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SUMMARY 

The results of an experimental program are described to evaluate the effects 
of "toughened" epoxy resin matrix systems (twenty-three in all) on both their 
ability to reduce the damage caused by low velocity impact and to retain high 
mechanical properties in graphite/epoxy laminates. The results of this 
program are intended to assist in establishing the guidelines for new resin 
developments. 

The program was conducted in a series of five tasks as folows: 

TASK 1 

TASK 2 

TASK 3 

TASK 4 

TASK 5 

Basic neat resin properties of tensile, tensile modulus of 
elasticity and percent elongation were measured on most of the 
materials. Resin systems were selected with a wide variation of 
tensile properties. 

These materials were obtained in prepreg tape form on Thornel 
300 graphite and fabricated into thin isotropic fiber pattern 
plates, and tested for tolerance to free-fall round and hlunt 
end impact damage. 

These same materials were also fabricated into plates, cut into 
coupon size and tested for tensile, compression, shear and 
flexural mechanical properties. 

These same materials were also fabricated into thick orthotropic 
plates and tested for impact damage tolerance and retained 
compressive strength after impact. The thick laminate plates 
were tested at NASA-Langley, and results will be publ ished under 
a separate NASA report. 

The data gathered duri ng Task 1, 2, and 3 were assessed and a 
discussion presented on correlation of test results. 

The significant conclusion of this investigation is that modification of the 
epoxy resin matrix properties used in a graphite composite laminate can reduce 
the damage caused by low velocity impact. This can be achieved with minimal 
changes·· in room temperature mechanical properties. The apparent desirable 
neat resin propeties to obtain the best combination of impact and mechanical 
composite properties are resin tensile strength above 6.89 X 107 N/m2 
(10,000 psi), tenesile modulus above 3.10 X 109 N/m2 (450,000 psi), and 
tensile elongation between 5 and 6%. 
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1.0 INTRODUCTION 

Advanced composite materials are now being used in structural applications on 
a routine basis in military aircraft and are being applied to corrmercial 
aviation. Graphite/epoxy is the leading material to offer lightweight, 
strong~ rigid structure and, at the same time, offer the potential for 
low-cost fabrication. It is expected that the surfaces of these structural 
components will be subjected to foreign object impact. This impact could 
cause significant damage at any time during initial fabrication and assembly 
operations, ground handling and t~ke off, in-flight and landing operating 
conditions. 

Studies, such as those sponsored by NASA and the Naval Air Development Center, 
have been conducted to determine the impact tolerance of current in use 
graphite/epoxy materials. (References 1, 2 and 4). These studies have shown 
that low velocity, hard object impact damage causes significant reduction of 
retained tensi le and compression strength, even when the damage level s cannot 
be visually observed. Thin laminates showed decreasing residual tensile 
strength as the impact energy was increased beyond the visual threshold 
through extensi ve fracture of the fi bers in the lami nate. (Reference 3.) 
Thick 3.2 rrm (1/4 inch) composite panels showed as much as 50 % reduction in 
retained compression strength and strain even when no visual surface damage 
was in evidence. (Reference 2.) NOT techniques using ultrasonic C-scan were 
used to exhibit the extent of internal damage. 

The reduction in retained strength of less than visual impact damaged panels 
places a limiting strain factor in the structural component design that 
reduces the potential weight savings of the composites. 

, 

The objective of this program was to establish if a "toughened" resin matrix 
system could improve the impact resistance of a graphite/epoxy laminate. It 
has been observed that low level of impact failure in both thin and thick 
laminates is associated with brittle resin failure, that is, resin cracking 
(crazing) and interlaminar failure prior to actual fiber breakage that occurs 
at higher impact loads. It was projected that a combination of higher resin 
tensile, lower modulus or higher elongation should add toughness to the resin 
and improve impact properties of the resultant laminates. This was the logic 
that directed the deve 1 opment of a "tough II res in system. 

The "toughening" was accomplished by resin and prepreg manufacturers who 
varied by any means at their disposal the neat resin tensile, modulus and 
percent elongation propeties with damage tolerance improvements as the 
singular objective. The materials, twenty-three in all, were supplied to 
Douglas as "8" stage unidirectional Thornel 300 tape. The materials were made 
into 8 and 48 ply panels for thin and thick laminate impact study. Thin 
laminate impact evaluations were made at Douglas. Thick laminate impact 
studies were made at NASA-Langley and are not repeated herein. In addition, 
unidirectional fiber orientation panels were fabricated and tested for 
flexural strength and modulus, short beam shear strength, tensile and 
compression strength and modulus at room temperature. 

The data was reduced to determine any correlatton betWeen neat resm prope-rttes 
and the extent of impact damage to thin panels, and oetween neat restn properties 
and laminate mechanical properties. 

-1-



2.0 TECHNICAL APPROACH AND TEST RESULTS 

This section covers the detail of the technical approach and a summary of the 
test results to determine the effects of resin modification (toughened matrix) 
on impact resistance and mechanical properties of graphite/epoxy composites. 

The program was conducted and is reported in a series of 5 tasks: 

TASK 1 - Material Selection and Neat Resin Properties 
TASK 2 - Thin Laminate Impact Properties 
TASK 3 - Laminate Mechanical Properties 
TASK 4 - Thick Laminate Impact Resistance 
TASK 5 - Correlation of Test Results 

2.1 TASK 1 - MATERIAL SELECTION 

A survey was fi rst made to select the epoxy resin manufacturers and graphite 
prepreg material suppliers that had active in-house resin development programs 
aimed at formulating improved IItoughll graphite/epoxy material systems. The 
sel ected organizati ons that were interested in working on thi s NASA-sponsored 
program were then presented a summary of the objectives, scope, and 
limitations of the expected work. Narmco 5208/T-300 material was selected as 
a baseline material with which to compare test results. It is a widely used 
material with a large available data base. 

The basic objective was to identify and establish the credibility of the 
assumption that modification of resin matrix properties of tensile strength, 
modulus of elasticity and/or percent tensile elongation properties could have 
significant effect on the impact resistant properties of graphite/~poxy 
structure. The program has considered only one variable, namely the' resin 
matrix system. The same Thornel 300 (3000 filament) fiber was used throughout 
the program and although not from the same batch was assumed to be of 
consistant quality. There was no limit placed on processing cycles, and there 
was no attempt requested to optimize material handling properties. It was 
expected that new laboratory-prepared resins, with tailored IItoughness ll 
properties, might be difficult to handle in preparation of test panels. There 
was no request for any type of temperature or liquid enviornmenta1 resistant 
properties, and no such tests were conducted. The long process for 
optimization of a potential new IItough ll resin matrix system to obtain the most 
desirable handling, processing, and environmental characteristics could follow 
only after it was proven that such effort could be expected to be worthwhi 1e. 
Such development would not be a part of this program. 
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The participating organizations were asked to supply 1.36 Kg (3-pounds) 
quantities of each modified resin system in a unidirectional prepreg tape form 
between 2.54 and 30.5 cm. (1 and 12 inches) in width, 150 ± 5 grams/square 
meter Thornel 300 fiber areal weight which corresponds to .13 mm (.005 inch) 
per ply cured laminate thickness, and between 35 and 45% resin content. In 
addition, complete processing instructions were supplied for each material. 
Some materials were supplied as "no charge" samples and others were purchased. 

Finally, each supplier was asked to furnish, where possible, tensile 
properties of the neat resin system used. Preferably, the information was 
requested to be in the form of a stress vs. strain curve with data reduction 
for tensile ultimate, tensile modulus of elasticity, and percent elongation at 
failure. 

A total of 23 different modified resin systems were obtained and tested during 
work on this program. Several systems were tested for effect of high and low 
resin content. The list of suppliers participating in the program along with 
their material identification numbers are 1 isted in Table 1. In addition, a 
summary of all avai lable neat resin properties and the general approach taken 
to provide the resin toughening mechanism are recorded in Table 1. 

All available neat resin stress/strain curves are plotted in Figure 1. All 
neat resin properties, including stress/strain curves, were supplied by the 
individual suppliers. The neat resins were cast by most suppliers to the 
desi red thickness and cured by a slow process in an oven to the final curing 
temperature. Coupons were machined to dog bone specimen configuration and 
tested for tensile load vs. deflection to failure. 

