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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 evalua.ed on the mechanical
properties of typical basic comstituent fan blade materials. The materizls
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 2 (300° £) (“"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 uonhybridized 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 polymeric
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 was 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 was selected from Task II and
larger simulated airfoil specimens were fabricated and reinforced with a
leading edge protection device prior to environmentally conditioning and
conducting ballistic impact tests. Initially, NR150A2/T300/S wae 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 zuperior
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 #nd 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



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.



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, esp:cially 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 thes: mate-
rials to turbine engine fan blades is dependent on the ability of cl.ese
materials to maintain an adequate level of impact damage resistance 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 establieh the sensitivity of the impact resistance characteristics of
composite blade materials to limiting combinations of moisture, temperature
level, and temperature transients. The program was divided into four tech-
nical tasks.

Task I - Evaluation and Characterization of Constituent Blade
Materials

The task involved the invectigation 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 seiected for evaluation were
the T300 graphite fiber and the 1014 S-glass.

Task I1 - 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 imparted. 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 enviromnmentally
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 (70° 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 protection 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 tc 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 gystems 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 8ix 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 (3M'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.



Table I. *Flexural Strength Retention of SP313/T300 After
24 Hour Water Boil Conditioning.
Flexural Strength MPa (ksi)
450 K (350" F) Percent
Material 294 K 450 K After 24 Hr Strength
System (70° F) (350° F) Water Boil Retention
M 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) 4]
*Information received from 3M Company
Table I7 SP313 Comparative Composite Laminate Data.
0° Flexural 0° sBS
Material Strength Strength
System MPa (ksi) 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/T3100
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)/5(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 $BS at 394 K > 69 MPa (250° F > 10 ksi)




° Low void contents feasible (<l percent) which would yield optimum
mechanical composite properties.

. Potentially high transverse strengths (DuPont data using AS fiber
indicated 88.9 KPa (12.9 x 103 psi).

° NR150AC 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 Mrka at 533 K (2.8 ksi at
500° F)].

° Thermoplastic above Tg [561 K (500° F)].

° 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$-90] manufactured vy 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 tha high processing temperatures of the NR150
was the major concern. Investigations end 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 by Ferro Corporation was employed through-
out the program in lieu of the designated S-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
ducing the setup time of the fider 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 trerated with the Al100 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 PRQCUREMENT AND QUALITY ASSURANCE

3.2.1 Material Procurement

All the prepreg tapes were basically procured in accordance with the
Genersl Electric Specification 4013163-484, Rev. A, "Unidirectional Carbor,
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 to mechanical proper-
ties of the molded panel from each materiiul combination. 1ihe 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 wbility), the test panels for this
material were produced at a reduced siz: of 7.6 cm x 17.8 em (3 in. x 7 in.).

3.3.1 Pnnél Molding and CuriggﬁConditionl

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 £ 2 K (239° F ¢ 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 clorure down to stops.
° Attempt to reach closure in three minutes.

° Apply minimum of 2068 KPa (5171 KPa maximum) [300 psi (750 psi
maximum)].




Table III. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix B
Prepreg Lot Mo, 148 Nete Received /6427
Prepreg Type__ __  R288/8~Cless Fiber Batch No.____ Ferro (§10l4)
Qusntity 10,166 xm (40 iba) Resin Batch No.__ £09-500
Vendoy MAPTL Spec. Accept  Reject

A. Fidber Dats:

Teneile Str., Mra (kei), Avg. - — Min.

Tensile ¥~d,, GPa (msi), Avg. - ==

Density, gm/cc, Avg. - -—
B. Prepreg Dats:

189.4 ¢ 0.005

riber, gn/m? (£62)*, avg. 183 (17.0) 179 (16.6) 17.6 £ 0.6 x

Individual Specimens™ $/6 0/6 2/3 x

Resin, gu/m? (ft2), Avg. 80 (7.4) 79 (7.3) 78.5 & 4.3, (7.3 4 0.04) x

Individual Specimens™ 6/6 6/6 2/3 x

Vols., X Wt., Avg. 0.18 0.2 2% Max, x

Individual Specimens™ 6/6 6/6 2/3 x

Gel Time, Mins. 383 X (230° F) &0 55 40 Min. x

Flow, X 383 K (230° F) -_— _— -

Visual Discrepancies
C. Lewinate Data: *Requal .

Roll No.(g) 1-1

Gel Time in Die, Mins, 55 0.203 ¢ 0.00% 0.200

Thickness, cm (in.) 0.203 (0.080; (0.080 ¢ 0.002) (0.079) x

Flex., Str. at RT., MPa (ksi) 1641 (238) 1764 (250 le48 (210) 1586 (230) 3

¥4 K (25%° P), Mra (kst) 1048 (152) 1331 (i%)) 1172 (170) 1214 (176) x

Plex. Wod. at RT, CPs (mei) ot (7.0) $3 (7.7 o4 .8 (6.9) 52 (7.6) x

394 K (2350° 7), Gla (mef) s$2 (7.%) 52 17.5) 4l.b (8.0) §2 (7.%8) x

8BS Scr. at RT, (Pa (kei) 101 (14.6) 118 (17.1) 62.7 (11.0: 101 (14.7) x

4 K (250° F), WPa (ket) 62 (9.0) 69 (10.0) 51.7 (2.%) $1.7 (1.%) LY

FPidber Volume, 2 55.1 55.2 6t 2 z

Resin Content, T x. 29.0 29.4 Report 3

Voide, % 1.0 0.0 22 Max x

Densicy, gm/cc 1.93 1,95 Report x

D. Metezial Disposition

Accept for All Usage____ . Accept for Lim,ed Use MABA Envirommentsl Progrep - Teek ]

and (a) Return to Vendor

Reject or (b) Scrap

—_———

Q.C. Eng. $.C. Wurphy Dete:__ 8/24/17

“Requalified 8/°.4/77.

