system was positioned directly behind the
specimens to capture the portion of the bird not impacting the specimen such
that an accurate impact mass impacting the specimens could be calculated. The
speemens were impacted at a starting velocity of about 152.5 to 183 misec (500
to 600 ft/sec) at an incidence angle of 25 degrees. After the first impact,
the test velocities were then increased in increments of about 22.9 to 30.5
m/sec (75 to 100 ft/sec) until initial local composite damage was achieved.
Damage was determined by ultrasonic hand scanning and visual inspection of
each specimen after every impact.

A sketch was made of any damage resulting from the impact. Figures 69
through 72 show the resulting damage to the specimens tested at 219 K (-65' F)
'dry', Figures 73 through 77, 294 K (70' F) 'dry', Figures 78 through 82, 294 K
(70' F) 'wet', Figures 83 through 87, 394 K (250' F) 'dry' and Figures 88
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Figure 64. Specimen Mounting and Calibration Thermocouple Locations.
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through 92, 394 K (250' F) 'wet' condition. Premature unbonding of the leading
edge protection was not classified as failure wad the velocity of the projec-
tile was increased until damage occurred in the composite airfoil section.

Moisture degradation of the Metlbond 328 adhesive, used to bond the wire
mesh plating substrate, was suspected to be the primary cause of the premature
bond failure coupled with the high peel forces induced during the extreme flex-
ing and twisting of the essentially flat plate-like specimen during impact.

Each specimen was subjected to posttest ultrasonic C-scan inspection
prior to evaluating the loss in torsion stiffness. A complete summary of the
ultrasonic inspection records and the impact data are shown in Tables XCVI
through CV.

5.7 IMPACT DATA EVALUATION RESULTS AND CONCLUSIONS

The purpose of the impact testing in Task III was to determine the
effects of environmental conditioning on the ballistic impact damage charac-
teristics of simulated airfoil specimens which inched a leading edge protec-
tion device.

Unlike the testing in Task II, the impact velocity of the projectile was
increased progressively to assess the damage threshold level of each design
specimen. Multiple impacts were conducted on each specimen at velocities
ranging from 120 to 275 m/sec (400 to 900 ft/sec) utilizing a simulated star-

`	 ling size gelatin "bird" of -.85 grams.

Premature failure of the nickel/wire mesh leading edge protection device
unfortunately overshadowed the test results on nearly all the twenty panels
tested. Failure analysis of the leading edge protection indicated that 80
percent of the delamination had occurred at the wire mesh to composite inter-
face and was cohesive type failure in the Metlbond 328 adhesive. The remain-
ing 20 percent was associated with poor adhesion between the nickel plate to
wire mesh, probably caused by poor surface activation prior to electroplating.
The nickel plate was also brittle with many of the specimens showing ea-ly
signs of cracking and spallation.

Despite th^ leading edge problems, an attempt was made to characterize
the data in terms of threshold damage level by comparing percentage delamina
tion versus normal impact energy for both the leading edge protection and that
sustained on the hybrid or superhybrid composite. These data are summarized
in Figures 93 through 97.

The observations and qualitative conclusions for this data are:

e The superhybrid (SPIII series) and the hybrid (PMRF series) speci-
mens tested at 219 K (-65' F) condition indicated good correlation
aW least inconsistency from any other test condition.
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ŷa`

y'+ ^

Sig•:$
OY r

^Q • YO yr

jVale
Y Yi'•

6^ Y J M

u r•^
3 •.^ a:^ ft.- tl t8$. i	 S 3J .-W

1•

w w	 ^ • "O

•
M

g:t^ fig.
e

j

e
[

•O

a=

^!y
^ qa ©sBu eS.ie ^

r y Q N	 .^ 1	 M^^+
n

N •y,
c
q	 •V`i! + .w y 6O ...Q wCM M v .i ^3 6

Q	 i iw^
rt M v ...iii w

Owl V Y
•V	 ^!..•ii WO * Y ^ u

•

a
.p.,.	 RN r a ^ ^r.rl Kays^	 .

e.
	 ''i ^^ ^ ^•t^

•
g
O

a 
g X y

Swt 00
y^v^uyy^0w•a
Y•Vtl^CN•• R •

i .^
y
w 6YYM^ON d ~ w6 •	 \ 3 i .

^.i
4

+aOI	 K:
4^.i .16N=a •	 \ ••• \

g*yW	
y
am .