Identification of commercial products in this report is used to adequately 
describe the test materials. Neither the identification of these commercial 
products nor the results of the investigation published therein constitute 
official endorsement, expressed or implied, of any such product by either The 
Douglas Aircraft Company or NASA. 

2.2 TASK 2 -THIN LAMINATE IMPACT PROPERTIES 

Materials were received from each of the suppliers along with quality control 
data of prepreg resin content and a recommended processing cycle. All plates 
requ i red for the impact eva 1 uat i on tests and the mechani ca 1 property tests 
were manufactured in a single processing cycle for each material system. All 
plates for thin laminate impact study were 8 ply [0,45,-45,90]s fiber pattern 
and all plates for mechanical property evaluation were of 00 fiber pattern. 
Every curing cycle was monitored as to time,. temperature, and pressure to be 
sure that the exact specificaton suggested by each of the suppliers was 
followed. These curing cycles were not optimized for the new laboratory scale 
toughened resin systems, and the possibility exists that an altered curing 
cycle inVestigation could have revised the impact and or mechanical property 
test results obtained on the cured laminates. Observe the effect presented 
later in Section 2.6 of this report of the altered slow cure cycle for Narmco 
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TABLE 1 
NEAT RESIN PROPERTI ES 

RESIN PROPERTIES 
NEAT TENSILE % 

ULTH1ATE TENSILE r~ODULUS ELONGATION 
RESIN TOUGHENING MECHANISM N/M2 X 107 (PSI) N/~12 X 1 07 ( PS I) AT FAILURE 

tW-720 Aromatic Amine 5.72 (8,300) 399.6 (580,000) 1.5 

Epoxy Aromatic Amine 7.44 (10,800) 373.4 (542,000) 2.4 

Bis-Phenol A Nonaromatic 3.15 (4,500) 165.3 (240,000) 6.0 
Amine + Elastomers 

Bis-Phenol A Aromatic - - -
Amine + Elastomers 

Bis-Phenol A Nonaromatic - - -
Amine + Elastomers 

Bis-Phenol A Nonaromatic - - -
Amine + Elastomers 

Bis-Phenol A Latent 8.92 (13,000) 310.1 (450,000) 4.8 
Aliphatic Amine Vinyl 
Resin 

I 

Bis-Phenol A/Epoxy - - - I 

Novalac Latent Aliphatic 
Amine + Elastomers 

Bis-Phenol A + Specialty - - -
Latent Aromatic Plus 
Aliphatic Amine + 
Elastomers 

Bis-Phenol A/Epoxy - - -
Novalac Latent Aromatic 
and Aliphatic Amines 
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(o)~r~ ____ ~ ______ ~ ______ ~ ____ ~~ ____ ~ ______ ~ ______ ~ ______ ~ ____ ~ 
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

Strain (in/in) or mm/mm 
NOTE: Curves are averaged results as recorded by various testing agencies and are intended to show general 

relationships. 
FIGURE 1. TOUGH RESIN STRESS-STRAIN CURVES 
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5208 material and the resultant across the board improvement in all mechanical 
properties and impact properties (at least when tested at room temperature). 
We do not know the difference that the modified cure cycle makes in the basic 
neat resin properties. This optimization was considered beyond the scope of 
this program. 

Table 2 summarizes the supplier recommended curing cycle for each individual 
material. 

2.2.1 Impact Tests 

All panels for the thin laminate impact tests contained an eight-layer 
balanced 0,+45,-45,90 fiber pattern. Quality control tests for each panel 
included a thickness measurement, resin and void content obtained by using the 
hot nitric acid digestion process, and a nondestructive test (NDT) C-scan 
p ri nt. 

Impact tests were conducted on all materials using the Garnder Impact Tester 
and a portion of the materials using the' Rheometric Constant Speed Impact 
Tester. 

2.2.2 Gardner Impact Test 

The Gardner Impact Tester, see Figure 2, used a free fall, .9 kilograms 
(two-pounds) weight, in the form of a 15.9 mm (5/8 inch) diameter rod with a 
rounded 15.9 mm (5/8 inch) diameter impact nose or a flat blunt 15.9 mm (5/8 
inch) diameter impact nose. (See Figure 3.) The rod was lifted to a measured 
height, in Millimeters (inches), and was released for free fall down a guide 
tube to impact the specimen in a single impact. 

All materials were impacted on the Gardner Impact Tester with a 31.8 mm (1.25 
inch) diameter simple support, a 15.9 mm (5/8 inch) diameter impact head, and 
1.13 (10), 2.26 (20) and 3.39 joules (30 inch pounds) free fall energy. All 
materials were also impacted on the Gardner Impact Tester with a 95.3 mm (3.75 
inch) diameter simple support, a 15.Q mm (5/8 inch) diameter flat impact head, 
and at various levels between 1.13 joules (10) and 11.3 joules (100 
inch pounds) free fall impact energy. (See Figure 2.) 

The evidence and extent of visible back side damage from all Gardner Impact 
Tests in the 00 and 900 to surface fiber orientation are recorded in Table 
3. A tabulation of all impact tests is presented for all materials in 
Appendix I that includes visual observations of both front and back side 
surfaces, a C-scan record, the square inch area of damage as shown by C-scan, 
and a general comment on failure apprearance. 

Appendix II shows the damage to aluminum of equal weight and of equal 
thickness when impacted at the same levels. 
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NO. NAt·1E OF SUPPLI ER 

1 NarmcD 

2 Narmco 

3 Narmco 

4 Narmco 

5 Narmco 

6 Narmco 

7 American 
Cyanamid 

B American 
Cyanamid 

9 American 
Cyanamid 

1-0 American 
Cyanamid 

11 Air Logi st ics 

12 Ciba Geigy 

13 Ciba Gei gy 

TABLE 2 

RECOMMENDED CURE CYCLES 

t·1ATERIAL 
IDENTI FI CATION CURING SPECIFICATIONS 

520B Room temp. to 135°C (275°F) 1.6 to 4.4°C~min 
(3 to BOF) vacuum pressure then 6.9 x 10 N/m2 
(100 psi)/vent vacuum then l76°C(350°F)/6.9 X 105 
N/M2 (100 psi) 2 hours. 

95995 6.9 X 105tvr.,2 (100 ps;) from room temperature to 
176°C (350°F) and hold 2 hours. 

X-11l4 6.9 X 105N/r·12 (100 ps i) from room temperature to 
121°C (250°F) and hold for 1 hour. 

X-10Bj34A 6.9 X 105N/ t1 2 (100 psi) from room temperature to 
176°C (350°F) and hold for 1 1/2 hours. 

""1 , 
\ 

--. 
I 

\ 
.- f 

-: 
; 
\ 

~ 
-
-., 

-
107 Room temp. to 176°C ~3S0°F) at 2.7°C/min (5°F) undE 

vacuum then 6.9 X 10 N/M2 (100 psi) to 176°C (350°F) 
for 90 mi nutes . -

109 Vacuum pressure from room temperature to 176°C 
(350°F) at 2.7°C/min (5°F) then 6.9 X lOS N/M2 -(100 psi) and 176°C (350°F) for 90 minutes. 

BP-907 Apply vacuum and heat to 121°C ~250°F) and hold 
for 1 hour. Apply 6.9 X 105N/t·1 and heat to -
176°C (350°F) and hold for 1 hours (100 psi). 

919 Apply vacuum and heat to 65°C (150°F) and hold -
for 1 hour. Then apply 6.9 X lOS N/H2 (100 psi) 
and heat to 121°C (250°F) and hold for 1 hour. 

937 Apply vacuum and heat to 121°C (250°F) and hold 
-' 

for 1 hour. Then apply 6.9 N/M2 105 (100 psi) ana 
heat to 176°C (3S0°F) and hold for 1 hour. -

9B2 Apply vacuum and heat to 121°C (250°F~ and hold 
for 1 hour. Then apply 6.9 x 105 N/r1 (loa psi) 

--

and heat to 176°C (350°F) and hold for 1 hour. -
#1 6.9 X lOS N/t12 (100 psi) from room temperature 

to 149°C (300°F) and hold for 2 hours. -
#1' 30 min,/room temp./vacuum. Raise pressure to 

2 X 105 N/M2 (30 ps i) then temperature to 100°C 
(212°F) for 90 minutes then 176°C (350°F) for -
3 hours at S.Sx105 N/m2 (BO psi). . I 

#lM 30 min/room temp/vacuum. Raise temp. to 100°C j (212°F) under vacuum then apply 6.9 X 105N/M2 
(100 psi). Raise temperature to 176°C (350°F) 
and hold for 3 hours. 