“Fiber Wt. = 7,08 x SP. Gr. of fiber.
bt 9 epecimecs in Spuc./Mo. specimens tested.
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Table IV. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix
Prepreg Lot Mo. $38 Late Received &/3/15
Prepreg Type PR288/7300 Fiber Batch No. ——
Quantity 4,536 gms (10 1bs) Resin Batch MNo. 371
Vesdor WEPTL Spec. Accept  Reject
A. Fiber Data:
Temsile Str., MPs (ksi), Avg. -— -— Min.
Tensile Mod., GPa (msi), Avg. --—- -—
Bemsity, gm/cc, Avg. 1.76 1.7 x
B. Prepceg Dets:
Piber, pu/a? (£:2)*, avg. 132.4 (12.3) 129 (12.0) 132 ¢ 4.3 (12.3 £ 0.4) x
Individual Specimens™ 6/6 5/6 213 x
Msin, ga/e? (£t2), avg. 8.6 (1.3) 83 (7.1 78.6 £ 4.3 (7.3 2 0.4) x
Isdividusl Specimeas™ 6/6 &/6 2/3 x
Vols., T We., avg. 0.1 0.0 22 mx. x
Individual Specimens™ 6/6 6/6 2/3 x
Cel Tims, Mins. 33 K (230° P) 65 —_— ©2 aia. x
Mow, X 383 K (230° 7) -— - -—
Vioual Discrepamcies
c. inete Deta: “Requal .
Moll Wo.(s)
Ce' Time in Die, Mins. 0.203 ¢ 0.005
Thickness, a (in.) 0.200 (0.079) (0.080 z 0.002) x
Flex. Str. at BT., WPs (kei) 1510 (219) 1620 (235) 1448 (210) 1565 (227) x
4 K (250° 7, WPa (ksi) 1124 (163) 1193 (173) 1103 (160) 1165 (169) =
Plex. Wod. at RT, CPz (msi) 116.5 (16.9) 123 (,7.8) 117 (17.¢0 126 (18.0) x =
MK (29 7)), s (muf) 112 (16.2) 116.5 (x:& ) 110 (16.0) 120 (i7.4) x
SBS Str. at BT, WPs (kei) 106 (15.4) 98.6 (14.3) 9.5 (14.0) 9 (14.3) x
304K (250° r), Wa (ksi) 7% (11.%) 62.7 (9.1) 62.1 (9.0) 63 (9.1) x =
Pider Volume, X — 59.1 60t 2 x 2
Meeia Coatemt, I k. ———— 33.8 Beport =
voids, 1 — 0.0 21 Nex =
Bemsity, gm/cc —— 1.55 Report x s

D. HNaterisl Dispositiom
Accept for All Ueage _ . Accept for Limited Use____ ___ MASA Envirowseutsl Progres - Tesk 1

and (a) Return to Vend or (b) Scrap . »

e ject :
Q.C. Eng. G.C. Wurphy Date:  8/24/77

*Requalified 8/24/77

*piber . = 7.08 x $P. Gr. of fiber.
*uo. specimens in Spec./Wo. specimens tested.
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Table V.

(Specification 4013163-484)

Q.C. Data Summary - Homogeneous Prepreg.

Appendix B
Prepreg Lot No. 768 Date Received 10/13/17
Prepreg Type SP313/S (1014) Fiber Batch No. e
Quantity 1,816 gma (4 1lbs) Resin Batch No. ———
Yendor MPTL Spec. _Accept  Reject
A. Fiber Data:
Tensile Str., MPa (ksi), Avg.
Tensile Mod., GPa (msi), Avg.
Density, gm/cc, Avg. 2.485
B. Pregre! Data:
Fiber, gm/m2 (££2)*, Avg. 189.4 (17.6) 191.4 (17.786) 189.4 t 6.4 (17.6 2 0.6) x
Individual Specimens™ 15/1% 4/4 2/3 x
Resin, gm/m? (ft2), aAvg. 77.5 (1.2) 67.1 (6.238) 78.5 ¢ 4.3 (7.3 £ 0.4) x (¢}
Individual Specimens™ 13/15 0/4 /3 x
Vols., T Wt., Avg. 0.4 0.249 2T Max. x
Individual Specimens™ Y2 /3 x
Gel Time, Mins. 383 K (230° F) s7(a) 40 Min. x
Flow, X 383 K (230° F)
Visual Discrepancies
C. Laminate Data:
Roll No.(s)
Gel Time in Die, Mins. . . 0.203 ¢ 0.005
Thickaess, cm {in.) 0.206 (0.081) 0.200 (0.079) (0.080 2 0.002) x
Flex. Str. at RT., MPa (ksi) 1720 (249.5) 1792.7 (260) 1448 (210) x
394 K (250° F), MPa (ksi) 890 (129.1)(b) 1620 (235) 1172 (170) x
Flex. Mod. at RT, GPa (msi) 42.2 (7.13) 56.0 (8.12) 4.8 (6.5) x
394 K (250° F), GPa (msi) o6.7 (6.49)(0) 550 (7.97) 41.4 (6.0) x
SBS Str. at RT, MPs (ksi) 120 (17.64) 82.7 (12.0) 82.7 (12.0) x
394 K (250° F), MPa (ksi) s1(7.4)(3)  66.2 (9.6) 51.7 (1.5) x
Fiber Volume, 2 NR 58.68 60 ¢ 2 x
Resin Content, I Wt. NR 25.49 Report x
Voide, 2 NR 1.87 22 Max x
Density, gm/cc 1.93 1.96 Report x
D. Material Disposition
Accept for All Usage Accept for Limited Use NASA Envir al Program
Reject and (a) Return to Vendor or (b) Scrap
Q.C. Eng. G.C. Murphy Date: 11/30/77

*piber . = 7.08 x SP. Gr. of fiber.

o,

Wo.

specimens in Spec./No. specimens tested.

(8)Gelation time st 427 K (310° P) (not indicative of lsminate).

(b)

Tested at 450 K (350° 7).

(c)pdditional Resin film added to test panel.



Table VI.

