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FOREWORD

This report describes the work accomplished on Contract NAS 3-16763 by the Pratt & Whit-
ney Aircraft Division of United Aircraft Corporation for the Lewis Research Center of the
National Aeronautics and Space Administration. The work was initiated 13 July 1972 and
completed on 15 May 1973.

Mr. Robert H. Johns of the National Aeronautics and Space Administration Materials and Struc-
tures Division was Project Manager.

Mr. Emile J. Premont was the Pratt & Whitney Aircraft Program Manager and Mr. K. R. Stuben-
rauch was the principal investigator. Mr. A. T. Weaver and Mr. L. A. Davis conducted the
spin imi_ot testing. Mr. G. B. Fulton contributed to the analysis of tile test results, and Mr.
J. L. Preston, Jr. conducted the material quality assurance testing and contributed also to
the analysis of test results.
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SUMMARY

The objective of this program was to determine the ability of current-design composite fan
blades to resist damage from foreign object ingestion, to permit evaluating their adaptation to
advanced STOL engines. The program was divided into four tasks to achieve this objective:
(1) blade fabrication, (2) quality assurance, (3) impact testing, and (4) foreign object damage
evaluation.

Ten blades were produced using an existing P&WA design and fabrication procedures previ-
ously developed for the composite fan blade. Five blades were constructed of Modmor
II graphite fiber/BP-907 epoxy resin, and five blades were made from boron fiber/BP-907
epoxy resin. Both types of blades had a metal leading edge sheath for added protection
from foreign object damage.

Quality assurance testing was performed on the composite prepreg tape before it was used
for blade fabrication. Various non-destructive inspections including density, ultrasonic,
radiography, frequency, and dimensional were performed both during and after completion
of blade fabrication to insure their quality before being impact tested.

The composite fan blades were individually impact tested in a spin pit under conditions sim-
ulating STOL engine operation. The impact velocity was 216 in/sec (708 ft/sec) with the
angle of impact being 30 degrees. Each of the five graplite/epoxy and five boron/epoxy
blades were impacted with one of five foreign objects. The impacting objects were ice balls,
two sizes -f gelatin balls simulating birds, starlings, and gravel. The blade impact was docu-
ment - by the use of high speed photography and closed circuit television.

Both the graphite/epoxy and boron/epoxy blades behaved similarly under impact, and dam-
age was confined to the impact area. The damage threshold was determined to be between
40g (1.4 oz) and 105g (3.7 oz) slice size for graphite/epoxy blades and between 45g (1.6 oz)
and 1308 (4.6 oz) slice size for boron/epoxy blades. The composite fan blades had in-
adequate resistance to foreign object damage when impact tested under simulated STOL
engine conditions.
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INTRODUCTION

The successful development of an improved military and commercial air transportation system is
dependent upon a continuing effort to advance the present state of technology. The meeting of
design requirements for aircraft, such as the STOL, requires the exploration of new materials and
the testing of engine components before integration and assembly. The use of composite material
for future engines is being evaluated and analyzed. The fiber-reinforced composite fan blades
have demonstrated that they now meet many of the design requirements for STOL applications.
The composite materials have high strength, high stiffness, and low density. Graphite or boron
fiber/resin-matrix composite has the potential for lightweight STOL engine fan blades.

The gas turbine engine is designed to accept foreign object ingestion. The failure of a fan blade
can cause a variety of detrimental effects which could endanger the safety of the aircraft. The
severity of damage done to fan blades when impacted by a foreign object is related to the size,
weight, velocity and impact angle of the object when ingested. The ability of a composite fan
blade to withstand impact damage is a critical design requirement.

The objective of this program is to determine the ability of current design composite fan
blades to resist damage from foreign object ingestion at STOL low tip speed conditions. To
achieve this objective, ten low aspect ratio composite fan blades were manufacture I
and tested at Pratt & Whitney Aircraft. Existing equipment and techniques were used to fab-
ricate five graphite fiber-reinforced epoxy composite and five boron fiber-reinforced epoxy
composite wide-chord fan blades. Both types of blades have a nickel plated stainless steel
leading edge protection sheath. The blades were impacted with foreign objects (ice balls, gravel,
simulated birds and starlings) in an existing vacuum whirlpit spin test rig. Evaluation of the
foreign object damage (FOD) which occurred was complemented by high-speed photographic
movies of the testing.
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TEST BLADES

Description of Blades

Ilte ten blades used for this program were fabricated from an existing design developed pre-
viously at Pratt & Whitney Aircraft. The fan blade was designed for a high by-pass ratio gas
turbine engine, requiring a 430 m/sec ( 14 10 ft/sec) tip speed, compared to the 244 m/sec
(800 ft/sec) tip speed for an advanced STOL blade. The composite fan blade is 81.0 cm (31.9
inches) long and has an airfoi l, root chord of 23.4 cm (9.2 inches) and tip chord of _.0.8 cm
(12.1 inches). The maximum thickness tapers from 2.0 cm 09 inch) at the airfoil root to .7
cm (.27 inch) at the tip. The airfoil is twisted 61 degrees. A completed blade is pictured in
Fip l ire I.

Five blades were manufactured from Modmor II graphite fiber/BP-907 epoxy resin composite
prepreg tape. The other five blades were fabricated from .014 cm (5.6 mil) diameter boron
fiber/type 104 fiber glass scrim /BP-907 epoxy resin composite prepreg ta pe. Other than these
material differences, construction is identical for the two types of blades. The composite tape
is arranged ill 	 such that the center, or core, of the blade consists of fibers at angles of' plus

f and minus ten degrees from the radial direction, as shown in Figure 2. The core thickness is
40 percent of the airfoil maximum thickness at any radial section. Surrounding the core is a
shell of t40 degree fiber plies. A pair of t25 degree fiber plies is placed between the core and

%	 shell to act as a transition. The fiber orientation used provide the desired strength and
vibration characteristics to the blade.

Only the t 10 degree plies are extended into the blade root where they ore splayed by ten alu-
minum wedges, as illustrated in Figure 3. The root configuration is determined by the blade
strength requirements. Two titanium pads provide the bearing surfaces of the dovetail root.

The leading edge of the blade is protected from root to tip by a metal sheath. An 0.013 cm
(5 mil) thick stainless steel sheath wraps around the leading edge and extends chordwise 8 cm
(3 inches) from the °dge on the pressure (concave) surface and 3 cm ( I inch) on the suction
(convex) surface. The sheath is hard nickel plated for additional protection.