-0-
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MATERIAL 
NAME OF SUPPLIER IDENT! FICATION 

Ci ba Geigy #2 

Ciba Geigy #3 

Ciba Geigy #4 

Ciba Geigy Fiberdux 920 

Ciba Geigy Fiberdux 914 

Hexcel #1 

Hexcel #2 

Fiberite HY-E 976 

U.S. Polymeric #1 

U.S. Polymeric #2 

TABLE 2 (Cont'd) 

CURING SPECIFICATIONS 

30 min./R.T.~vacuum. Raise pressure to· 
6.7 X 105N/H (95 psi) then temperature to 
79°C (174°F) and hold 90 minutes. Cool. Then 
post cure 2 hours at 300°F. 

Raise pressure to 5.5 X 105N/M2 and temperature 
to 100°C (210°F) and hold for 90 mintu~s. Temp. 
to 176°C (350°F) and hold 5.5 X 105N/M (80 psi) 
for 3 hours. 

Apply vacuum for 1 hour and then heat to 100°C 
(210°F) and apply 6.9 X 105N/M2 (100 psi) then 
heat to 121°C (250°F) and hold for 1 hour. 

Apply vacuum and heat to 82°C (180°F), then apply 
6.9 X 105N/M2 (100 psi) and heat to 121°C (250°F) 
and hold for 1 hour. 

Apply vacuum pressure and heat to 121°C (250°F). 
Then apply 6.9 X 105N/M2 (100 psi), vent vacuum 
and heat to 176°C (350°F) and hold for 1 hour. 
Post cure 4 hours at 204°C (400°F). 

Apply 3.5 X 105N/M2 (50 psi) and heat to 121°C 
(250°F) hold for 1 hour. 

Apply 5.6xl05N/H2 (80 psi) and heat to 176°C 
(350°F) hold for 1 hour. 

Apply vacuum and heat to 121°C ~250°F) and hold 
for 20 min. Apply 6.9 X 105N/M (100 psi), Hold 
45 minutes at 121°C (250°F) then increase temp. 
to 176°C (350°F) and hold for 2 hours. 

R.T. to 135°C (275°F) - Vacuum and hold for 30 
minutes. Then apply 6.9 X 105N/M2 (100 psi) and 
176°C (350°F) and hold for 4 hours. 

Apply 6.9 X 105N/M2 (100 psi) 
(300°F) hold for 2 hours. 

and heat to 149°C 

-9-
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0.9 Kg 

('2. l~~ 

ROUND FLAT 

15.87 mrn 
S/B'JotP-. 

SL.I<!rHT 8EVA.L. 
Et:lc:fE 

FIGURE 3. GARDNER ROUND AND FLAT H1PACT HEADS 
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FIBREDUX HEXCEL CIBA GEIGY 
920 #2 .#4 

RESIN CONTENT 31.7 29.9 27.5 

TOTAL THICKNESS· (IN) mm ( .044) 1.12 {.042l 1.07 {.047) 1.19 
[.0052) .132 [.00~9) .1~9 PLY THICKNESS (IN) mm (.0055) .142 

(10" LB) X (0) 0 * (0) 0 (0) 0 
1.13 Joules Y (0) 0 (0) 0 (0) 0 

(.1) 2.54 (20" LB) X (.4) 10.16 
2.26 Joules Y (.3) 7.62 (1.2) 30.5 

(30" LB) X (.5) 12.7 (.1) 2.54 (.3) 7.62 
3.39 Joules Y (.5) 12.7 (1.0) 2.54 (1.2) 30.5 

(0) 0 (0) 0 (10" LB) X 
1.13 Joules Y (0) 0 (0) 0 

(20" LB) X (0) 0 
2.26 Joules Y (0) 0 

(30" LB) X (.5) 12.7 (.2) 5.08 
3.39 Joules Y (.3) 7.62 (1.2) 30.5 

(40" LB) X 
4.52 Joules Y 

(50" LB) X 
5.65 Joules Y 

(60" LB) X (0) 0 
6.7B Joules Y (0) 0 

(70· LB) X (1.4) 35.56 
7.91 Joules Y (.5) 12.7 

(BO· LB) X (2.7) 68.6 (0) 0 (1.3) 33.02 
9.04 Joules) Y (.6) 15.24 (0) 0 (1.3) 33.02 

(90" LB) X (1.0) 2.54 (.7) 17.8 
10.17 Joules Y (1.5) 3B.l (3.2) 

(100" LB) X 
11.3 Joules Y 

(120" LB) X 
13.56 Joules Y 

* NOTE: UNITS ARE (INCHES) MILLIMETERS IN THE X AND Y DIRECtION OF AREA OF DAI1AGE 

NARMCO NARIKO U.S. POLY 
Xll14 X108/34A 112 

30.0 25.4 24.6 

(.0!l0~ 1.27 
(. 061) .155 

{.042) 1 .07 
(.0052) .132 

(.043) 1,09 
(.0051) .132 

(0) 0 (.1) 2.54 (0) 0 
(0) 0 (1.0) 25.4 (0) 0 

(.2) 5.1 (.3) 7.62 (.2) 5.1 
(.1) 2.54 (1.5) 38 (1.0) 25.4 

(.2) 5.1 (.4) 10.16 (.4) 10.2 
(.3) 7.62 (1.5) 38 (1.2) 30.5 

(0) 0 
(0) 0 

(0) 0 
(0) 0 

(0) 0 
(0) 0 

(1.2) 30.5 (0) 0 (0) 0 
(.2) 5.1 (0) 0 (0) 0 

(1.0) 25.4 (0) a (.1) 2.54 
(.5) 12.7 (0)0 ( .1) 2.54 

(1.0) 25.4 (.9) 22.9 
(1.2) 30.5 (1. 1) 27.9 

TABLE 3 

VISIBLE IrIPACT DAnAGE ON THIN LAtuNATES 8 PLY (. + 45, 90) 
~ 

A. M. CYAN I 

5208 FIBREDUX CIBAGEIGY BP907 CYCOM I elBA GEIGY NARMCO CYCOM NARMCO CYCOM 
111M LOW RESIN 937 1M 2nd 1117 982 109 919 

FIBEROUX 
SLOW CURE 920 LOW RESIN 914 

26.4 29.2 26.5 29.6 30.7 31.8 31.0 27.0 30.8 30.0 23.5 
(.043)1,09 ! .043) 1 ,O~ ! .C43l l,Q2 (.043) 1.09 (,043l 1,09 (,045l 1 H (.046) 1.17 ( 04]) 1 04 ( .044) 1.12 (.0054) .137 [.0054) .137 1.0054) .137 (.0054) .137 (.0054) .137 (.0056) .142 { .027) .685 ,,042) 1,07 (.0058) .147 (.0051) .132 (.00~5) .142 ! .039) .991 (.0052) .157 

(0) 0 ( .2) 5.1 (0) 0 (.2) 5.1 (.2) 5.1 (0) 0 (.1) 2.54 (.ll 2,54 (.2l5.1 (.2~ 5.1 ~gl g (0) 0 (.1) 2.54 (0) 0 (.2) 5.1 (.1) 2.54 (0) 0 (.5) 12.7 .7 1 .8 .2 5.1 1. ) 25.4 

( .2) 5.1 (.4) 10.16 (.2) 5.1 (.2) 5.1 (.5) 12.7 (.3) 7.62 (.5) 12.7 
I 

(.2) 5.1) (.3) 7.62 (.3) 7.62 ( .2) 5.1 
(1.0) 25.4 (1.0) 25.4 (.3)7.62 (1.5) 38 (.4)10.16 (1.2)30.5 (.7) 17.8 (.5) 12.7 (.6) 15.24 (1.2) 30.5 (.4) 10.16 

(.5) 12.7 ! (.7) 17.8 (.5) 12.7 (.3) 7.62 (.4) 10.16 (.7) 17.8 (.7) 17.8 (.3) 7.62 (.5) 12.7 (.4)10.16 (.3) 7.62 
(1.2) 30.5 (.5) 12.7 (1.3) 33.02 (.B) 20.32 (1.3) 33.02 (1.4) 35.56 (1.0) 25.4 (1.3) 33.02 (.6) 15.24 (1.2) 30.5 (.5) 12.7 , 