Prepreg Lot No. 143

Prepreg Type SP313/T300

Quantity 1,816 gms (4 lbs)

fider Data:

Tensile Str., MPs (ksi), Avg.
Tensile Mod., GPa (msi), Avg.

Density, gm/cc, Avg.

Prepreg Data:

Fiber, gm/m (£:2)*, Avg.
Individual Specimens™
Resin, gm/a? (ft2), Avg.
Individual Specimens**
Vols., T Wt., Avg.
Individual Specimens™

Gel Time, Mins. 383 K (230° F)

Flow, T 36 < (230° F)
Visual Discrepancies

Laminate Data:

Roll No.(s)
Gel Time in Die, Mins.
Thickness, cm (in.)

Flex. Str. at RT., MPa (ksi)

394 K (?50° F), MPa (ksf)

Flex. Mod. at RT, GPs (msi)

394 K (250° F), GPa (mei)
SBS Str. at RT, MPs (ksi)
394 K (250 ), MPa (ksi)
Fiber Volume, I '

Resin Content. X Wt.
Voids, 2

Density, gm/cc

Material Disposition

Accept for All Usage

Reject

Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Appendix
Vendor MEPTL

1.7
128.1 (11.9) 137.2 (12.7
3/3 2/4
99 (9.2) 110 (10.23)
0/3 0/4

0.365

4/6

s3(a)

3-3-1

1218 (0.086)

1626 (235.6) 1641 (238)
1037 (150.4)(b) 1600 (232)

110 (16.0) 122 (17.7)
106 (15.4)(B) 119 (17.3)
100.7 (14.6) 67.6 (9.8)
55 (8.0)(®)  s8.6 (8.5)
57.5 56.77
— 35.32
- 0.66
—— 1.527

Date Received

10/5/17

Fiber Batch No.

Resin Batch No.

Spec.

S) 132.4 £ 4.3 (12.3 £ 0.4)

2/3

78.6 ¢+ 4.3 (7.3 ¢ 0.4)(c)

2/3
22 Max.
2/3
40 Min.

0.203 ¢ 0.005
(0.080 ¢ 0.002)
1448 (210)
1103 (160)
117 (17.0)
110 (16.0)
96.5 (14.0)
62.1 (9.0)
60 = 2

Report

2% Max

Report

Accept  Reject

o

®x M ox M

Accept for Limited Use NASA Eavironmental Program

and (a, Return to Vendor _ _

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

**No. specimens in Spec./No. specimens tested.
(2)Gelation time at 411 K (280* F) (not indicative of laminate).
(b)regred at 450 K (350° F).
(C)Accep:ed on sasis of ASOTF180-SI Specification 100 ¢ 11.8 (9.3 ¢ 1.1) g-l/l2 (fe2)

or (b) Scrap

Q.C. Eng. G.C. Murphy

Date: _ 10/31/77
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Table VII.

‘Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163-484)

Prepreg Lot No.__ C8-054 (Fiberite)

Prepreg Type NR150A2/S (1014)

Quantity 1,816 gus (4 1bs)

Vendor

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

8. Prepreg Data:
Fiber, gm/m? (£t2)*, Avg. 178 (16.5)
Individusl Specimens** 0/3
Resin, gm/@? (ft), Avg. 169 (10.1)
Individual Specimens™ 0/3
Vols., T Wt., Avg. 19.9(a)
Individual Specimens™™ 3
Gel Time, Mins. 383 K (230° F) 1.7(¢)
Flow, % 383 K (230° F) 3.5
Visual Discrepancies

C. Lamgnate Data:
Roll No.(s)
Gel Time in Die, Mins.
Thickness, cm (in.) 0.170 (0.067)
Flex. Str. at RT., MPa (ksi) 1434 (208)
394 K (250° F), MPa (ksi) ————-
Flex. Mod. at RT, GPa (msi) 50 (7.25)
394 K (250° F), GPa (msi) ———-
SBS Str. at RT, MPa (ksi) 49.0 (7.1)
394 K (250° F), MPa (ksi)
Fiber Volume, 2 56
Resin Content, %1 Wt. 26.2
Voids, % 11.6
Density, gm/cc 1.76
Cured Ply Thickness 0.0048

D. Material Disposition

Accept for All Usage

Reject

Accept for Limited Use

*Fiber We. = 7,08 x SP. Gr. of fiber.

ik,

(a)

No.
1/2 Hour at 589 K (600° F),

specimens in Spec./No. specimens tested.

Appendix B

MSPTL

178 (16.55)
1/3

112 (10.4)
0/3

18.9

01

0.208 (0.082)
1503 (218)
1296 (188)
53 (7.68)

49 (7.12)
66.2 (9.6)(D)
55 (8.0)
54.16

30.34

5.62
1.93

Date Received

11/1/17

Fiber Batch No.

Reichold C‘h:gicnh, Inc, -

Resin Batch No.

DuPont E14224-98

Spec.

189 + 6.4 (17.6 ¢ 0.6)
2/3
78.5 * 4.3 (7.3 2 0.4)
2/3

2% Max.
2/

40 Min,
0.203 = 0.005
(0,080 £ 0.002;
1468 (210)
1172 (170)
44 .8 (6.5)
4l.4 (6.0)
82.7 (12.0)
51.7 (7.5)
60 £ 2
Report
2% Max
Report

Accept  Reject

X
x
x
x
X
X

x

X

x

x

x

x

NASA Environmental Program

and (a) Return to Vendor

Q.C. Eng,

(b)ow shear values attributable to high void content,

(¢)

At 477 K (400° F).

or (b) Scrap

G.C. Murphy

Date: __11/30/77



Table VIII. Q.C. Data Summary - Homogeneous Prepreg.