YY. g lr
O	 9
Y:.Y

f
y
ỳ
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s	 The threshold damage is+el to the composite substrate, tested at 219 K
(-65' F) appeared higher for the superhybrid specimens 14380 joules
02,94 ft-lb)) compared to the hybrid specimens 1 x227 joules
1 x200 ft-lb)].

•	 The failure of the leading edge adhesive at the wire to composite
interface, occurred at a lower energy level and produced higher dam-
age levels for the vet condition specimens when tested at both 294 R
(70' F) and 394 K (250' F). Moisture degradation of the Metlbond 328
adhesive is deemed to be the premature cause of the bond failure.

•	 Damage to the composite substrates for all test conditions was gen-
erally of low magnitude (below 5 percent delamination area) with
little or no indication of being more severe for wet versus dry
conditions.

a	 Composite damage was almost entirely confined to the trailing edge
of the specimen, especially at the free tip section. The hybrid
composite specimens exhibited initial radial cracks and the super-
hybrid specimens foil delamination in this zone.

•	 Fifty-five percent of all the specimens exhibited cracks in the
zone of the support clamp intersection. Sixty percent of the super-
hybrid and fifty percent of the hybrid specimens showed early signs
of failure commencing in this area. Cracks in the clamp zone were
less pram alent in the specimens tested at the elevated temperature.
This was attributed to the softening of the adhesive and distrib-
uting the stress concentration at the sharp intersection.

•	 Ranking the specimens by test condition and by design (hybrid versus
superhybrid) as shown in Table CVI indicates the superhybrid design
to be superior at all test temperatures and environmental conditions.
The ranking was accomplished by comparing the normal impact energy
required to initiate damage to the composite substrate.
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6.0 TASK IV - SIMULATED BLADE SPIN IMPACT TESTS

The basic purpose of Task IV was to conduct dynamic whirligig impact
testing on similar moisture conditioned specimens to the designs used for the
Task III static impact eval-lotion.

A specimen rig fixture was designed and four sets of the titanium speci-
men adaptor shoes (outserts) were procured. The assembly shown in Figire 98
consists of an existing whirligig disk and trunnion, a lec&tine plate to pro-
vide the 25 degrees incidence angle and a pair of dovetail outserts bonded
to the composite specimens. Two transverse clamping bolts were provided to
hold the specimen between the outserts during the bonding operation.

6.1 SPECIMEN FABRICATION

+11 the Task IV specimens were manufactured in parallel with the Task III
specimens and were allocated to the specific test temperate*e matrix as shown
in Table CIV.

6.2 ADHESIVE EVALUATION

Preliminary bonding trials were conducted to determine the procedure for
bonding the titanium rig adaptor shoes to the test specimens. In order to
prevent moisture degradation during _onditioning of the Metlbond 328 bondii;
adhesive, as experienced in Task III leading edge bonding, the exposed tir n-
ium shoe/specimen bondline was planned to be sealed with a silicone RI'V
rubber.

A series of titanium lap shear specimens were prepared to determine the
effectiveness of RTV silicone rubber as a moisture barrier to prevent degrada-
tion of the Task IV specimen bond to the titanium rig adaptor shoes durir_g
moisture conditioning. The 2.54 cm (1 in.) wide by 1.25 cm (0.5 in.) overlap
single lap shear specimens were bonded with the selected adhesive Xatlbond
328. 7he silicone rubber (RTV 106) was applied as a bead over the exposed
bond line and allowed to fully cure. The specimens were humidity conditioned
at 355 K(180' F)/97% relative humidity. Preliminary indications after seven
days humidity exposure was that the RTV silicone rubber appeared to be acting
as an effective moisture barrier. Table CVII lists the test specimen results
obtained after seven and forty-tiro days exposure. Forty-two days was "full
saturation" condition based upon the PHR15 unprotected Task III specimen. The
forty-two day exposure tests, however, indicated (for this adhesive) that the
moisture is slowly permeating through the RTV film barrier, and eventually,
will react± full saturation. The moisture saturation after forty-two days
severely degraded lap shear properties retaining only 15 percent strength on
the exposed boadline specimens and 40 percent strength on the RTV protected
specimens when tested at 394 K(250' F).
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Table CVII. Vletlbond 328 Adhesive Tests.