(0) 0 (0) 0 (0) 0 (0) 0 
I 

(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 CO) 0 
(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 CO) 0 

(.1) 2.54 (.2) 5.1 (0) 0 (0) 0 (.1) 2.54 (.3) 7.62 (.3) 7.62 (.3) 7.62 (0) 0 !.1) 2.54 (0) 0 
(1.2) 30.5 (1.0) 25.4 (.4) 10.2 (.7) 17.8 (0) 0 (.2) 5.0B (0) 0 1.0) 25.4 (.1) 2.54 (.7) 17.8 (0) 0 

(.3) 7.62 (.4) 10.2 (.3) 7.62 (0) 0 (.3) 7.62 (.1) 2.54 (.1) 2.54 (.6) 15.24 (0) 0 (.1) 2.54 (.3) 7.62 (3.0) 76.2 (2.5) 63.5 (.4) 10.2 (2.4) 61 (0) 0 (.4) 10.16 (0) 0 (.B) 20.32 (J .0) 25.4 (1.2) 30.5 (.7) 17.8 

(0) 0 (0) 0 
(0) 0 (0) 0 I 

I 

(0) 0 (0) 0 (0) 0 (0) 0 (0) 
(0) 0 (0) 0 (0) 0 

fL;Slj 20.32 (0) 0 * (0) 0 !gJ g (0) 0 (.8) 20.32 (.5) 12.7 
I 

(.8) 20.32 (1.0) 3B.l ( .1)2;54 
(0) 0 (0) 0 (1.5) 38.1 (2.0) 50.4 (.5)12.7 1.2) 30.5 (0) 0 (.5) 12.7 (.4) 10.16 

(1.5) 3B.1 (1.0) 
(1.0) 25.4 (1.5) 3B.1 

(.1) 2.54 (1.5) 3B.1 (0) 0 (.8) 20.32 !1.3) 33.02 10) 0 (1.2) 30.5 (1.5) 38.1 (.6) 15.24 
(.8) 20.32 (1.7) 43.2 (0) 0 (2.0) 50.8 1.5) 38.1 0) 0 (1.0) 25.4 (.8) 20.32 (.8) 20.32 

(0) 0 
i (0) 0 
I 

(1.0) 25.4 
, 

(0) 0 * (.9) 22.9 
(3.7) 94 (0) 0 (.9) 22.9 

, 

(1.2) 30.5 
(1.7) 43.2 
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RESIN CONTENT 

TOTA1LIHIGKNESS (!IN}mm 
PLY THICKNESS (IN) mm 

Cl 
z 
::I (10" LB) X EO 

EO:: 1 .13 Joul es Y 
..... = • co C ,.- ....... c:c (20" LB) ('t) .0 L.U X 

::c 2.26 Joules Y -I-= 0:: I-
.00 U Nc..c:c (30" LB) • c.. 0- X 
~::> :::: 3.39 Joules -V') 0;;;; Y 

(10" LB) X 
~ 1.13 Joules Y 

I-
OJ U 

I- ~ ei: (20" LB) X 
0:: ,.-:E:C 2.26 Joules Y 0 -c:c c.. _ L.U 

c.. = 0:::: 
::I co z (30" LB) X V') ....... ::1 

LOO 3.39 Jo.u1es Y E _0:: 
E 
N (40" LB) X . 
N 4.52 Joules Y 0\ 

.-.. 
.0 (50" LB) X 
..... 5.65 Joules Y . 
M -

Cl (60" LB) X 
c:c 6.78 Joules Y L.U 
::c . 
I- (70" LB) U X 
c:c T.91 Joules Y 0.. 
::;: -
I- (80" LB) X 
c:c 9.04 Joul es Y ....I u. 
E 
E (90" LB) X 
co 10.17 Joules Y 
.0 
r- (100" LB) X 
~ 11.3 Jo,ul es Y C: 

!: (120" LB) X 
13.56 Joules) Y 

NARHCO 5208 5208 5208 A. H. CYAN 

RFFERENCE RESIN RICH RESIN POOR BP907 

- 27.7 29.9 24.6 29.8 

'.042) 1.07 (1044) 1.12 {.040) 1 102 {1040) 1.02 

(.0052) .13 (.0055) .14 (.0050) .127 ( 0 • 061), .15 

(.2) 5.1 * (.1) 2.54 (0) 0 (0) 0 

(.7) 17.8 (1.0) 25.4 (0) 0 (0) 0 

(.3) 7.62 (.3) 7.62 (.2) 5.1 (.3) 7.62 

(1.2) 30.5 (1.5) 38 (1.2) 30.5 (1 .0) 25.4 

( .4) 10.2 (.5) 12.7 (.6) 15.24 ( .6) 15.24 

(1.2) 30.5 (1.5) 25.4 (1.5) 38.1 (.8) 20.32 

(0) 0 ( .1) 2.54 (0) 0 (0) 0 

(0) 0 (.5)12.7 CO) 0 (0) 0 

(.2) 5.1 (.1) 2.54 (.1) 2.54 (.1) 2.54 

(1 .5) 38 (1.0) 25.4 (1.0) 25.4 (.1) 2.54 

(.3) 7.62 (.5) 12.7 ( .3) 7.62 (.3) 7.62 

(3.0) 76.2 (3.5) 88.9 (3.0) 76.2 (.3) 7.62 

CO) 0 (0) 0 
CO) 0 (0) 0 

(0) 0 (1.0) 25.4 (0) 0 (0) 0 

(0) 0 (2.5) 63.5 (0) a (0) 0 

(1.1) 27.9 (1.0) 25.4 (.6) 15.24 (1.3) 33.02 

(1.1) 27.9 (2.5) 63.5 (.5) 12.7 (.7) 17.8 

(1 .2) 30.5 (1.7) 43.2 (.7) 17.8 (1.5)38.1 

(3.7) 93.9 (2.2) 55.9 (2.0) 50.8 (.5) 12.7 

) MILLIMETERS IN THE X AND Y DIRECTION OF AREA OF DAMAGE 

TABLE 3 (Cont'd) 

U. S. POLY NARHCO AIR LOG HEXCEL ! ClEA GEIGY CIBA GEIGY CIBA GEIGY FIBERITE 
#1 95995 #1 #1 #2 #3 #1 (RERUN) 976 

29.2 32.7 28.0 28.3 
28.0 24.6 28.9 29.6 

{.040) 1.02 {.041l 1.04 (.048) 1.22 (.043) 1.09 
(.042) 1.07 (.042) 1.07 

(.0050) .121 ( .0051) .132 ( .0060) .152 \.0054) .137 ,.042} 1.07 (.046) 1.17 
(.0052) .132 (.0052) .132 ( .0052) .132 (.oo5S) .147 

(.2) 5.1 (.2) 5.1 CO) 0 (0) 0 I 
(.1) 2.54 (.8) 20.32 (0) 0 (0) 0 

, (0) 0 (0) 0 , 
I (0) 0 (0) 0 

( .3) ]..62 ( .3) 7.62 ( .3) 7.62 I 
(.2) 5.1 (2.0) 50.8 (.2) 5.1 : (.2) 5.1 (.2) 5.1 

(1.0) 25.4 I (1.2) 30.5 

(.4) 10.16 (.7) 17.8 ~ .~! I. bZ 

(.7) 17.8 (2.0) 50.8 
(.3) 7.62 ( .3) 7.62 I (.4) 10.2 
(1. 5) 38.1 (1.2) 30.5 

(0) 0 (0) 0 (0) 0 101 0 I (0) 0 
(0) 0 (0) 0 (0) 0 (0) 0 (0) 0 

, (0) 0 Co) 0 

( .2) 5.08 (0) 0 (.1) 2.54 (.4) 10.161 
( .1) 2.54 (0) 0 (.2) 5.1 (.4) 10.16 (.2) 5.1 