(Specification 4013163~484)

Appendix
Prepreg Lot No. __ CB-060 (Fiberite) Date Received 11/1/27
Prepreg Type NR150A2/T300 Fiber Batch No. Union Carbide 366-2
Quantity 2,043 gms (4.5 1lbs) Resin Batch No. DuPont E14224-98
Vendor MAPTL Spec. Accept  Reject
A. Fiber Data:
Tensile Str., MPa (ksi), Avg. 2689 (390) ——— Min,
Tensile Mod., GPa (msi), Avg. 223 (32.3) ————
Density, gw/cc, Avg. 1.725 ————
B. Prepreg Data:
Fiber, gw/m2 (£t2)*, Avg. 148 (13.76) 150 (13.95) 132.4 £ 4.3 (12,3 ¢ 0.4) x
Individual Specimens™ 0/3 0/3 2/3 x
Resin, gn/m? (ft2), avg. 83 (7.3) 81 (7.5) 78.5 £ 4.3 (7.3 £ 0.4) x
Individual Specimens** 3/3 2/3 2/3 x
Vols., T We., Avg.(®) 18.8 16.3 2% Max x
Individual Specimens™™ 0/3 2/3 x
Gel Time, Mins. 383 K (230° F) 1.6(b) 40 Min. x
Flow, X 383 K (230° F) ===
Visual Discrepancies
C. Laminate Data:
Roll No.(s) ’ o1
Gel Time in Die, Mins. 0.203 ¢ 0.005
Thickness, cm (in,)(¢) 0.200 (0.079) 0.226 (0.089) (0.080 t 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 1160) x
Flex. Mod. at RT, GPs (msi) 111.2 (16.13) 124 (18.0) 117 (17.0) x
394 K (250° F), GPa (msi) 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 (kei) = ~---- 82 (11.9) 62.1 (9.0) x
Fiber Volume, X 61 60.1 60 ¢ 2 x
Resin Content, X Wt. 3.7 35.06 Report x
Voids, X 0 1.57 22 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
Rejeet _____~_ and (a) Return to Vendor or (b) Scrap
Q.C. Eng. G.C. Murphy Date:__ 11/30/77

*Fiber W, = 7.08 x SP. Gr. of fiber.
**No. specimeas in Spec./No. specimens tested.
(8)gaposed to 589 K (600° F).
(Bar 477 K (400° F).
()14 Plies.
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. 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 §P313 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.

o 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 irvolved 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 KaptonR vacuum bag
between two sheets of dry glass fabric. A solid metai 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



The mechanical properties generated from the Q.C. panel tests of the
NR150A2/5(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,) 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
interply 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-l1 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° 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 presc-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 T3(0
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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Figure 1. Panel Quality Improvement by PreDoT Process f(Pressure Densification of
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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.
Lahoratory 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 XI,

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 mcisture 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 absoibed
mnisture 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 in Fig-

ures 4 and 5.




Table X. Physical Properties of Moided PR288 and SP313 Test Panels,

Mclded Properties
Panel No. Fiber Void
(Sample Density Vol. Content
Ident. No.) Material gm/cc ve Y
(;82?-1) PR288/S 1.99 59,24 -0.0%
2

(;ggi-z\ PR288/S 1.96 56.14 -0.43
(2323—1) PR288/T300 1.54 57.4 -0.34
(;823_2) PR288/T300 1.55 56.4 -0.9
(;ggg-s) SP313/8 1.96 59.89 2.87
(;ggg-a) SP313/s 1.97 59.79 2.02
(;ggg-l) SP313/T300 1.52 55.37 0.68
<§3§3-2) SP313/T300 1.52 54.12 0.14

Fiber Orientation: (0°);¢

Test Panel Size: 30,5 cm x 30.5 cm x 2.03 mm
(12 in. x 12 in. x 0.080 in.)



Table XI, Physical Properties of NR150A2 Test Psnels.

! Fiber Void
Panel | Reinforcement Thickness Density Volume Content
Number Material cm (in.) gw/cc % %
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 (0.670) 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 (0.078) 1.615 -— -—
TA-7 T300 0.193 (0.076) 1.640 ——— —-—
TB-2 T300 0.203 (0.080) 1.615 -—- ---

Fiber Orientation: (0°))¢

Test Panel Size: 17.8 ¢cm x 7.6 cm x 2.03 mm
(7 in. 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 cor-
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)/5(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 conditiomed 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 moiscure
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° F), 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,

27
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Table XII. "Dry" Conditioning of Test Specimens
Moisture Weight Gain Percentages.
Percentage
Material/ Predried(1) "Dry"(2) Weight Gain
Specimen Weight Weight After
Design (gm) (gm) Conditioning
*
#?Sé:s (0°) 0.4169 0.4182 0.31
*
#gsggs (0% 0.4126 0.4136 0.24
oo a0*) 0.5263 0.5274 0.21
o (90°) 0.4041 0.4051 0.25
B 3.7600 3.7698 0.26
199 o) 3.1122 3.1216 0.3

()predried for 16 hours at 322 K ( 120° F)
(2)after conditioning at 355 K (180° F)/97% RH SBS 4 hours

and Flex 70.5 hours

*Control Specimens.
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indicating that the 16 hours at 322 K (120° 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 from 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 Conditicning Procedure

Based upon the foregoing studies, the following procedures were estab-
lished for conditicning 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)/97% RH until control speci-
men [PR288/AS(80)/S(20)] achieves 0.5% moisture weight gain.

o Room "emperature 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 mcisture level in the control specimen
drops to 0.3%,

- Record weight percentage.

- Test Specimen.

- Immediately reweigh specimen.

o 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 weisht 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 Strength 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, visuzlly indicating a tensile type matrix failure mode opposite the
point of center load application, there was no positive 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 initial values and thereby be
able to determine more accurately che 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" Couditioned 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 percert 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 56 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)/97Z 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)/97Z 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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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 saturaticn was achieved as cut-
lined in Paragreph 3.4.4. The PR288 and SP313 epoxy matrix specimens were
tested after >30 days exposure but the NR150A2 matrix specimens were retained
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 (300° 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

throu~h XXXVI and again are compared directly against the 'dry' data to estab-
lish percentage strength retentions.

3.6 TASK 1 DATA ANALYSIS

An analysis of the effects of moisture content, temperature icvel and
temperature transients on the longitudinal and transverse short beam chear
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 upcn 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 thrcugh 15.