Zomposi '.• Materia l Qua l ity Assurance

Th, composite prepreg tape received from vendors for use in this program was pu' through a
series of quality, assurwice tests. Samples from each prepreg tape lot w_re visually inspected
for uniformity of resin content, fiher alignment and fiber spacing. The prepreg tape was also
tested for resin content, volatile a ntent, resin flow, and gel time. These properties were
determined on the as received tape and repeated after storing samples at ambient conditions
for one week. (Note: The prepreg material is normally refrigerated for storage). The pro-
cedure used in this quality control work is described in Appendix A.

Samples from the prepreg tape were also used to fabricate panels (composite laminates) from
which mechanical test specimens were machined. Longitudinal tensile strength, modulo.,
and short beam interlaminar shear strength were determined at room temperature for each
material lot. The composite laminates were also used for fabrication process verification. The



cured ply thickness, fiber volume percent, and composite density were detennined for each
panel. The procedures used for fabrication and test of the laminates are described in Appendix B.

The Mod core 11 graphite/131 3 )07 epoxy prepreg tape, received on 30 cnr (12 inch) wide con-
tinuous rolls, was of accept-i^w quality. Quality assurance test results are presented in Tables
I and 11. The boron/13P-907 epoxy prepreg tape, received on 8 cm (3 incur) wide continuous
rolls, was also of acceptable quality. Quality assurance test results for this material are shown
in Tables Ill and IV.

TABLE 

QUALITY ASSURANCE TEST RESULTS
MODMOR 11 GRAPHITWIIP-907 EPDXY PREPREG TAPE

Lot #449

	Required	 Roll #1	 R.519

	

3842	 38 3	 39 7

Vubide Content - As Received • Weigh"
VulAtve Content . After One Week - Weight%

Rester Flow •As Reeeived• Wright%

Resin Flow - After One Week - Weight`s

GO Time - As Reeeived - Minutes
;el Time - AID a One Week - Minutes

TABLE n
QUALITY ASSURANCE TEST RESULTS

MOOMOR 11 GRAPIIFTVBP-907 EPDXY LAMINATES

Lau #449
Roll 01	 Roll #3

Longitudinal Tension

NMI Code FM FN

Cured MV Thickness -emlply(nulOply) .019(73) .018(7.0)
Dendtyglu 1.48 1A8
Fiber Lac tent - Volume d 56 51
Rdbs Cammt-Volume% 41 40
Vold C^mteht	 Vuluma% 3 3
Strength -GNIm 2(103 psi) 1.30089).1 24080).1 21076) 1.29(187)„1.13(1641.1350831
Modulo -GN/m2(106 pun 146(21.2),150(21.8L 147(20.8) 141(20.4).153(22.2 p . I51R217)

Short Dram lntedemlner Shear

Pool Code FQ FR
Cured Ply Thickrum-amlply tmdslply) .018( 7 .2) .01 8(7.1)
&nslq'-glee 1.47 1.47
Fiber Content - VOlum:% 55 58
Resin Content - Volume% 42 38
Vold Content - Volume'% 3 4
Strength -GNfm 3 (I U3 psi) .0820019)..0814(11.8). .0840112.3L.0855112 4).

,0834(12 11 .D903(13.1)

Resin Comenl - Welght'4

<2	 ..62..55 38 46
-	 49. 49 60 53

9 . 88	 12,4„ 112 12.9„ 12 5
108„10.4 R)2. 112

-	 832 83.1„918
67 ..4„157 77,4

4#

40 2

32. 52
47,. 47

124. t_'4
104, ilI

By 2 834
942

Roll #5

FO

01817 1)
1.48
56

41

3
1.2(X1741. 1.261183). 1141166)

142(2061. 142120.6). 135(1961

Fs

.01817 2)

1.41
58
31

5
.077901 31..0814111.8)
.0800(11 .6

TABLE ill
, QUALITY ASSURANCE TEST RESULTS
BORONIBP-907 EPDXY PREPREG TAPE

Resin Control - Weight I7

Volatile Content- As Reeeived- Weight F
Vabille Content - After One Week - Weight "F

Resin Flow - A^ Rc,eived - Wright 'ti
Resfn Plow - After One Week - Weight

G,i Taiw- As Received - Minutes

(kl Time - After One Week - Min Wes

Required Lot #257 Lot #259 Lot #265

3034 _ 319 31.8 33.1„33.4

<2 .36.39 1  U..54 .28..20
- .12..16 .33. .3U 21,	 Is

9. 18 14.6,14.6 17.0 21.4.21.1
- 4.8„49 16.8.16.8 ITS	 17.2

- 700. 73.0 84.3 74.8, 78.1
71.5.70.8 77.8.79.5 70.0.73.0
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TABLE IV

QUALITY ASSURANCE TEST RESULTS
RORONMP-907 EPDXY LAMINATES

01 1 a `

Lot #251
	 Lot #259

	 Lot #265

Longiludlud Tenrlun

Panel Code
Cured ny 114eknm -aNPIY (fnal/PIY)
OehWly • 13"
Fiber Cumlent . E411nSsled Volinne N,
Strength ^ GNYr.12( I U'Pill

Modulu: - GNI i2n060)

Short Ileanl Intedaluhlae $hear

Panel Code
Cured MY Wiliness cWFW 1-191 MO
tenWly - al'o
Fiber Co y» enl • Frlhn led Valuin g tb
Strength -GWI,12(S0^pu t

FP
.019(7.61
1.82
46
1.25n@24.1.721192),1,44(2095
213(3091,204(29 6),21t)(30 5)

FT
01616 At
1.99
54
.105(15.3),.IOSn5.31,103115 0)

EV
.017(6 71
1.94
51
1.36(19W 36098L1 37(199)
221(310),2 t 5(31 2121801 71

FW
.017(671
194
51
>.100(15.71•>.10605.41•,
>.aU905.81•

GO
020(7,81
197
44
8,42 (206).1.16n G 81,.1 29n 87 5
220111 91,21320 91.200(29 01

GC
010(7, 91
186
43
>.0946113.79'>0951(13 tl9•.
> 0938(13.61•

e Faded In tenakln

Blade Fabrication Procedure

The composite fan blades fabricated for use in this program were produced using tech-
niques equipment developed previously by Pratt & Whitney Aircraft. There were only
minor modificatiolis to and huprovemetits upon the established procedures. The composite
materials used in this program required that new ply templates be made because of the thinner
cured-ply thickness. The new ply shapes were computer generated.