(.8) 20.32 

(.4) 10.16 (.4) 10.2 (.4) 10.2 (.4) 10.16 I 

(.6) 15.24 (1.7) 43.2 (.5) 12.7 (1.0) 25.4 (.2) 5.1 
I (2.0) 50.4 

I (0) 0 
(0) 0 

(O) 0 (0) 0 (0) U 
(0) 0 (0) 0 (0) 0 (0) 0 

(0) 0 

(0) 0 (1 .5) 38.1 (0) 0 (0) 0 
(0) 0 (1.3) 33.02 (0) 0 (O) 0 (0) 0 (O) 0 (0) 0 

I (0) 0 (0) 0 (0) 0 

I (0) 0 (0) 0 (.2) 5.1 
(0) 0 (0) 0 (.3) 7.62 

(1 .5) 38.1 (1.4} 35.56 ( .7) 17.8 (1.1) 27.91 
(.5) 12.7 (1.5) 38.1 (.4) 10.16 (.7) 17.78 (.4) 10.16 (0) 0 (O) 0 (.1) 2.54 

I (0) 0 (0) 0 (.3) 7.62 
I 

i (O) 0 (0) 0 (.8) 

I 

'~0~32 
(0) ) (0) ) (2.0) 5.08 

I 
I 

I 
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2.2.3 Reheometric Constant Speed Impact Test 

The Rheometric Impact Tester gave another -useful means of evaluation of the 
impact characteristics of the materials. The test machine gathered data 
during the test event, recorded a printed record of a load deflection curve, 
and calculated and printed the calculation of initial slope of the stress 
strain curve (which is a measure of the material modulus of elasticity), 
energy in joules (inch pounds), absorbed at first sign of failure, and the 
total energy absorbed, in joules (inch pounds), during the total test event. 

The Rheometric Impact Tester (see Figure 4) used a constant speed overwhelming 
force impact ram with a 15.9 mm (5/8 inch) round impact nose that penetrated 
the specimen. The specimens were securely clamped to the machine across a 
50.8 nm (2-inch) diameter support hole that was centered to the path of the 
impact head. The tests were all conducted at a constant speed of 76.2 m 
(3000 inches) per minute. A load and deflection curve was plotted for each 
material during the penetration impact. The events recorded and calculated by 
the Rheometric Impact Tester are shown in Figure 5 and are described below: 

(1). This is the time that the impact head first makes contact with 
the specimen. 

(2). This is a low point on the approximate straight line portion of 
the stress/strain curve as selected by the machine operator 
after completion of the test. 

(3). This is the high point on the approximate straight line portion 
of the stress/strain curve as selected by the machine operator. 
The data is not reduced to account for the 50.8 mm (2 inch) 
diameter rigid support and, thus, is not recorded as a true 
modulus calculation. 

(4). Yield is the time that the stress/strain deviates from an 
approximate straight line and is considered the point of initial 
impact damage to the specimen. The area, in joules (inch 
pounds), under the curve from point 1 to 4, is calculated as the 
energy absorbed at first sign of panel damage or failure. 

(5). Ultimate is the deflection where maximum load is achieved during 
the impact penetration event. Major fiber breakage has probably 
occurred by this time. 

(6). Total is the deflection where the load has reduced to a near 
constant level and impact penetration is complete. It probably 
represents the drag on the edge of the plunger as the 
penetration continued to full depth of the impact stroke. The 
area, in joules (inch pounds), under the curve pOint 1 to 6 is 
calculated as the total energy absorbed by the panel for this 
impact test • 
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A summary of the Rheometric calculations of slope of the stress-strain curve, 
energy absorbed at initial impact failure and total energy absorbed by impact 
penetration is shown in Table 4. Individual traces for the ten materials, 
studied are presented in Appendix 3. 

2.3. TASK 3 - LAMINATE MECHANICAL PROPERTIES 

Each material received from each of the suppliers was processed into laminate 
form for both impact and mechani ca 1 property tests, as presented in Task 2, 
during a single curing cycle. All flexural and all short beam shear coupons 
were cut from 16 ply 00 fiber orientation panels. Flexural coupon size and 
formula for calculation of maximum stress and modulus of elasticity are shown 
in Fi gure 6. 

Short beam shear coupon size and formula for calculation of shear stress is 
shown in Figure 7. 

All tensile and compression coupons were cut from 6 ply 00 fiber orientation 
panels. The composite ~oupons were autoclave bonded to 3.8 cm (1 1/2") thick 
368 Kg/M3 (23 pound/ft3 ) 3.2 mm (1/8 inch) cell aluminum honeycomb using a 
1210 C (2500 F) curing FM73 adhesive film from American Cyanamid Corp. 
Steel skins were bonded to the opposite surface of the honeycomb and sized to 
force failure, whether tension or compression loading, into the composite 
skin. Tension and compression coupon configuration, test procedure, and 
formula for calculation of stress at failure and modulus of elasticity are 
shown in Figure 8. 

Quality control tests for each panel used for flexural, shear, tensile, and 
compression tests include a thickness measurement and resin and void content 
obtained by using the hot nitric acid digestion process. 

All mechanical property tests were conducted at room temperature on an Instron 
test machine. A sUlll1lary of all mechanical property tests is presented in 
Table 5. 

2.4 TASK 4 - THICK LAMINATE IMPACT RESISTANCE 

Each material received from each of the suppliers was processed into a thick 
48 ply impact panel by procedures detailed in Task 2 and in a single curing 
cycle along with the thin impact panels of Task 2 and the mechanical property 
panels of Task 3. The laminate 48 ply pattern was the same for all panels. 

Each panel was cut to one 12.5cm x 12.5cm (5" x 5") and one 12.5cm x 25cm 
(5" x 10") coupon and del ivered to NASA for thick laminate impact studies. 
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SLOPE OF 
STRESS/STRAIN 

CURVE LOAD 
(IN LBS/IN) (POUNDS) 

MATERIAL JOULES/mm kg 

Narmco 5208 (3205) (191 ) 
14.1 86 

eiba Geigy (4000) (347) 
#4 17.60 157 

~ 

00 

Ci ba Gei gy (2809) (218) 
Fiberdux 920 12.36 99.1 

American Cyanamid (2889) (224) 
BP/907 12.71 101 

U.S. Polymeric (3205) (253) 
#2 14.10 114 

Nannco Xl114 Tl199) (316 ) 
14.95 143 

American Cyanamid (3121) (199 ) 
BP-982 13.73 90.1 

Ciba Geigy (3852) (243) 
#lM 16.95 110 

Narmco X-107 (3553) (246) 
15.63 111 

American Cyanamid (3131) (248) 
BP-919 13.7.8 112 

_._J _._ J __ J J __ . J ____ .J .J 

TABLE 4 
RHEDr1ETRIC I~'PACT PENETRATION TEST RESULTS 

76.2 tVNin 
(3000 Inches/Minute) 

8 Ply (0, + 45°, 90°) Thorne1 Fiber Pattern - - s 

YIELD 
ENERGY 

ABSORBED, LOAD, 
DE FL ECTI ON , (IN LBS) (POUNDS) 

(IN) mm JOULES Kg 

(0.12) (9 A) (8) 
3.05 1.06 3.6 

(0.16) (23~.9) (37) 
4.06- 2.70 16. ~ 

(0.11) (9.05). (37) 
2.79' 1.02 16.7 

(0.12) (19~.~) (11) 
3.05 1.22 5 

(0.12) (13.9) (11 ) 
3.05 1.57 4.9 
(0.21) (36.2) (0) 
5.33 4.09 0 
(0.14) (14.2) (27) 
3.56 1.61 12.2 

(0.12) (1L~) (19) 
3.05': 1.35 8.6 
( 0,.15) (18 .. 5) (27) 
3.81 .- 2.89 12.2 
(0.13) (13.1) (3) 
3.30: 1.48 1.3 

TOTAL 

DEFLECTION, 
(IN) 
mm 

(0.56) 
14'-22 

(0.55) 
13.97 

(0.55) 
13.97 

(0.56) 
14.22 

(0.55) 
13.97 
(0.57) 
14.48 
(0.50) 

12.J 

(0.57) 
14.48 
(0.56) 
14.22 
(0.52) 
13.21 

J .. _.J _ .. J __ .J J_.J .' J _ .. J 

ENERGY 
ABSORBED, 
(IN LBS) 

JOULES 

(41.0) 
4.63 

(81~ 3) 
9.42 

(60.0) 
6.79 

(64'.7) 
7.31 

(~7. 7), 
7.09 

(88.9) 
10.0 

( 53.3 ) 
6.02 

(70.4) 
7.96 

(~7~ 6) 
6.73 

(56.6) 
6.39 

- ) 1 
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Flexural strength and modulus was calculated as the arithmetic 
mean for a minimum of three specimens. 