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

® NR150A2 polyimide matrix demonstrated considerably improved moisture
resistance over the two selected epoxy systems, PR288 and SP313.
Nominally 75 percent less moisture was absorbed by the NR150A42/T300
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Melsture/Tempersiure Effecis on
Longituding! Shent Beam Shear
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Figure 12, Moisture/Temperature Effects on Longitudinal

Short Beam Shear Properties,
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Moisture/Temperature Effects on Transverss Short Beam Shear
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Figure 13, Moisture/Temperature Effects on Transverse Short Zeam

Shear Properties,



Moisture/Tecperature Effects on Longitudinal Flexursl MPa(Ksi)
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Figure 14, Moisture/Temperature Effects on Lorgitudinal Flexural Properties.
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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 294 K (259° F).

Short Beam Shear and Flexurel 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 cnly 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 X [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 (350° F) cr NR1S0A2 at 53 K (500° F).

The NR150A2 composite systems exhibit extremely high transverse
(90°) flexural strength properties compared to the PR288 and SP313
epoxy systems [82.7 MPa (12 ksi) versus 41.4 MPa (6 ksi) at room
temperature]. An even greater diffarential exists at 394 K (250° F)
on the wet and wet spike conditioned specimens when a 55-62 MPa

(8-9 ksi) 0° orientation transveise 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 transverse flexursal) 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.



4.0 TASK II - BALLISTIC IMPACT TESTS

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
IIT tests. Gelatir projectiles were fired at relative velocities and impact
angles to simulate local impact forces and stresses on the panels typical of
bird impacts. The environmentally conditioned cpecimens 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 (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 Ratic

General Electric hybridizing studies in the 1970-71 time period identi-
fied that an 80:20 ratio of graphite/S-glass intraplied hytrid 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 cffect of graphite to glass fiber ratio on Charpy
impact characteristics. Tables XXXIX and XL summarize some of the data
generated at General Electric duvring hybrid composition evaluations. Numerous
blades and FOD test panels have been fabricated using the 80:20 ratio of
grapbite/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 lask II were based upon a 80:20 ratio of

T300/S-glass of an intraplied construction while maintaining a total fiber
volume fraction in the molded composite of sixty percent.

4.1.2 Superhybrid Composite Materials

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

Superhybrid A PR288/T300(80)/5(20)
Superhybrid B SP313/T300(80)/5(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 (6C0° 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 superhy‘rid 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 %
0.005 mm (0.0074 % 0.0002 in.) thick, yielding a fiber volume fraction of
47.5 £ 2.5 percent. The titanium foil outer skins of the superhybrid
specimens were produced from Titanium 6Al-4V sheet stock chemically etched
down to the appropriate thickness requirements.

4.1.3 Adhesives

Adhesive films were employed in the superhybrid specimens at the inter-
faces hetween 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 AFl47 with the SP313 hybrid material construction specimens. The
selection of the two adhesives was based on

o Cure compatible with composite core material.

° Nylon carrier to control glue line thickness.

o Drapeable film with reasonable tack properties.

e 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 rraction in the molded composite of 60 percent.

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

together with the baseline PR288/T300, were procured from 3M Company and
the polyimide intraplied hybrid, NR150A2/T300/S from Fiberite Corporation.

4.2.1 Material Quality Assurance

o PR288/T300 (Lot 785)
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The material was accepted for specimen fabrication with some
deviations which were outside the epecificetion limits. The
prepreg fiber weight of 128.5 gm/m? (0.0263 1bs/ft2) (Ref:
Table XLI, QC Data Summary) was lower than the 131 gm/m2
(0.0268 1b/ft2) 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/m?2
(0.0212 1bs/ft2) versus the minimum specification level of 105
gm/m2 (0.0216 1bs/ft2) 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. The 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. §P313/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 €8532)

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 mmn (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 Monotape

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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Prepreg Lot No.
Prepreg Type
Quantity 2.27 kgs

A.

*
*k

Table X.I,

785
PR288/T300
(5 1bs)

Fiber Data:

Tensile Str.,MPa(KSI),Av
Tensile Mod.,GPa(MSI),Av
Density, gms/cc,Avg.

. Prepreg Data:

Fiber,gms/m2(ft2)*, Avg,
Individual Specimens**
Resin,gms/mZ (ft2),Avg.
Individual Specimens*¥
Vols, % Wt., Avg.

Individual Specimens*¥*

Date Received
Fiber Batch No._498-2

Q.C. Data Summary - Homogeneous Prepreg.
(Specification 4013163-484)

7/13/78

Reein Batch No. 619TP & 468TP

Gel Time,Mins.@333 K(230° F) 37

Flow, X@383K (230° F)
Visual Discrepancies

. Laminate Data

Roll No.(s)

Gel Time in Die, Mins.
Thickness, cm (in.)
Flex. Str.@RT.,MPa(ksi)
@394K (250° F),MPa(ksi)
Flex. Mod.@RT,GPa (msi)
@394K (250° F),GPA(msi)
SBS Str.@RT,MP(KSI)
@394K (250° F),MPa (ksi)
Fiber Volume, %

Resin Content, % Wt,

Voids, %

Density, gms/cc

Cured Thickness per ply

. Material Disposition

Arcept for All Usage _
Reject

Fiber Wt. = 7.08 x SP.

Appendix
Vendor MAYTL
g. 295(428) -
g. 228(33.0) -
1.719
127(11.8) 128.5(11.94)
3/3 0/3
85(7.9) 86(7.96)
0/3 0/3
0.6 0.107
3/3 3/3
47
No. 1
47
2.0(0.080)
1607(233) 1675(243)
1303(189) 1441(209)
110(15.9) 115(16.67)
103(%.9) 118(17.07)
110(15.9) 112(16.19)
67(9.17) 73(10.53)
53.6 55.23
39.5 37.38
-0.41
1.52 1.53
- mm (mils). 13mm(5.0)

and (a) Return to vendor_ _

Gr. of fiber.

SEec.

Min.