Fabrication procedures are identical for both the graphite/epoxy and boron/epoxy fan blades,.
The first step in the blade fabrication is to truce the ply shapes from templates onto the pre-
preg tape, maintaining the proper fiber o rientation for core, shell, and transition plies. The
plies are cut from the tape using scissors or razor blades. Tvpi ,-al plies are shown in Figure
4. After the plies are cut they are ready for lay-up on the molding die. The tell
root wedges must be prepared for lay-up by grit blasting and chemically cleaning the surfaces.
The wedges are then given a thin coating of LP-907 epoxy resin., and then oven dried.

Plies and wedges are layed-up on the convex surface of the molding die maintaining the proper
sequence and position. A Vacuum bag is intermittently used during and upon completion of
the lay-up to debulk the ply lay-up. The die side plates, end plates, and punch are then assem-
bled, and the die is loaded into a lVraulic press. The mold is gradually closed using a
maximum pressure of 5.34 MN/m` (775 psi) as the punch and die are heated by steam to
422 0 K (3000 F). Temperatures are read front thermocouples placed within the blade lay-up.
The temperature is 'increased to 450°K (350°F) and held for two hours. The pressure is then
reduced and the blade is held for all 	 two hours at 450°K, before a slow cool to
room temperature. A blade is shown in the molding die in Figure 5.

The flush is removed from the blade edges, and the blade is put through a series of non-
destructive inspections. The blade tip and root are trimmed, the root area is roughened and
cleaned in preparation for root pad bonding. The titanium pads are grit blasted and chemi-
cally cleaned. RMI-380 adhesive is applied to the blade and pad surfaces to be bonded. The
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pads ate positioned on the blade root, the assembly is clamped fit holding texture, and
the adhesive is allowed to cure for 24 hours at room temperature. The blade root is then
finish machined by conventional methods.

The stretch-formed .013 cm (5 mil) thick stainless steel sheath is fitted to the blade leading
edge. Chordwise slots on the concave side of the sheath facilitate its forming over the airfoil
surface. The blade and sheath surfaces to be bonded are roughened and cleaned. AF-111
film adhesive is positioned oil 	 blade leading edge and the sheath is placed over the film.
This assembly is then placed in a vacuum bag, which in turn is placed in all 	 at 394'K
(250® F). After the first 10 and 20 minutes in the oven, the leading edge is rolled with a hard
rubber roller to insure contact between the blade and sheath. The assembly is held fn the
oven for an additional 1.5 hours at 394 ® K. Figure 6 shows a blade with the leading edge sheath
bonded to it.

The leading edge sheath is then electroplated with hard nickel (Rc50) using the fixture shown
in Figure 7. This plating fixture provides a .064 cm (25 mil) build-up of nickel at the leading
edge which tapers to near zero thickness at the sheath edges. Plating completes the com-
posite fan blade fabrication. The blade is now ready for non-destructive inspections.

9	 Blade Quality Assurance

Non-destructive inspections (NDI) were performed on the composite fan blades during
and after completion of blade fabrication to insure blade quality. Following molding, the
composite densities of the blades were determined. The densities for the graphite/epoxy
blades (numbered C-1 through C-5) and the borornepoxy blades (numbered B-1 through B-5)
are presented in Table V.

TABLE V

COMPOSITE FAN BLADE DENSITIES

Blade Number Density (g/cc)

C-1 1.46

C-2 1.46

C-3 1.46

C-4 1.46

C-5 1.45

B-1 1.93

B-2 1.92

B-3 1.92

B-4 1.96

B-5 1.96

P"
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Also after molding, the blades were ultrasonically inspected for indications of delamh:ation
or high porosity within the airfoil. The equipment used for these inspections of cots !•,asite
consolidation is pictured in Figure 8. Graphite/epoxy blades C-1, C-3, and C-5 ha0 a..dica-
tions of porosity or delamination in the areas shown in Figures 9, 10, and 11. Boron/epoxy
blade B-2 had an ultrasonic signal decrease, indicating possible rnrosity, as shown in Figure
12. The remaining six composite blades had no ultrasonic indicatrins.

Radiography inspection was performed after blade molding. Th° X-ray technique wits used
to detect fiber breakage and density variation. All ten blades were of acceptable quality
based on this radiographic inspecVan.

Upon completion of blade fabrication, the root pad bond and leading edge sheath bond were
both inspected by ultrasonic techniques. The blade root was also checked with fluorescent
penetrant for defects. Results of all inspections were satisfactory for all ten blades.

The blade natural frequencies in the first bending, second bending, and fl-.st  torsional modes
were determined. A blade is pictured on the shaker table in Figure 13, and the frequency test
results are presented in Table VI.

TABLE VI
COMPOSITE FAN BLADE

NATURAL FREQUENCIES (HERTZ)

Blade Number First Bending	 Second Bending

C-1 45	 103

C-2 45	 103

C-3 41	 97

C-4 40	 97

C-5 45	 103

B-I 51	 111

B-2 50	 109

B-3 50	 110

B-4 51	 110

B-5 51	 110

First Torsion

262

263

233

270

282

319

307

311

314

316

7
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The airfoil section (K-K) to be impacted was charted for each of the ten completed blades. 	 e

Section K-K is illustrated in Figure 14, and the measurements from the blade charts are la e-
sented in Table VII.

t

TABLE VII
COMPOSITE FAN BLADE

AIRFOIL IMPACT LOCATION INSPECTION RESULTS
Section K-K, 58.4 cm (38.8 in) Radius

18.5 cm (7.3 in) from blade tip

Chord Angle	 Maximum Thickness Leading Edge Radius
Blade Number Degrees	 cm (Inch) cm (Inch)

C-1 29.2	 1.10	 (.433) .132 (.052)

C-2 28.9	 1.13	 (.443) .132 (.052)

C-3 29.1	 1.04	 (.410) 132 (.052)

C-4 28.6	 1.10	 G433) .132 (.052)

C-5 28.6	 1.14	 (.450) .132 (.052)

B-1 28.7	 1.11	 (.437) .132 (.052)

B-2 29.0	 1.07	 (.423) .122 (.048)

B-3 28.7	 1.09	 (.430) .132 (.052)

B-4 28.6	 1.09	 (.430) .132 (.052)

B-5 29.1	 1.08	 (.427) .127 (.050)

8



IMPACT TESTING

Description of Tests

The composite fan blade impact tests were performed under conditions simulating; a typi-
cal STOL engine environment. A STOL take-off flight condition, aircraft speed 41 in/see
(80 knots) and blade tip speed 244 nr/see (800 ft/see), was used. It was assumed that the
foreign object would strike the STOL blade at an airfoil section where the chord angle is
38 degrees (801"f span) and the blade tangential velocity is 212 m/sec (695 ft/sec). It was
further assumed that the object enters the engine at the aircraft velocity of 41 m/see (135 ft/sce).
'these velocities give a resultant impact velocity of 216 m/sec (708 ft/sec) at all 	 of
27 degrees from the airfoil section chord line.