Effects of RTV Silicone Rubber Barrier During
Moisture Conditioning

Specimens Conditioned for 7 Days at 355 K (180' F)/972 RH

Test Shear
Specimen Temperature Strength Type of
Design 'K('F) MPa(ps Q Failure

12.96(180 902 Adhesive
Unprotected 394 K(250'F) 4.62( 670) 100% Adhesive

8.83C12.80) Avg.

Protected with 16.0 (2320) 15% Adhesive
RTV Silicone 394 K(250'F) 16.48(2390) 10% Adhesive
Rubber 16.27(236-07 Avg.

Protected with 296 K(73'F) 11.7(1690) 50% Adhesive
RTV Silicone 12.5(1820) 50% Adhesive
Rubber 12.10760Y Avg.

Specimens Conditioned 42 days at 355 K (180'F)/97% RH

Test Shear
Specimen Temperature Strength Type of
Design 'K('F) MPa(psi) Failurei

Unprotected 394 K(250 0F) 2.48(360) 100% Adhesive
2.27(330) 100% Adhesive
2.38(345T Avg.

t	 ;
Protected with 6.96(1010) 75% Adhesive
RTV Silicone 394 K(250'F) 5.65( 820) 75% Adhesive
Rubber 5.65( 820) 75% Adhesive

7.38(1070) 75% Adhesive
6.4	 930T Avg.

1 f Unprotected 296 K(73'F) 6.0 ( 870) 100% Adhesive

i	 i
i Protected with 296 K(73'F) 6.62( 960) 752 Adhesive

RTV Silicone 7.24(1050) 75% Adhesive
Rubber 6.93(10(	 ) 6.93(1005) Avg.

Protected Specimen 	 Specimen Design ASTM D1002-72
Boniline Thickness

RTV Bead	 0.0076 cm(0.003 in.)
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The low test values of the moisture conditioned specimens indicated that
the bond strength of the titanium shoes to the specimen would be inadequate
to withstand the applied stress during the spin test. The Task IV spin tests
were, therefore, eliminated from the program. General Electric has demon-
strated, during the execution of the Air Force F103 Composite Blade Program
Contract F33615-74-C-5073, good correlation between whirligig dynamic impact
damage and static testing of the sass' airfoil. Therefore, it is believed that
the Tasks II and III static testing yielded sufficient technical data to ful-
fill the aims of this program.

One Task IV specimen was completely finalized with titanium bonded shoes
before the decision was made to eliminate the whirligig rig tests. Figure 99
shows Specimen SIN SPIII-6 with the titanium shoes bonded to the specimen to
form the rig attachment feature.



Figure 09, Task IV Specimen with Bonded Titanium Rig
Adaptor Shoes,

2 53



Conclusion

Based upon the results obtained during the execution of the Tasks I, II,
and III, the following conclusions were made:

e

	

	 The program demonstrated the superior impact resistance of the
superhybrid concept for composite fan blades at both 294 K and 394 K
test temperatures and when environmentally conditioned to a fully
moisture saturated state ("wet") and *.then subjected to .a abrupt
temperature excursion in a saturated condition ("wet spike").

e

	

	 The titanium outer foil layer used in the superhybrid construction
acts as a moisture barrier thereby preventing moisture degradation
of the underlying foil bonding adhesives and the polymeric composite
core uteri!!ls.

•	 The lower temperature capability polymeric composite systems are
adversely affected by full moisture saturation when tested at tem
peratures near the resin glass transition temperature (TS). 	 The
moisture plasticizes the resin matrix lowering the temperature capa-
bility of the composited system.

•	 Moisture absorbed, at ambient conditions (294 KJ50% RH) by T300
graphite reinforced composites, using the three selected matrix
materials, does not affect the mechanical properties.

e	 MR150A2 composite materials absorb only thirty percent of the mois-
ture saturation of the two epoxy systems.

s	 NR150A2 composite systems exhibit superior transverse flexural
properties in unidirectional laminates resulting in improved impact
resistance compared to the epoxy matrix systems evaluated.

e	 The leading edge protection device failed prematurely in Task III
due to the moisture sensitiv:'y of the MMetlbond 328 used for bond-
ing the wire mesh nickel plating substrate.

e	 A large percentage of the cantilever supported impacted specimens
exhibited local cracking in the zone of the support clamp.