3PL Flexural Strength = 2bd2 

Flexural Modulus of Elasticity = ~~~3 

Where: P = The ultimate failure load in Kg (pounds to the 
nearest Kg (pound). 

L = The span length in cm (inches) to the nearest 
.13 mm (0.005 inch). 

b = The specimen width in mm (inches) to the nearest 
.025mm (0.001 inch). 

d = The specimen thickness in mm (inches) to the nearest 
.013mm (0.0005 inch). 

M = The initial slope of the load-deflection curve in 
Kg/meter (pounds per inch) to three significant figures. 

The span to thickness ratio was 32 + 2 to 1. 

FIGURE 6. FLEXURAL SPECIMEN 
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Short beam shear strength was calculated as the arithmetic 
mean of a minimum of three specimens. 

Horizontal Shear Strength = ~d 

Where: P = The shear failure load in Kg (pounds) to the 
nearest Kg (pound). 

b = The speicmen width in mm .(inches) to the neal'est 
.0254mm (0.001 inch). 

d = The specimen thickness in mm (inches) to the 
nearest .127 mm (0.005 inch). 

The span to thickness ratio was between 3 1/2 and 4 to 1. 

FIGURE 7. SHORT BEAM SHEAR SPECIMEN 
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t 
~ ~ 

--I1r,~~U~ 20 cm ld crY) 

,t 

STEEL. LQA.D ~DS (TYP) WITH 
~UBaE:R BETWEEN THE PAP 
AND~ 

METAL. 5k:IN - TENSION TE6T 
~pl-lrr~/EFOXY Sl(IN - COMPRC::~I~ 
-rEST 

I .. \.O.0i50").1fO,m~ t--1. (e.o") -t-/4.0. "); 
, - l r I _I~" ALUMINUM HONEYCOMB 

~ ~ ~I~~::!:!::!:~~~~~==:!:::!:!::!:=:!::::~~~ ~~4~XY S"'N-

8
m - I Me.TAL.. 6""N - COMPR.ES6I~ 
I : 12~.:rt.3~511. (2J:),d') ~1-resT 
~ .0":tO.05) P/2 ~o ern P/2 .075" TO 1.0") 

\I ) • ('2.'2..0":t 0.125) 2. To :2S mn"'l 
I.~ 1'0.1 + 

5~c.m - 3.17rT1rY) 3cm:t2.Smm 

NOTES: (l) Metal skins were 25.4mm (1.00 inch) wide, 3.17mm (.125 inch) thick and 
55.gcm (22.0 inches) length and made of 4130 steel hardened to a minimum 
of 9.64xl0 8N/m 2 (140,000 psi). 

(2) The honeycomb core was 38mm (1.5 inch) thick 5052-H39 nonperforated 
3.17mm (1/8 inch) cell, .152 mm (0.006 inch) foil gage aluminum. 

(3) Composite skins were 25.4mm (1.00 inch) wide, .76mm (.03 inch) thick and 
55.9cm (22 inches) long. 

Longitudinal tensile and compression strength and modulus of elasticity were calculated 
as the arithmetic mean of a minimum of three specimens. 

St and Sc - Tensile Strength and Compressive Strength = bd(2dt~~-dS) 

= (St or Sc) M 
P Et or Ec - Tensile Modulus and Compressive Modulus 

Where: St = Ultimate tensile strength. 
Sc = Ultimate compressive strength. 
P = Ultimate failure load in Kg (pounds) to the nearest Kg (pound). 

L = Moment arm between applied load and reaction support. 
d = Specimen thickness in mm (inches) to the nearest .0127mm 

(0.0005 inch). 
b = Specimen width in mm (inches) to the nearest .0254mm (0.001 inch). 
dt = Overall thickness of sandwich in mm (inches) to the nearest 

.254mm (0.01 inch), measure at the center. 

ds = Thickness of the steel facing in mm (inches) to the nearest 
.254mm (0.01 inch). 

Et = Initial tensile modulus. 
Ec = Initial compressive modulus. 
M = The slope of the load/strain curve at the straight line 

portion nearest the origin in Kg per meter per meter (pounds 
per inch per inch) to three significant digits. 

FIGURE 8. SANDWICH BEAM TENSILE AND COMPRESSION SPECIMENS 
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Quality control tests for each panel include resin content determination by 
using the hot nitric acid digestion process and calculation of % void and % 
fiber volume. 

A summary of all thick laminate quality control tests is presented in Table 6. 

2.5 TASK 5 - DISCUSSION OF TEST RESULTS 

Discussion of results for tests conducted on candidate tough resin systems are 
presented below. Twenty-three different resin systems supplied by seven 
different manufacturers were tested. Three material systems were tested at 
hi gh and low res in content and one materi a 1 had a second batch tested to 
verify the fi rst batch test results. In all, a total of thi rty different 
panels were evaluated during the course of the program. 

2.5.1 Thin Laminate Impact Vs. Resin Matrix Properties 

The thin laminate impact study is based on the Gardner Impact Test results 
reported in Table 3 and in Appendix 1 and the Rheometric constant speed impact 
penetration test results reported in Table 4 and Appendix 3. 

2.5.1.1 Gardner Impact Specimens 

The criteria. for evaluation of the Gardner impact results are: 

a. Level of impact - (inch pounds) joules 
b. Visual evidence and extent of front surface damage. 
c. Visual evidence and extent of back surface damage. 
d. Area of internal damage recorded by C-scan NOT. 

Almost all of the materials evaluated proved to have superior thin laminate 
impact resistance compared to the baseline Narmco 5208/T-300 material. This 
was an encouraging result and verified that the material suppliers do have the 
technical knowledge and capability to improve the toughness of current 
composite materials. The amount of visible damage from the Gardner Impact 
Tester is recorded for both the impact side and the back side of each impact 
panel in Appendix 1. Appendix 1 also includes a record of the C-scan 
recordings of internal damage and other detail information on resin and 
laminate properties. Figures 9, 10, 11 12 and 13 show the visual evidence at 
2x magnification of damage on the back side of the Narmco 5208/T-300 material 
and four "toughened" materials. Note that all of the toughened systems 
exhibit much less visible impact damage. In every case the visible damage is 
more extensi ve on the back side than the impact side of the panel as recorded 
in Appendix 1. 
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TABLE 6 

48 PLY IMPACT PANEL QUALITY CONTROL TESTS 

RESIN VOID FIBER 
MATERIAL CONTENT-% CONTENT-% VOLUME-% 

American Cyanamid BP-907 30.2 1.2 61 
U.S. Polymeric #1 27.6 0.6 64.5 
Narmco 95995 37.6 0.6 54.4 
Air Logistics #1 33.9 3.1 * 56.8 

Ciba Geigy #1 28.7 0.8 63.8 
Hexcel#l 32.6 -0.7* 60.5 
Ciba Geigy #2 27.6 -1.3 65.6 

Ciba Geigy #3 33.9 2.2 57.2 
Fiberite HY-E 976 29.5 1.7 62.6 
Fiberdux 920 39.8 3.0* 50.9 
Hexcel #2 34.1 2.4* 57.0 
Ciba Geigy #4 38.5 0.7 52.5 
Narmco Xll14 38.1 4.4* 51.8 
Narmco X-108/34A 26.6 1.0* 67.2 
U.S. Polymeric #2 27.4 1.0* 65.2 
Na rmco 5208 Slo\'l Cure 28.2 0.1 64.9 
Fiberdux 920 Low Resin 33.9 0.8 57.9 
Ciba Geigy #lM 31.0 -1.8* 62.1 
American Cyanamid BP-907 37.2 2.0 54.0 Low Resin 
American Cyanamid 919 34.4 -3.3* 60.1 
American Cyanamid 937 37.2 -1.6 56.0 
Ciba Geigy #lM 2nd 43.2 1.0* 49.5 
Narmco 107 39.3 2.3 51.8 
Narmco 109 37.0 2.4 54.0 
American Cyanamid 982 32.2 2.1 59.3 
Fiberdux 914 23.2 2.1 68.6 

* Assumed resin density of 1.267 gm/cc 
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(10 inch-pounds) 
1.13 Joules 

( 0 inch-pounds) 
2.26 Joules 

(80 inch-pounds) 
9.04 Joules (60 inch-pounds) 

6.78 Joules 
VISIBLE IMPACT DAMAGE ON BACK SIDE (0, : 45, 90)5 
5208 REFERENCE LAt1INATE 

FIGURE 9. 
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( 10 i nch-·pounds) (20 inch-pounds) 
1.13 Joules 2.26 Joules 

( 60 inch-·pounds) (80 inch-pounds) 
6.78 Joules 9.04 Joules 

FIGURE 10. VISIBLE IMPACT DAMAGE ON BACK SIDE (0, ~ 45, 90)s 
HEXCEL LAMINATE 
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(10 -inch-pounds) 
'1.13 Joul es 

inch-pounds) 
.78 Jou'! es 

(20 inch-pounds) 
2.26 Joules 

(30 inch-pounds) 
3.39 Joules 

(80 inch-pounds) 
9.04 Joules 

FIGURE 11. VISIBLE IMPACT DAMAGE ON BACK SIDE (0, ~ 45, 90)s 
elBA GEIGY #4 LAMINATE 
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( 10 i nch- pounds) 
1.13 Joul es 

(60 inch pounds) 
6.78 Joules 

FI GURE 12. 