In the actual testing of the composite fail 	 in the spin pit, the foreign object speed
is negligible since the object is merely dropped and accelerated only a short distance by
gravity. The airfoil impact section ( K—K) has a chord angle of 30 degrees including dyna-
mic untwist with no air loading. The three degree difference from the desired 27 degree
angle was considered acceptable for this test program. A rotational speed of 219 rad/sec
(2090 rpm) is necessary to provide a 216 nn/sec (708 ft/sce) velocity at Section K-K,
which is at an engine radius of 98.4 cm (38.8 in). These conditions, illustrated in Figure
15, were used throughout the impact testing program.

One blade of each composite material, graphite/epoxy and boron/epoxy, was used in each
of five types of impact tests. The foreign objects used were ice balls, gelatin balls (two
sizes), quartz gravel, and starling birds. Sample impacting objects are pictured in 'igure
16. Except in the case of the gravel tests, the impacting object was tinned to be struck
approximately at its a

n
d !point by the blade leading edge at Section K -K [ 18.5 em (7.3 in)

from blade tip] and thereby sliced in half. The impact tests were set up to allow only one
impact per object, so that the blade damage from first impact could be evaluated. High
speed photography was used to document the blade impacts.

Graphite/epoxy blade C-1 and boron/epoxy blade B-1 were each impacted with an ice ball.
The ice balls were molded from distilled water with a blue dye added for photographic
purposes and strands of string inserted to suspend them during impact testing. The 5.1 cm
(2.0 in) diameter balls were removed from the mold approximately six hours before testing
and kept frozen at 270°K (25°F). The set-up time required for the test was approximately
thirty minutes, during which time some melting of the ice ball occurred. However, the weight
loss was determined to be only three percent of the original 75g (2.6 oz) weight and therefore
acceptable.

Gelatin balls were molded one day before the test wing four parts of water (by weight)
and one part of pigskin gelatin powder (250 bloom size). Again red dye and supporting
strands were used for fire test. Two sizes of gelatin balls were produced, 1658 (5.8 oz)
and 3208 (11.2 oz), to simulate birds of different size. Graphite/epoxy blade C-2 and
boron/epoxy blade B-2 were impacted with the larger gelatin balls, while blades C-3 and
B-3 were tested using the 1658 balls. Blades C-3 and B-3 were each strain gaged to check the
response of the leading edge impact area and the airfoil root, when the blade was struck with
the 1658 gelatin ball.



The quartz gravel used for the testing of blades C-4 and B-4 was or irregular shape with a
nominal diameter of ..G4 cm (.25 in). Approximately 130 pieces of gravel were required for
the 30g (1.1 oz) used in each test. The gravel was dropped on the blades from mid-span to
tip with a greater concentration of stones being dropped at the Section K-K impact area.
The impacts between gravel and blade took place during approximately fourteen revolutions.

Starlings were killed within two weeks of the test date and frozen until the day before test-
ing. After thawing, each bird was tied into a compact bundle. as shown in Figure 17. A bird
weighing 75g (2.6 oz) was used in the test of graphite/epoxy blade C-5. Boron/epoxy blade
B-5 was impacted .vith a 80g (29 oz) starling.

Test Apparatus and Procedure

The composite fan blades were individually impact tested using the rotating arm rig shown
in Figure 18 with a blade installed. Blades were painted with a blue and whit, striped
pattern and Section K-K was targeted to aid in analyzing movies of the testing. The blades
were spun about a vertical axis with the rig mounted in an evacuated spin pit and driven by a
steam turbine, as pictured in Figure 19. Spin rig rotational speed and the test events were
monitored and controlled at the test stand control panel shown in Figure 20.

w I
q	 Color high-speed movies of each impact were taken using two cameras. Camera No. 1 was

operated at 5200 frames per second and gave a close-up view of the blade impact area. Ca-
mera No. 2, with an over-all view of the blade at impact, operated at 5500 frames per second.
This photography proved invaluable in setting up the test system, in correcting system mal-
functions, and in showing the manner in which blade damage occurred from impact. Closed
circuit television with video tape recording was also used to monitor testing system operation.

For each test, the blade was timed to slice the ice ball, gelatin ball, or starling in half. This re-
quired an accurately timed drop eneclranism for each impacting object. The object was held
by a string 25 cm (10 in) above the blade leading edge at Section K-K as shown schematically
in Figure 21. When the spin rig was at the proper speed and the test was to be initiated, a
control was actuated which released the opposite end of the string into the path of the blade
which then cut the string allowing free fall of the impacting object. The circumferential
location at which the string was out in the spin pit was calculated to provide the proper timing
for the object to be sliced in half. The start-up of the high-speed cameras was also timed with
the string release such that the film was at full speed when impact occurred. The time duration
from start to completion of the test sequence was approximately one-half second. Figure 22
shows a gelatin ball set-up in the drop mechanism.

Additional provisions in the test system were included to prevent more than one impact between
blade and foreign object. A plate of barbed spikes were placed above the object drop location
so that when the top half of the object rebounded from the blade, it would be impaled on the
spikes and thus kept from striking the blade again. As a back-up for this catching method, a
string shortener was also used. This device, which was automatically activated after impact,
retracted the string holding the object so that the top half of the object would be above the
level of the blade leading edge, and therefore prevent a second impact. The top portion of the
object could be retrieved after testing and the slice size thus determined.

10



Test trials using gelatin balls were performed on a titanium fan blade of comparable size to check
the test timing systems and object catching systems. The equipment was adjusted and calibra-
ted until satisfactory results were obtained.