136 ¢ 4
(12.6 £ 0.4)
2/3

78t4(7.3 £ 0.4)

2/3
2% Max.
2/3
40 min.

0.080 t 0,002
1620(235)
1172(170)
103(15)
100(14.5)
97(14)
59(8.5)
60t 2
Report

2% Max
Report

Accept

Reject

x
X

»

oM X X X X

»

L ]

- hccept for Limited Use _NASA ENVIRONMENTAL PROGRAM
or (b) Scrap_____

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

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 7‘13[78
Prepreg Type __PR288/T300/8 Fiber Batch No. 4/13/79
Quantity 4.54 kgs (10 1lbs) Resin Batch No. 619TP
A. Fiber Data: Vendor MAPTL Spec. Accept Reject
Batch No. 498-2
Tensile Str. ,MPa(ksi),Avg. 2951(428) - 410 Min. x
Tensile Mod.,GPa(msi) ,Avg. 228(33.0) -~ 29 - 3% x
Density, gms/cc,Avg. 1.719 - 1.785 - 1.827
B. Prepveg Data:
Graphiie gns/m2(gms/ ft2)avg 101(3.4) Wa(9.64) 11626(10.220,4)% x
Individ. Specimensw¥¥ 0/3 u/3 2/3 x
SecFiber,gms/m2 (gms/ ft2)Avg 39(3.6) 36(3.3)  38%£3(3.520.3)wev 4
Resin,gms/m2 (ft2),Avg. 3/3 3/3 2/3 x
Tot.fiber wt.gms/m2(gms/ft2) 140(13.0) 140(13.01) 14724(13.720.4) x
Individual Specimens*¥ 0/3 0/3 2/3 x
Resin,gms/m2 (gne/ft2)Avg., 84(7.8) 83(7.9) 7945(7.320.5) x
Individual Spcimens¥*= 1/3 1/3 2/3
Vols.,X Wt., Avg, 0.5 0.7 22 Max, x
Individ,Specimens*#® 3/3 3/3 2/3 x
Gel Time,Mins.383 K (230° F) 34 20 40 Min. n
Flow,? 383K (230° F) - - 3 -7
Visual Discrepancies
C. Laminate Data:
Roll No.(s)
Gel Time in Die, Mins. 20
Thickness, cm (in.) 0.2(0.080) 0.080 t 0.002 x
Flex. Str.@RT. MPa(ksi) 1538(223) 1586(230) 1345{195) x
@394 K (250" F) ,MPa(ksi) 1310(190) 1241(180) 1172(170) IS
Flex. Mod .@RT,GPa(mai) 101(14.6) 108(15.67) 97(i4.0) x
@394 K (250° F), GPa(msi) 93(13.5) 107(15.49) 90(13.0) x
SBS Str.@RT,MPa(ksi) 108(15.7) 107(15.59) 97(14.0) x
@394 K (250° F) ,MPa(kei) 67(9.7) 71(10.31) 56(8.5) x
Fiber Volume, % 43.19/11.03 45.7/11.7 48/12(6022; x
Resin Content, % Wt, 36.86 33.3 Report X
Voids, X -0.94 =0.11 2% Mex x
Density, gms/cc 1.61 1.63 Report x
Cured Thickness per ply - mm (mils). 14am(5.0)
D. Material Disposition:
Accept for All Usage. Reject and (a) Return to
Vendor or (b) Available for Limited Use On)y NASA ENVIRONMENTAL PROCRAM
Q.C. Eng. G.C. Murphy Date: 7/2¢/° o
*  Fiber Wt. =» 7,08 x SP.Gr. of fiber,
**  No. specimens in Spec./No. specimens tested.
e
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Table XLIII. ?.C. Date Summary - Homogeneous Prepreg.
Specificaticn 4013163-48)

Addendun

Prepreg Lot No 787 Date Received 7/13/78

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

Quantity 4.54 kgs_ (10 1bs) Resin Batch No,

A. Fiber Data: Vendor MAPTL Spec. Accept Reject
Batch No, 498-2 - = e
“ensile Str.,MPa(ksi),Avg. 2951(428) - 410 Min. x
Tensile Mod.,GPa (msi),Avg. 228(33.0) - 29 - 34 x
Density, gms/cc,Avg. 1.719 - 1.785 - 1.827

B. Data:

B 2 (ame/ £02)Avg 102(9.5)  106(9.64) 110%4(10.220.4)% x
Individ. Specimeng#ww - 1/3 2/3 x
Sec Fiber, gms/c2 (gms/ft?) 38(3.5) 36(3.38) 36£3(3.520,3)%* x
Indiv. Specimens**¥ - 1/3 2/3 x
Tot .fiber wt.gms/m2(gms/ft2) Av 160(13.02) 14724(13.720.4) x
Individual Specimens -~ 0/3 2/3
Resin,gms/m2 (gms/ft2)Avg. 85(7.9) 78(7.2) 7925(7.320.5) x
Individual Specimensw#* - 3/3 2/3
Vole., R Wt., Avg, 383 K 0.5 0.2¢4 2% Max. x
Indiv. Specimens¥¥® - 3/3 2/3 X
Gel Time,Mins. 383 X (230° F) ~- 50 [2] 40 Min. x
Flow,X 383 K (230° F) - - 3 -7
Visual Discrepancies

C. Laminate Data
Roll No.(s) No. 1
Gel Time in Die, Mins. 50@€149°C(300° F)

Thickness, cm (in.) 0.2(0.080) 0.2(0.080) ©.2 £ 0.005(0.0800.002)

Flex. Str.@RT.,MPa(ksi) 1634(237) 1634(237) 1345(195) x

@394 K (250° F), MPa (ksi)1310(190)[1)1496(217) 1172(170) x

Flex. Mod .@RT,GPe(msi) 108(15.7) 108(15.7) 97(14.0) x

@334 K (250° F), GPa (msi)107(15.5){1]108(15.73) 90(13.0) x

SBS Str @RT, MPa (ksi) 87(12.6, 87(12.63) 97(14.0) x
0394 K (250° F), MPa (ksi) 49(7.1) [1] 70(10.14) 59(8.5) x _
fiber Volume, 2 - 45.3/11.8 48/12 (60%2) x
Resin Coutent, 2 Wi. - 32,84 Report
Voids, X - +1.09 2% Max x