(80 inch-pounds) 
9.04 Joules 

VISIBLE IMPACT DAMAGE ON BACK SIDE (0, ~ 45, 90)s 
BP907 LAMINATE 
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Figures 14, 15, 16, 17, 18 and 19 show cross sectional photographs at varying 
magnifications of damage caused by impact blows of 3.39 joules (30) and 9.04 
joules (80 in pounds) to Narmco 5208, BP-907 and Ciba Geigy #4 eight ply 
laminates. 

The 5208 mode of impact failure, at these load levels of impact, is noticeably 
different than the "toughened" materials. In the immediate area at impact, 
photographs No. 14A and 15A, there is considerable splintering and severe 
delamination between plies of material and thru-the-thickness ply cracking of 
the resin matrix, best shown in photograph No. 14C. As we move away from the 
direct impact, photographs 14B and 15B, the failure is mainly delamination in 
the resin matrix between plies of material. At the periphery of the damaged 
area, the failure at the tip of the crack appears in the resin interface 
between plies of laminate, photograph 15C. 

The tough resin systems, BP-907 and Ciba Geigy #4, in the immediate area of 
impact, photographs No. 16A, 17A & B, 18A & Band 19A and B show far less 
splintering and minimal delamination between plies of material even when 
relatively close to the impact point. At the periphery of the damaged area, 
the failure at the tip of the crack appears in the resin matrix within a ply 
of material, photograph No. 19C. 

The C-scan NOT process has proven very beneficial in determining the extent of 
internal damage from impact. Examples of back and front side damage vs 
i nterna 1 area C-scan recorded damage is shown for Narmco 5208/T -300 and fi ve 
toughened resin systems in Figures 20,21,22,23,24 and 25. It is evident 
that the visual surface damage, front or back, does not describe the extent of 
the real amount of damage contai ned in the panel s. This holds true for both 
brittle (5208) and toughened resin systems although the extent of damage is 
less for the tough resins. 

A review of the C-scan records of impact damage at various levels for Narmco 
5208 and several toughened resins is presented in Figure 26. The extent of 
damage from impact is less in the toughened material systems. 

Aluminum 2024 T-3 alloy panels were impacted by the Gardner Equipment at the 
same levels as the graphite/epoxy laminates. The 0.98 mm (0.040") aluminum 
was the same approximate weight as the graphite/epoxy panels. Photographs of 
the results of these tests are shown in Appendix II. 

The aluminum specimens yielded under low 10 in lb. Gardner impact and made 
permanent dents in the skin. The improved graphite/epoxy materials showed no 
visual damage and only slight internal damage by C-scan examination from the 
same 10 in. lbs. impact load. 

At higher impact loads, to 100 in lbs., the aluminum skins still yielded and 
took large permanent dents, but no puncture. Most improved graphite panels 
showed broken fibers on the front and back surface and visual signs of 
puncture of the surface. 
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FI GURE 14. ~IARtlCO 52'08 :3,39 JOULES (30 HICH POU~IDS) GARDNER It1PACT 
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FIGURE 15. NARMCO 5208 9.04 JOULES (80 INCH POUNDS) GARDNER IMPACT 
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FIGUf(E 16, GP", 3, (30 I ~ICH POUNDS) GARDNER mpl\CT 
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FIGURE 17. BP-907 9.04 JOULES (80 INCH POUNDS) GARDNER IMPACT 
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FIGURE 18. ClBA I "39 JOULES (30 INCH POU~lDS) G/\RD~IER It1PI\CT 
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FIGURE 19. elBA GEIGY #4 9.04 JOULES (80 INCH POUNDS) GARDNER rr1PACT 
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Visible 
Damage 
Back side 

Visible 
Damage 
Front side 

Total Damage 
by C-scan 

None 

a) 

NARMCO 5208/T300 
REFERENCE 

None 
3.17 mm 

(1/8 inch)hole + 
broken fibers 

FIGURE 20. COMPARISON OF VISUAL IMPACT DAMAGE VS. NOT INSPECTION FOR 
NARMCO 5208/T300 FOR 3.17 em (1.25 INCH) SUPPORT AT a. 1.13 JOULES 
(10 INCH-POUNDS), b. 2.26 JOULES (20 INCH-POUNDS) AND c. 3.39 JOULES 
(30 INCH-POUNDS) 
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Visible 
Damage 
Back side 

Visible 
Damage 
Front side 

Total Damage 
by C-scan 

None 

NARMCO 95995/T300 

None Broken Fibers 

FIGURE 21. COMPARISON OF VISUAL It1PACT DAMAGE VS. NOT INSPECTION FOR NARMCO 
95995/T300 ~OR 3.17 cm (1.25 INCH) SUPPORT AT a. 1.13 JOULES 
(10 INCH-POUNDS), b. 2.26 JOULES (20 INCH-POUNDS) AND c. 3.39 JOULES 
(30 INCH-POUNDS) 
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Visible 
Damage 
Back side 

Visible 
Damage 
Front side 

Total Damage 
by C-scan 

None 

a) 

U.S. POLYMERIC TOUGH RESIN #1/T300 

3.17 mm 
(1/8 inch) 
dent 
b) 

6.35 mm 
(1/4 inch)dent + 
broken fibers 
c) 

FIGURE 22. COMPARISON OF VISUAL IMPACT DAMAGE VS. NDT INSPECTION FOR 
U.S. POLYMERIC TOUGH RESIN #1 FOR 3.17 em (1.25 INCH) SUPPORT 
AT a. 1.13 JOULES (10 INCH-POUNDS), b. 2.26 JOULES (20 INCH
POUNDS) AND c. 3.39 JOULES (30 INCH-POUNDS) 
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Visible 
Damage 
Back side 

Visible 
Damage 
Front side 

Total Damage 
by C-scan 

None 

a) 

AMERICAN CYANAMIDE BP-907/T300 

3.17 mm 
(1/8 inch) 
dent 
b) 

6.35 mm 
(1/4 inch)dent + 
broken fi bers 
e) 

FIGURE 23. COf,1PARISON OF VISUAL H1PACT DAf1AGE VS NDT INSPECTION FOR 
AMERICAN CYANAMID BP-907 FOR 3.17 em (1.25 INCH) SUPPORT 
AT a. 1.13 JOULES (10 INCH-POUNDS), b. 2.26 JOULES (20 INCH
POUNDS) AND e. 3.39 JOULES (30 INCH-POUNDS) 
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Visible 
Damage 
Back side 

Visible 
Damage 
Front side 

Tota 1 Damage 
by C-scan 

None 

(a) 

g 
:s 

None 

(b) 

5.1 mm 
(.2 inch) dent 
some broken 
fibers 

~ lel __ . 