The impact tests using ice balls and starlings were set up in the same manner as for the Bela-
tln ball tests. The gravel tests used a hopper which spread the stones over the outer half of

j the blade. Timing in the gravel tests was not critical since impacts occurred throughout se-
ll verad revolutions of the blade.

i
Test Results and Discussion

One composite fan blade or each material type was impact tested with one of the five
impuWting objects used !it 	 program. Table VIII summarizes the tests conditions. Graphite/
epoxy blades are numbered C-1 through C-5 and boron/epoxy blades are serialized B-1 to B-5.
Ultrasonic inspection was performed on each blade following testing. The test conditions
shown in Table Vlll are discussed in detail in the following paragraphs.

TABLE Vlll

COMPOSITE FAN BLADE
IMPACT TEST CONDITIONS

Blade	 Impacting	 Object Diameter	 Object weight	 Slice Size
r Number	 Object	 cm. (in.)	 g. (oz.)	 g. (oz.)	 Notes

C-1	 Ice ball	 5.1 (2.0)	 75 (2.6)	 -

^^ B-I	 Ice ball	 5.1 (2.0)	 75 (2.6	 -

C-2	 Gelatin ball	 8A (33)	 320 (11.2)	 110(3.8) 	 First Impact

C-2	 Gelatin ball	 8.4 (3.3)	 320 (11.2)	 210 (7.4)	 Second Impact

^i
B-2	 Gelatin ball	 8,4 (3.3)	 320 (11.2)	 210 (7.4)

C-3	 Gelatin ball	 6.8 (2.7)	 165 (5.8)	 105 (3.7)	 Strain Gaged

B-3	 Gelatin ball	 6.8 (2.7)	 165 (5.8)	 25 (.9)	 Strain Gaged

B-3	 Gelatin ball	 6.8 (2.7)	 165 (5.8)	 130 (4.6)	 Strain Gaged

C-4	 Gravel	 .64 (.25)	 30(l.1)	 -	 130 pieces

B-4	 Gravel	 .64 (.25)	 30(l.1)	 130 pieces

G5	 Starling	 -	 75 (2.6)	 40(l.4)

y B-5	 Starling	 -	 80(2.9)	 45(l.6)



lee Ball Tests

In the 5.? cur (10 in) diameter ice ball impact tests of blades C-i and B-1, the high speed
movies showed that the ice ball shattered upon contact with the blade leading edge in each
case. Visual damage to the two blades after impact with the 75g (2.6 oz) ice balls is shown
schematically in Figures 23 and 24 and pictured in Figures 25 and 26. The small area of com-
posite delamination on blade C-1 was in the area where ultrasonic indications of poor consolidation
was found during pre-test NDI. This ultrasonic area grew during testing, as shown in Figure 27.
The tip deflection caused by the impact tends to further loosen any existing delamination. Due
to the designed thinness of the composite at the blade tip leading edge, the impact has 

all

 effect oil 	 area.

The damage to blade B-1 from the ice ball impact was more severe, however, no post-test
ultrasonic indications were found. High speed movies show that blade B-1 took a large slice
of the ice ball (approximately three-quarters of the ball), whereas blade C-I hit the ice ball at
its mid-point. This seems to be the only factor which affected the amount of damage sus-
tained by each blade. The difference in FOD was not expected due to the composite material
differences. The FOD threshold is very likely close to the ice ball weight of 75g (2.6 oz).

•	 Gelatin Ball Tests

Four composite blades were impact tested with gelatin balls of two different sizes. The im-
pact sequence for blade C-2, taken from the high-speed movies, is shown in Figure 28. Ther
manner in which the ball is sliced and in which the blade is damaged is typical for all of the
gelatin ball tests. As the ball is cut in half, the blade begins tearing chordwise from the lead-
ing edge impact location. As this tearing continues, the blade material around the tear lifts
up and away from the tear causing additional tearing in the radial direction. This material
then breaks loose from the blade as some of the gelatin from the lower half of the ball pushes
through the torn areas of the blade. The top half of the gelatin ball remains intact after going
through severe distortions from the impact.

The 320g (11.2 oz) gelatin ball impact caused damage to graphite/epoxy blade C-2 as sketched
in Figure 29 estimated from the final sequence photo of Figure 28. The high-speed movies revealed
that the slice size for this first impact was approximately 110g (3.8 oz). In this test, the object
catching system failed to prevent a second impact. The remaining 2108 (7.4 oz) piece of gela-
tin ball hit the blade inboard of Section K-K when; the airfoil chord angle is greater. The dam-
age from both impacts is sketched in Figure 30 and pictured in Figure 31. Post-test ultrasonic
indications correspond to the delaminated area shown in Figure 30.

Blade C-3 sliced 1058 (3.7 oz) from the 165g (5.8 oz) gelatin ball which impacted the blade
leading edge at Section K-K. Visual damage is shown in Figures 32 and 33. Ultrasonic indica-
tions after testing were in the areas labeled as delamination in Figure 32.

The gelatin ball impact tests revealed that the FOD threshold is below a 1058 (3.7 oz) slice
size for graphite/epoxy blades. The leading edge sheath offers little protection to the blade
and the composite material cannot withstand gelatin ball impacts above 1058 (3.7 oz) slice size,
at the angle and velocity used in these tests.

W.
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In the test of boron/epoxy blade B-2, a slice greater than one-half of the 320 g (11.2 oz) gela-
tin ball was taken. The 2108 (7.4 oz) slice impact caused the damage shown in Figures 34
and 35. No ultrasonic indications were found on blade B-2 following testing.

Boron/epoxy blade B-3 was Impacted with a 165 g (5.8 oz) gelatin ball, however, a malfunc-
tion in the drop mechanism caused only a 25g (.9 oz) slice to be taken. The blade was visua-
lly and ultrasonically inspected following this impact and found to be undamaged. Blade B-3
was then retested with a new 1658 gelatin ball. A 1308 (4.6 oz) slice was cut from this ball
and blade damage did occur as shown in Figures 36 and 37. Post-test ultrasonic indications
correspond to the area shown as delaminated ir. Figure 36.

The POD threshold fir boron/epoxy blades was determined to be below a 1308 (4.6 oz) gela-
tin ball slice size from the B-3 impact test. However, the severity of damage with the 210g
(7.4 oz) slice taken by blade B-2 was not significantly worse than the B-3 damage.

Strain Gaged Tcsts

Graphite/epoxy blade C-3 and boron/epoxy blade B-3 were each instrumented with nine
ai strain gages (S/G) to check the blade response from impact with the 1658 (5.8 oz) gelatin

ball. The strain gage locations are shown in Figure 38. The gages at the airfoil root were
situated to give maximum response to blade bending and torsional vibration in fundamental

i`	 modes. The gages at the impact section were oriented to show response to chordwise bend-
ing and higher plate modes.