Density, gms/cc 1.58 1.61 Report

Cured Thickness per ply - mm (mils) 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

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

* Graphite Wt. = 5,66 x Sp.CGr. of fiber.
**  Sec. Fiber Wt. = 1.42 x Sp. Gr. of fiber.
**% No. Specimens in Spec./No. Specimens tested
{1] Tested at 450 K (350° F)
[2) Gel at 422 K (300°F) not indicative of laminate




Table XLIV. ?éc. Data Summar

- Homogeneous Prepreg.
pecification 4813163-4&) P

Addendum
Prepreg Lot No. 8532 Date Received _7/13/78
Prepreg Type NR150A2/T300/S Fiber Batch No._
Quantity 2.22 Kgms (4.9 lbs) Resin Batch No.E1588-59/E15588-27
A. Fiber Data: Vendor M&PTL 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 - 3
Density, gms/cc,Avg. - 1.785 - 1.827
B. Prepreg Data;
Graphite,/m2(gms/ ft2)Avg 109(10.08) 108(10.03) 11024(10.2%0.4)* x
Individ. Specimenst#* -- 2/4 2/3 x
SecFiber,gms/m2(gms/ft2)Avg 29(2.73)  27(2.481) 3823(3.5%0,3)%* x
Indiv. Specimenst®¥ - 2/4 2/3 x
Tot.fiber wt.gms/m2(gms/fr2) 138(12.81) 140(13.02) 147%4(13.7£0.4) x
Individual Specimens 1/4 2/3 x
Resin,gms/m2 (gms/ ft2)Avg. 71(6.6) 78(7.259) 7925(7.3%0.5) x
Individual Spec imenst¥¥ 4/4 2/3 x
Vols.,% 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)& - - 3-7
689 kPa (100 psi) 23.0 - 3 -7
Visual Discrepancies
C. Laminate Data
Roll No.(s)
Gel Time in Die, Mins.
Thickness, cm (in.) 0.95(0.077) 1.88(0.074) 0.2 t 0.005(0.08020.002)x
Flex. Str.@RT.,MPa (ksi) 1207(175) 1531(222) 1345(195) x
@39%K (250° F),MPa (ksi) 1048(152) 1338(194) 1172(170) x
Flex. Mod .@RT,GPa (wmsi) 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 (6012}
Resin Content, % Wt. 31.9 28.84 Report
Voids, 2 - 2.79 27 Max x
Density, gms/cc 1.7 1.68 Report
Cured Thickness per ply - mm (mils).
0.14(5.0)
D. Matevial 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., = 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 105n/m? (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 109n/mZ (500 ksi)
determined according to GE specification 4013155-237.

4.3 TEST SPECIMEN FABRICATION

4.3.1 Test Specimen Geometry

Figure 18 shows the specimen geometry used for Task 1I. This geometry
has previously been utilized for testing of boron/aluminum and polymeric
materials on NASA Program NAS3-19729. The specimens are a double wedge shape
section with a 0.38 cm (0.15 in.) maximum thickness and 1.3 rm (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 lavup designs were used for the manufacture of
the specimens. A typical diagramatic layup design, shown in Figure 19 was
employed for the hybrid compositc simulated airfoil specimens. Figure 20
1llustrates the basic layup pattern and interleaving of the metallic foil
construction used for the superhvybrid 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 £ 2 K (230° F & 50 F).

® Load preform and slowly clese mold to 10 percent off
closure in 3 minutes.

) Hold for 35 minutes.
° Maintain 2068 - 5171 kPa (300-750 psi1) for 2 hours.

° Remove part from mold and postcure 4 hours at 408 K
(275° F) and 1 hour at 450 K (350° F)

Tables XLV and XLVI list the specimens and the manufacturing data
generated for the PR288/T300 and t'.e PR288B/T300/S designs respectively.
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Outer Surface Ply

7.62 mm
(0.3 in.)

25.41 om

(10 in,)
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/

1
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13 mm 1
(0,005 in,)

Basic Layup Patterns 0%, 35%, 0°, -35°
Materials: PR288/T300
PR288/T300/S
SP313/T300/S
NR150A2/7300/S

Figure 19,
Atvfoll Specimens,

|~

Sypieal Layup Pattern for Hybrid Composite Simulated



e A

Titanium 6-4
0,10 mm (0.004 in,?
Foil Outer Ply

Boron/Aluminum
0.18 mm (0.007 in,)

"\8 Plies

0.13 mm
(0.005 in,)

25.4 cm /
(10 in.)

L~
r”L,4
o
L~
|1
/
|~
L1
//
’,4//4’//’/’,”r—/
AF163 Adhesive
Film
Basic Lay-Up Pattern Core Materials
Boron-Aluminum +15°, -15° PR288/T300/S
Composite Core 0°, 35°, 0°, -35° 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.

Spec imen Preform Thickness Denaity Final
No. Weight mm (gms/cc) Weight
(grus) (inches) (grms)
3.86-3.97
785-1 87 10.152-0.155) 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
7185-4 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
3.84-3.89
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
7185-13 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 Preform Thickness Density Final
No. Weight mn (gms/cc) Weight
(grms) (inches) (grms)

3.75-%.81

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

786-2 93 (0.14t~0.148) 1.631 80
3.84-3.7

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
3.84-3.81

786-7 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

786-11 93 (0.151-0.151) 1.631 80
3.75-3.713

786-14 93 (0.148-0.147) 1.595 79




° 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.

° Slowly close mold in 30 minutes.

. Maintain 2068-5171 kPa (300-750 psi) for 60 minutes.
° Remove part and pcstcure & hours at 450 K (350° F).
Table XLVII shows the specimens and fabrication data.

o NR150A2/T300/8

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 ot the specimen had a
low Tg value of 407 K (273° 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 comnsider-
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 reached 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 (3° F) per minute to 616 K (650° F)
was finally developed which allowed the volatiles to freely and
slowly escape,



Table XLVII, Hybrid
SP 313/T300/S Specimens

Fabrication Data.