- Recommendations

e	 The superhybrid concept for fan blade applications is worthy of
further development. 	 The impact testing conducted in this program
reinforced the findings in the previous NASA program conducted by
General Mtlectric, Program NA83-20402 "Metal SparjSuperhybrid Shell
Composite Fan Blades." 	 _-
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•	 future impact testing of simulated airfoil specimens should be con-
ducted using the free-free method of "support" to eliminate the
overshadowing effect of specimen cracking at the clamp in the canti-
lever support method used in the program.

•	 Although the program illustrated the advarse effects of moisture on
pol7meric composite material properties, in true life environmental
cons tions, the components do not reach full saturation. S. 11
amounts of absorbed moisture have little effect on composite prop-
erties. In future studies it is recommended that the true service
conditions be evaluated for the particular composite component to
determine the realistic degree of moisture saturation likely to be
encountered. In order to typify this recommendation, ue refer to
some in-house work conducted at General Electric in determining the
moisture saturation level required for a material design criteria
study for a composite design thrust reverser.

A typical mission cycle was devised for the CF6-50 Thrust Reverser
(Figure 100a) which is believed to be an exaggerated case of an aircraft con-
tinuously operating out of Miami, Florida during the summer season where air-
craft skin temperatures of 333 K(140' F) and accompanying 97% relative humidity
conditions have been recorded.

Nine different candidate resin/fiber reinforcement combinations were eval-
uated using 12.8 ca x 15.24 co x 25mm (5 in. x 6 in. x 0.10 in.) laminates.

•	 Resins[450 K(350' F) Systems]

-	 Fiberite 976

-	 Ferro CE9000-2

-	 Cyanamid BP980

•	 Fiber Reinforcements

-	 120 Style E-glass fabric

-	 T300 24 x 24 Style fabric

-	 Kevlar 185 Style fabric

The test panels were initially subjected to six days at 333 K(140' 0/97%
relative humidity simulating an aircraft inoperative on the ground prior to
conducting 10 typical mission cycle exposures. Each mission cycle consisted
of a thermal spike of 394 K(250' F) for five minutes to simulate maximum take-
off temperature likely to be encountered by the thrust reverser followed by
conditioning at 218 K( -67' F) for two hours under partial vacuums simulating
flight conditions at 40,000 feet altitude. The panels then were subjected to
333 K(140' 0/97X relative humidity for one hoer to be representative of the
aircraft grouded between flights. Figure 100b graphically illustrates the
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typical absorption/desorption which occurs during the first cycle due to ini-
tial moisture conditioning/heating and drying out on the Fiberite 976 lami-
nates. Typical moisture absorption curves for the three reinforcements com-
bined with the Fiberite 976 resin system and exposed to constant 333 K(140' F)J
972 relative humidity are shown in Figure 100c. The effect of the multiple
mission cycles on the moisture content of the laminates are shown in Figure
1004. The T300 graphite and the E-glass fabric reinforced laminates normal-
ized after 3/4 cycles to a constant approximate 0.6 weight gain. The Kevlar
49 fabric laminate continued to absorb moisture under typical missi on exposure
conditions until a fully saturated level was attained. Unlike graphite and
glass, the basic Kevlar fiber absorbs moisture in addition to the resin matrix.
DuPont data indicates that the bare Kevlar fiber absorbs moisture at the rate
of 0.3 percent per hour and finally reaches a saturation level of approxi-
mately 3 percent weight gain at 294 K(70' 0j55 percent relative humidity con-
ditions.

Based upon the results of the study, the moisture environmental condi-
tioning plan for developing materials characterization design criteria was
compiled.

Unlike the thrust reverser application where it is exposed to the natural
elements of rain and absorbed heat from the sun, a majority of the potential
applications for composites in the aero propulsion engines are sheltered inside
the engine cowlings. The internal components, however, will be subjected to
humidity at ambient temperatures during storage and inoperative time on the
ground in addition to the flight temperature parameters and mission cycles
and therefore, moisture levels in the composites need to be determined fpr
each specific application to evaluate correctly the effect on mechanical And
physical properties.

•	 Leading edge protection systems for composite fan blades need fur-
ther studies. The high shear and peel stresses induced at the bond
between the protection and the substrate during impact are too severe
for conventional adhesives. High strain response films with high
elongation and viscoelastic damping characteristics are required to
withstand the high stresses without failure. The polyurethane film
adhesive evaluated showed considerable promise in b. , ..g able to
withstand severe deformation without failure. A mo.e heat and mois-
ture resistant elastomeric film is required for this application.
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