During impacting, strain versus time for all nine gages was recorded on a magnetic tape
system with a flat frequency response from 20 Hz to 20 KHz. For the first instrumented
test, the outputs of gages 5, 6, 7 and 8 were also displayed on all 	 system with a
flat frequency response up to 2 MHz. This oscilloscope coverage showed that there were no
very-short duration pulses from stress wave propagation due to impact. Therefore, the
magnetic tape system had adequate frequency response to accurately record strain versus
time, and the use of the oscilloscope was discontinued.

The time traces from the oscillograph film play-back of the magnetic tape recording of the
impact events are shown in Figures 39 and 40 for blades C-3 and B-3, respectively. The
physical separation between tracks on the magnetic tape leads to the possibility of timing
errors. The magnetic tape/oscillograph system was calibrated in time using a step input, and
the results are shown in Figure 41. The appropriate corrections have been applied to each
channel in Figures 39 and 40, so that the channels are comparable in time.

A correlation of time of first gage disturbance versus gage distance from the leading edge
impact location is presented in Figure 42, for the five gages at Section K-K. The inverse
slopes of the curves in this graph give characteristic disturbance velocities of 706 m/sec
(2320 ft/sec) for graphite/epoxy blade C-3 and 509 m/sec (1670 ft/sec) for boron/epoxy
blade B-3.

13



Maximum strains, recorded for the four airfoil root gages were significantly lower than the
impact section gage readings, before impact gage failure, as shown in Table IX. A graph of
peak strain versus gage distance from the impact location is plotted in Figure 43 for the
Section K-K gages.

TABLE IX
COMPOSITE FAN BLADE

IMPACT TESTING STRAIN GAGE: RESULTS

4

Strain Gage	 Maximum Stra
Number	 Blade C-3

1	 307
2	 316
3	 583
4	 53
5	 1760
i	 1140
7	 3040
8	 5050
9	 3170

in-Microns/m. (µ in/in)
Blade B-3

502
658

1820
479

2160
2720
6130
4670

Table X shows the characteristic frequencies measured during each strain gaged impact test. Also
listed for comparison are Ilie pre-test fundamental mode blade natural frequencies. For
each blade, the lowest frequency at impact is the resultant first bending frequency after
increases due to rotational speed and material loss. The second bending and first torsional
vibratory modes were not excited by the gelatin ball impacts. The frequencies at impact
indicate that except for first bending, high frequency plate modes predominate after im-
pacting. It was possible to see these various blade vibrations, which occurred to significant
amplitudes, in the high-speed movies of the impact tests.

TABLE X
COMPOSITE FAN BLADE

EXCITATIONS FROM IMPACT TESTING

Blade C-3	 Blade B-3

Pre-Test First Bending (Hz) 41 50
Pre-Test Second Bending (Hz) 97 110
Pre-Test First Torsion (Hz) 233 311

Frequencies at Impact (Hz) 68 63
2290 350
3500 610
4000 730

1350
'000
2300
,850
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•	 Gravel Tests

Blade C-4 and B-4 were each impacted with 30g (l.l oz) of gravel. The leading edge sheath
on the concave side of C-4 came off the blade as shown in Figures 44 and 45. This failure
indicates the possibility of a poor Enid  between the blade and sheath, although pre-test NDI
showed no lack of bonding. host-test ultrasonic inspection showed indications in the two
areas illustrated in Figure 46.

The gravel impact results on blade B-4 are shown in Figures 47 and 48. No ultrasonic indications
were found after testing. Damage at the leading edge is negligible, even though the high-speed
movies show that impacts did occur at this location. However, the concave side sheath, aft
of the leading edge, was nicked, gouged, and unbounded, as pictured in Figure 49. The gravel
apparently strikes the sheath causing compressive stresses on the sheath exterior surface. The
stress differential within the sheath is great enough to break the sheath-to-blade bond and then
lift the sheath from the surface of the blade. Therefore it is concluded that with a better bond

f n;	 between sheath and blade, the Icading edge sheath could offer satisfactory protection from
small amounts of gravel ingestion.

Starling Tests

Blade C-5 and B-5 were impacted with 75g (2.6 oz) and 80 g (2.9 oz) starlings, respectively.
The 40g (1.4 oz) slice taken by C-5 and the 45g (1.6 oz) slice cut by B-5 caused only -light
damage in each case. The damage which occurred seems to be related to blade fabrication
problems. Both blades are pictured in Figures 50 and 51 respectively.

The visually delaminated area of C-5 shown in Figure 52, which also corresponds to post-test
ultrasonic indications, is in a location where a pre-test ultrasonic indication was present. The
starling impact caused this area of delamination to grow. If the blade had been well consoli-
dated in this area, possibly no damage would have occurred from the impact.

Only a small amount of leading-edge sheath unbonding, as shown in Figure 53, resulted from
B-5 starling impact. Better bonding of the sheath to the blade could perhaps prevent such
damage. No post-test ultrasonic indications were found on this blade.

The two starling tests indicate that graphite/epoxy and boron/epoxy blades of sound construc-
tion are capable of withstanding a starling slice size of at least 40g (1.4 oz) and 45g (1.6 oz)
respectively.

• Blade Damage Summary

A tabulation summarizing the test conditions and the extent of damage sustained by each
blade during the impact tests is shown in Table XI.

15
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•	 Post-Test Inspections

In addition to the post-test ultrasonic inspection done on each blade and discussed in the pre-
ceeding sections, several other inspections were performed on the blades following impacting.
The live boron/epoxy blades were x-rayed after testing. No change from the pre-test condition,
other than the gross damage, was indicated in the radiographs.

Four blades which lost little or no material due to impacting were frequency checked follow-
ing testing. As can be seen in Table XI, the changes in blade natural frequencies before and
alter impacting are low. In most cases they are within the accuracy band of the measurement
except for blade C-5 torsional frequency. No explanation is evident from the post-test inspec-
tion. Possibly a pre-test reading error is the cause.

Three blades (C-1, C-5 and B-5) which had little damage from impacting were charted at the
impacted airfoil section (K-K) to check for permanent deformation of the blade. Only blade
C-1 showed such a deformation. The leading edge of C-1 was distorted approximately .05 cm
(.02 inch) for a distance of 3 em (1 inch) from the leading edge.