Specimen Preform Thickness Density Final
No. Weight mm (gms/cc) Weight
(grms) (inches) (grms)
3.75-3.81
187-1 91 (0.1468-150) 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) 1.550 718.0
3.91-3.84
787-11A 93 (0.154-0.151) 1.558 81.0
3.78-3.81
787-12 91 (0.149-0.150) 1.576 18.0
3.75-3.75
787-13 90 (0.°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.,

o Remove consolidate preform and place free in cold oven.

' Raise oven temperature at 1.7 K (3° 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 mo.ding 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 NR150AZ/T300/S specimens fabricated together
with the pertinent manufacturing data.

° Superhybrid PR288/T300/S Specimens

The superhybrid specimens were fabricated vmploying 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 frii-.u-composite interfaces. The pretreat-
ment of the metailic 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.



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

After After

Preform 422 K 616 K Molded Thickness Final

Spec. | Weight | (300° F) (650° F) | Weight om Density | Weight

No. (grms) (grms) (grms) (grms) (inches) (gms/cc) | (grms)
3,73-3.71

NR1 117 109 10C 99 (0,147-0.146) 1.692 82.0
3.73=3.71

NR2 116 109 99 03 (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

NR5 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

NR11l 115 110 98 97 (0.155-0.151) 1.689 87.0
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° Slowly close mold applying 517/kPa (750 psi) maximvm
pressure.

° Maintain tewperature and pressure for 2 hours.

. Remove part and postcure for & 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/T300/8

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 AFl47 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 prccess utilized in the fabrication of the specimens is
briefly described below:

° Mold heated to 422 K (300° F).

. load preform and slowly close mcld to 10 percent off
closure withiu 5 minutes.

° Slowly close mold Jver 15 minutes using 5171 kPa (750 psi)
maximum pressiv.e.

° Maintain temperature/pressure for 60 minutes.
) 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 .nteresting phenomenon was ncted during the NDE inspecticn of
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Table XLIX.

Superhybrid

PR288/T300/8 Specimens

Fabrication Data.

Specimen Preform Thickness Density Final
No. Weight o (gma/cc) Weight
(grme’ (inches) (grms)
3.96-3.9
PR1 132 (0.156-0.155) 2.028 107
3..1-3,81
PR2 133 (0.150-0.150) 2.020 103
3.£1-3.90
PR3 133 (0.150-0,153) 1.981 103
3.81-3.78
PR&4 132 (0.150~0.149) 2.010 102
3.78-3,81
PRS 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
3.84-5.84
PR10 132 (0.151-0.151) 1.971 101
3.84-3.86
PR11 133 (0.155-0.152) 1.971 101
3.81-3.86
PR12 133 (0.150-0.152) 1.962 102
3.8)-3.90
PR13 133 (0.150 0.153) 1.980 101
3.91-3.81
| 4 132 (0.154-0.150) 1,980 101
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Table L. Superhybrid
SP313/T300/S Specimens
Fabrication Data.

Specimen Preform Thickness Density Final
No. Weight o (gms/cc) Weight
(grms) (inches) (grms)
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
4.046~3.78
SP 13 142 (0.159-0.149) 1.945 106
3.71-3.86
SP 14 142 (0.154-0.150) 1.990 101




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 comn-
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, tne ultrasound was attenu-
ated by the grit blasted surface "roughness". Figure 21 shows the dramatic
improvement of the C-scan in "apparent'" poirosity 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 [T244 m/sec (7800 ft/sec)] tc determine damage threshold level.

After damage evaluation, the second batch of specimens were impacted 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. 1 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 e:ich material/construction were
monitored during exposure to determine wheu 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 (3.1%) compared to
the hybrid versions PR288/AS/S (2.6%) and PR288/T300/S (2.7%) 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° F)/97X 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 ¢m (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 botk 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 equivaleni
epoxy hybrid design specimens reflecting the high transverse flexural
properties of the resin as indicated ir Task I for 0° orientation NR150A2/
T300 laminates [783 MPa (12 ksi)].
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Figure 23. Specimen Torsional Stiffness Measuring
Apparatus,
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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-
nletion 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 were 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 chsmber 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 c¢m (~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 tc 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 ‘

if’amnlnternnl TC
1 ‘

)
I v 2.2cm
(0,875 in,)
3.8 cm 5 Graphite/Epoxy
(1.5 1“.) R Tc
0 Sl
l b Superhybrid
‘ —— -
8.9 ¢cm Tg
(3.5 in.) 8
Impact Site i
1.3 cm
5.1 cm (0.5 in.)
(2.0 in,) .
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1.3 cm 1 82
(0.5 in,)
O O
\\__I

i . . . -

Figure 26, Task II Specimen Support for Impact Test’ng 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 No.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 Testing

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 any support but allowed to move frecly after being impacted.

In an attempt to determine a support system which would provide the most
meaning tul data, several trial impact tests were conducted using prototype
specimens supported in the cantilever and free-free mode. The results of
these tests are summarized in Table LIII. Eight specimens including four
graphite/epoxy (PR288/T300), three hvbrid/epoxy and superhybrid/epoxy were
used for the tests. The results of this testing indicated that the cantilever
test results could be biased by the structural response of the attachment.

In all cases, the failure of the cantilever specimens occurred at the clamp
cither as the sole faillure mode or in addition to local damage.

. pelatin projectile of 2.5 cm (1l 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
testing 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
xram slice of a 15 gram projectile to simulate the revised impact conditions,
but at a lower velocity. The results of this test shown in Table LIII, Test
No. 2, indicates a4 combined root and local failure mode.

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 load.

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

) Impact location was 5.08 ¢m (2 in.) up from the c¢lamp
(Reference Figure 26).
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Figure 31, Arrangement of Specimen Ballistic Facility,
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