Graphite/epoxy blade C-3 was sectioned in the area of the impact damage for metallographic
study. Two chordwise sections were examined, as illustrated in Figure 54. S" ction I revealed
a shear crack of approximately .41 ern (.16 in) length angled at 40°from the concave blade
surface as shown in Figure 55. Section 2. pictured in Figure 56, revealed five interlaminar
separations which propagated for a length of .10 cm (.04 in) to .66 em (.26 in) in the chord-
wise direction. No internal composite damage was found further away from the broken area
of the blade.

TABLE X11

COMPOSITE FAN BLADE
NATURAL FREQUENCIES (HERTZ)

First Bending	 Second Bending
	

First Torsion
Blade Number Pre-Test Post-Test	 Pre-Test Post-Test

	
Pre-Test Post-Test

C-1 45 44 103 101 262 255

C-5 45 45 103 101 282 248

B-4 51 50 110 107 314 309

B-5	 51	 51	 110	 106	 316	 298

17
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CONCLUSIONS

The following conclusions have been drawn based upon the test results reported herein of the
composite fan blades impacted at simulated STOL takeoff conditions.

•	 Both graphite/epoxy and boron/epoxy blades behave similarly under small object
impact and FOD is confined to the impact area.

•	 Based on gelatin ball and starling impacts, the FOD threshold for these graphite/
epoxy blades is between 40g (1.4 oz) and 1058 (3.7 oz) slice size, while the boron/
epoxy blade FOD threshold is between 45g (1.G oz) and 1308 (4.6 oz) slice size.

•	 An adequately bonded leading edge sheath could protect the composite blade from
small amounts of gravel ingestion.

r•

• The fact that a 5.1 em (2.0 in) diameter ice ball weighing 75g (2.6 oz) damaged a
boron/epoxy blade and not a graphite/epoxy blade may be attributable to blade
scatter and testing close to the blade FOD threshold.

•	 The composite fan blades tested in this program have inadequate resistance to FOD
when impact tested under simulated STOL.ngine conditions.

•	 To date a satisfactory demonstration of FOD capability on composite fan blades
has not been achieved. A large concentrated and integrated FOD development
program on real blades is required if the FOD problem is to be solved.

18
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Figure 5 Composite Fan Made in Moldi;. 6 Oie

21



Q;

I	 () ( tw,puNitL: 1 ,iii Blade Foliu^kiu^ I.C.idilig I klL,C Sheath Bonding

Figare 7 Composite Fan Blade in Leading Fdge Sheath Plating Fixture

-)7



r

.J

A
V

11

23



M
Phi

a^

jig

8,9

5.1 cm

N^

Figure 9 Ultrasonic Indications on Graphite/Epoxy Blade C-1 Before Impact.

24
d



121 CM

-w o"I	 ,`

r^ tl

e.a

7.6 CM

Leading
Edge

CONCAVE

Figure 10 Ultrasonic Indications on Graphite/Epoxy Blade C-3 Before Impact,.

25



G

0.4
13 CM	 (2,

(1.3"1

IN

2.5 cM

mo)

Leading
Edge

CONCAVE

Figure I I	 Ultrasonic Indications on Graphite/Epoxy Blade C-5 Before Impact.

26	
A

i

r.



15

f°

ng

DECREASE

.0")
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Figure 16	 Impacting Objects - Left to Right, Ice Ball. Gelatin Ball ( 165g), Gelatia Ball
(3208), Gravel, Starling

Figure 17	 Starling Before and After Bundling for Test
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Figure 23 Visual Damage to Graphite/Epoxy Blade C-1 Following Impact with Ice Ball
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Figure 31 Graphite/Epoxy Blade C-2 Following Two Imparts with 320g Gelatin Ball
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Figure 32 Visual Damage to Graphite/Epoxy Blade C-3 Following Impact with 1658
Gelatin Ball

43



J{
i

Ir

0

CONVEX
	

CONCAVE

Figure 33 Graphite/Epoxy Blade C-3 Following Impact with I 65 Gelatin Ball

44



7 6 CM 13.0" 1

5.1 CM (2.0")

33U CM 113 0'')

ra". A

CONCAVE	 CONVEX

DE LAMINATION

L.E. SHEATH LOST
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Figure 35	 Boron/Epoxy Blade B-'_ Following Impact with 320g Gelatin Ball
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Figure 36 Visual Damage to Boron/Epoxy Blade B-3 Following Impact with 165g Gelatin

Ball
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Figure 37	 Boron/Epoxy Blade B-3 Following .mpact with 165g Gelatin Ball
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Figure 38 Strain Gabe Locations on Blades C-3 and B-3
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Figure 39 Strain Gage Oscillograph Record from Impact Test of Graphite/Epoxy Blade C-3
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Figure 40 Strain Gage Oscdlograph Record from Impact Test of Boron/Epoxy Blade B-3
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Figure 44 Visual Damage to Graphite/Epoxy Blade C-4 Following Impact with Gravel
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Figure 45 Graphite/Epoxy Blade C-4 Following Impart with Gravel
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Figure 46 Post T(^t Ultrasonic Indications on Graphite/Epoxy Blade C-4
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Figure 47 Vist.al Damage to Boron/Epoxy Blade B-4 Following Impact with Gravel
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Figure 48	 Boron/Epoxy Blade B-4 Following Impart with Gravel
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Figure 49	 Boron/Epox y Blade B-4 Following lminirt with Gravel
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Figure 50	 Graphite/Epoxy Blade C-5 Following Impart with i5g Starling
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Figure 51	 Boron/Epoxy Blade B-5 Following Impact with 80g Starling
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Figure 52 Visual Damage to Craphite/Epoxy Blade C-5 Following Impact with Starling
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Figure 53 Visual Damage to Boron/Epoxy Blade B-5 Following Impact with Starling
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Figure 56	 Photo-micrograph of Area 2, (Figure 54), Graphite/k. I	Blade C-3
Showing Interlaminar Separations t 13X)
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APPENDIX A

PREPREG TAPE QUALITY ASSURANCE TEST METHODS

Identical test techniques were utilized for both Modmor II graphite/131 1-902 epoxy and Boron/
BI'-907 epoxy prepreg tapes except where otherwise noted. Tests run "after one week" were
conducted in identical fashion to the "as received" tests, except that the prepreg tape was
stored in a closed cabinet at ambient temperature, pressure, and humidity conditions for 7
days prior to testing.

A. RESIN CONTENT

Graphitc/Epoxy

i . Cut two 8 cm x 8 cm (3 in. x 3 in.) squares of prepreg from each tape to be in-
spected.

2. Weigh each square to 0.0001 g and record weight.
3. Digest the resin from each square for two hours in concentrated nitre acid at

339°K (150°F).
4. Wash fibers using 10 percent nitric acid in water followed by distilled water.
5. Dry lG hours at approximately 389°K (240°F)
G.	 Weigh fibers to 0.0001 g.

?	 initial prepreg weight - fiber weight
2. Weight percent resin = —

	

	 --- x 100%
initial prepreg weight

Boron/Epoxy

1. Cut two 8 cm x 8 cm squares of prepreg from each tape to be inspected.
2. Weigh each square to 0.0001 g and record weight.
3. Burn out the resin for 12 hours at '145°K (700°F).
4. Weigh boron fiber and fiberglass scrim residue to 0.0001 g.

initial prepreg weight - boron and fiberglass weight
S	 Weight percent resin =	 —^ x 10 0

initial prepr=g weight

B. VOLATILE CONTENT

1. Cut two 8 cm x 8 cm squares of prepreg from non-adjacent locations in each tape
to be inspected.

2. Weigh each immediately to 0.0001 g.
3. Place each square in an air circulating oven at 422°K (300°F) for '/z hour.
4. Remove and weigh to 0.0001 g.

initial weight - dry weight
5. Weight per cent volatiles . -- ----— x 100°/U

initial weight
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,.C. RESIN FLAW

1. Prepare two flow specimens from each tape to be inspected.
2. Cut four pieces of prepreg 8 cnr x 8 -in 	 for each specimen, and weigh to

0.01 g.
3. Cut two 10 cm x 10 cm (4 in x 4 in) pieces of TX-1040 Teflon release fabric, four

equal pieces of style 181 glass scrim bleeder cloth, and two 20 cm x 20 xm (8 in x
8 in) pieces of Mylar film.

4. Layup test specimen as follows:
MylarI glass  glass V Teflon I prepreg. 0' 190° V 0° V 90 ® I Teflon (glass V glass I Mylar.

5. Insert layup into hot platen press at 422°K (3000 F), apply 2.07 MN/m2 (300 psi)
immediately, and hold for 15 minutes.

6. Remove layup from press, remove 4 ply composite panel, remove any excess resin
flash from panel and reweigh to 0.01 g.

7.
initial weight - final weight

Weight per cent resin flow = 	 x 1001/0
initial weight

D.	 GEL TIME

1. Prepare two gel time specimens from each tape io be inspected.
2. Cut eleven to sixteen pieces [as required to mold to .20 cm (80 mils) nominal

thickness] of prepreg, 3 cm x 3 cm (1 in x 1 in) square, for each specimen.
3. Lay-up specimen with plies alternating between 0' and 90 a fiber orientation.
4. Wrap specimen in aluminum foil with a notch cut in one, end to allow resin.

squeeze-out.
S. Insert specimen in platen press between two aluminum plates .23 cm x 6.4 cm x

i F' h cm (.09 in x 2.5 in x 2.5 in) preheated to 422°K (300°F).
6. Start stop-watch and close press just enough to produce resin bead at the notch in a

minimum period of time.
7. Probe resin bead wl.h rods until long strings of threads of resin cease to form and

stop stop-watch.
8. Gel time in minutes is read from stop watch.

1i
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APPENDIX B
COMPOSITE LAMINATE QUALITY ASSURANCE TEST METHODS

Identical test methods were employed for testing the Modr,.or II graphite/13P-907 epoxy and
boron/BP•907 epoxy laminates unless otherwise indicated.

A. LAMINATE MOLD CYCLE

1. Preheat press to 422°K (3000F).

2. Load prepreg into cold mold.
3. Load cold mold into hot press. Apply contact pressure.
4. Start applying additional pressure as panel reaches 408 0 to 422°K (275 0 to 3000F).

5. Close mold to stops at 422°K, hold for 2 hours.
6. Remove panel from mold.
7. Posteure panel for 2 hours at 450°K (350°F).

B. TENSILE TESTS

Tests were conducted in accordance with ASTM Standards E8-66 and E21-66T with the fol-
lowing exceptions:

1. The test specimen configuration used for longitudinal, 0*, tests of unidirectional
material is given in Figure B-1.

2. An alignment fixture is employed to ensure that loading is coincident with the
filament direction and that bending moments are kept to a minimum.

3. A layer of compliant doubler material, such as f-iiberglass, is bonded to gripping
surfaces of all longitudinal specimens.

4. Strain gages are mounted on both sides of the specimen in the center of the gage
section at midwidth. These strain measurements are used in modulus determina-
tions and to confirm alignment.

5. Tests are conducted at a strain rate of .005 ;;m/cm/min (0.005 in/in/min).

C. SHORT BEAM INTERLAMINAR SHEAR TESTS

Tests were conducted in accordance with ASTM Proposed Standard Revision D2344-67 with
the following exceptions:

1. The test specimen configuration used is shown in Figure B-2.
2. The span to thickness ratio is 4.00 t 0.01 to 1.
3. The filament orientation is parallel to the longitudinal beam axis within 0° 30".
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D. PANEL QUALITY INSPECTION

Density.

Panel densities were determined by weighing in air, then weighing suspended in distilled
water. Panel density is then:

density (g/cc) =	
dry we ight

dry weight —wet weight

Cured Ply Thickness.

Average panel thicknesses were determined using flathead micrometer readings at a mini-
mum or 6 different locations. The cured ply thickness is determined by dividing the
average thickness by the number of plies.

Volumetric Analysis (graphite/epoxy).

	

R	 Determination of fiber, resin and void contents were made by a wet chemical process em-

	

""	 ploying concentrated nitric acid at 339°K (150°F) to dissolve the resin fraction of the
composite. The fiber weight is determined by weighing the residue after chemical
leaching; the resin weight is the difference between the fiber weight and the original
specimen weight. The fiber and resin volumes are determined by dividing the con-
stituent weights by their respective densities. The initial specimen volume is determined
by dividing the initial specimen weight by the laminate density. Constituent volume
fractions are determined by dividing the constituent volumes by the specimen volume.
The void volume fraction is then:

Void Volume `io = 100% - Resin Volume `io - Fiber Volume °`o.
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Figure B°2	 Short Beam Shear Specimen Unidirectional Material
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