.. 
6-" ~ -=- = 
§ § 
=- ~ 
::::- -= -= =-
~~~ 

FIGURE 24. COMPARISON OF VISUAL IMPACT DAMAGE VS NDT INSPECTION FOR 
CIBA GEIGY #4 FOR 3.17 em (1.25 INCH) SUPPORT AT a. 1.13 JOULES 
(10 INCH POUNDS), b. 2.26 JOULES (20 INCH POUNDS) AND e. 3.39 JOULES 
(30 INCH POUNDS) 
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Visible 
Damage 
Back side 

Visible 
Damage 
Front side 

Total Damage 
by C-scan 

None 

(a) 

None 

(b) 

6.35 mm 
(1/4 inch) 
dent 

(c) 

FIGURE 25. COMPARISON OF VISUAL IMPACT DAMAGE VS NOT INSPECTION FOR 
FIBERDUX 920 FOR 3.17 em (1.25 INCH) SUPPORT AT a. 1.13 JOULES 
(10 INCH POUND), b. 2.26 JOULES (20 INCH POUND) AND c. 3.39 JOULES 
(30 INCH POUND) 
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JOULES 
H~PACT - (INCH - POUND) 

Narmco 5208 

C-scan damage area (in 2 ) 
m2 

Ciba Geigy #4 

C-scan damage area (in~) 
em 

American Cyanamide 
BP 907 

C-scan damage area (in 2 ) 
2 

1.13 
( 10) 

Round 

(.26 ) 
1.69 

= 

( . 1 0) 
65 

( .04) 

2.26 
( 20) 

Round 

(.56) 
3.64 

-= 

( .32) 
2.08 

( .16) 
l.04 

~ 

=== ~ 

3.39 
,~ \ 

R \jO~ ounu 

( .82) 
5.33 

~ 

(.59) 
3.83 

( .30) 
1.95 

6.78 
( (10) 
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2.5.1.2 Rheometric Impact Specimens 

The criteria for evaluation of the Rheometric impact results are: 

a. Load at apparent yield 
b. Deflection at apparent yield 
c. Area under the stress/strain curve to yield 
d. Total area under the stress/strain curve at total penetration 

The Rheometric Constant Speed Penetration Impact machine, located at 
NASA-Langley Field, was used for these tests. The load vs deflection curve 
was plotted by the machine as the impact head penetrated the specimen at a 
constant velocity of 76.2 meters per minute (3000 inches per minute). The 
operator selected the yield point and the total penetration point to allow the 
machine to calculate the areas under the stress/strain curves at these points. 

The load and deflection at the operator selected yield point for all toughened 
material systems were, as expected, greater than the 5208 yield point. (Table 
4 and Appendix 3.) 

A study of Figure 27 data shows the superior laminate impact resistance 
properties of toughened resin matrix systems, with BP-907 as a typical 
example, compared to the standard Narmco 5208 material, by both Rheometric and 
Gardner impact tests. 

The energy absorbed at "yield" for the Gardner Impact, or area under the 
stress-strain curve to yield, is greater for the BP-907 (1.22 Joules) than for 
the Narmco 5208 (1.06 Joules) material. At total penatration, the energy 
absorbed is al so greater for the BP-907 (7.31 Joul es) than the Narmco 5208 
(4.63 Joules) material. 

The Gardner impact data also supports the conclusion that the BP-907 
graphite/epoxy laminate has superior damage tolerance or impact resistance 
than Narmco 5208 laminates. The area of damage, shown by C-scan examination, 
of Gardner impact damaged panels was less for BP-907 (0.26 cm2) than for 
Narmco 5208 (1.69 cm2 ) material at low 1.13 joules (10 inch pounds) impact. 
At high load impact of 9.04 joules (80 inch pounds), the BP-907 area of 
damage, 5.59 cm2 is much less than the 14.43 cm2 damage for the Narmco 
5208 mate ri a 1 • 

At total penetration, the Rheometric total "energy absorbed" values for all 
toughened materials recorded in Table 4 were, as expected from the Gardner 
Impact Tests, superior to the Narmco 5208. An additional example of this 
correlation is shown in Figure 28 for Narmco 5208 and Ciba Geigy #4 
materials. Note that the higher Rheometric energy absorbed value by Ciba 
Geigy #4 indicated improved impact resistance. At the same time smaller area 
damage of the Gardner Impact Test, shown by C-scan al so indicates improved 
impact stre'ngth for the Ciba Geigy material. 
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An interesting observation of the Rheometric impact penetration specimens is 
that the impact penetration hole was closed with broken fibers for the Narmco 
5208 specimens but every toughened material contained a visible hole, with 
broken fiber edges, where the impact plunger penetrated. The X-rays of the 
impacted speciments in Figure 28 show this characteristic. 

The use of the Rheometric Impact Tester has been limited to a few specimens 
for this program and the means of selecting the critical yield and total -"\ 
failure points are still in development. The equipment, with further testing 
and understanding, should become a valuable tool for the study of low velocity 
impact phenomenon. 

2.5.1.3 Potential Rheometric Impact Tester Use 

The Rheometric Impact tester can reduce the data in the plastic deformation 
area of the stress strain curve (before yield) to a kiligrams per meter 
(pounds per inch) slope - a measurement of modulus of elasticity. If the 
machine were adjusted to a slow velocity (impact) and stopped before yield or 
internal damage occurred, the data might prove useful as a Quality Control 
measure. The proper slope or modulus of elasticity function from reduced data 
would indicate certain qualities of the part such as: 

1. Proper fiber patter 
2. Proper thickness 
3. Proper processing cure cycle. 

The equipment seems to have the potential to offer a quick low cost NOT 
procedure for production Quality Control evaluation. .-... 

2.5.2 Correlation of Resin Properties to Laminate Impact Damage Area 

Neat resin tensile ultimate, modulus and % elongation were obtained on as many 
of the resin systems as possible. These resin properties were compared to the 

---

area of damage at vari ous level s of impact damage (Gardner impact) for -, 
laminates made for each of the resin systems and Thornel 300 fiber 
reinforcement. The data was plotted and the curves were obtained from a 
gene ra 1 1 east squa re best 1 i ne of fit p rog ram us i ng an HP 9825A ca 1 cu 1 ator 
plotter. 

2.5.2.1 Neat Resin Tensile Strength Vs Impact Resistance 

The resin tensile strength is not an important resin variables for developing 
laminate impact resistance as shown in Figure 29. Toughened resins with both 
higher and lower tensile strength than Narmco 5208 resin produced higher 
impact resistant laminates. 
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2.5.2.2 Neat Resin Tensile Modulus Vs Impact Resistance 

The resin tensile modulus is an important variable in the development of 
laminate impact resistance as shown in Figure 30. As the resin tensile 
modulus increases, the extent of the impact damage area increases and 
therefore the impact damage tolerance decreases. However, once the resin 
tensile modulus drops below 3.1 x 109 N/m2 (450,000 psi) there is no 
significant improvement in impact resistance. 

2.5.2.3 Neat Resin Tensile % Elongation Vs Impact 

It was observed that all of the tough resin systems evaluated had an 
elongation to failure greater than 520B. Figure 31 shows how the area of 
damage for five level s of impact as recorded on the C-scan varied with the % 
tensile elongation of the resin. There was a noticeable improvement in impact 
resistance with increased tensile elongation of the resin. However, once the 
% elongation reaches 5 or 6% there was only a small gain in impact 
resistance. Resin elongation appears to be a major variable in controlling 
laminate properties. 

2.5.3 Correlation of Resin Properties and Laminate Mechanical Properties 

Mechanical property tests (tensile, compression, interlaminar shear and 
flexura 1 strength)· were conducted on laminate panel s made with all toughened 
resin systems and compared to the basel ine Narmco 520B. The purpose of the 
work was to improve impact characteristics with a minimum or no los of 
laminate mechanical properties. 

2.5.3.1 Tensile Strength of Resin Vs Laminate Mechanical Properties 

The neat resin tensile strength does not have significant effect on the 
tensile strength of the cured laminate as shown in Figure 32. There is 
minimal effect on laminate compression and flexural strength until the resin 
tensile strength drops below 5.5 x 107N/M2 (8000 psi). Interlaminer shear 
strength ap-pears to drop as resin tensile strength falls below 
4.B x 107N/M2 (7000 psi) and raises above 9 x 107N/M2 (13,000 psi). 

2.5.3.2 Tensile Modulus of Resin vs Laminate Mechanical Properties 

The neat resin tensile modulus appears to be more important than resin tensile 
strength in controlling laminate mechanical properties. There is a rapid 
decline in flexural, interlaminar shear and compression strength in laminates 
when the resin tensile modulus falls much below 344 x107N/M2 (500,000 psi) 
as shown in Figure 33. The laminate tensile strength is less affected with 
change in resin tens1le modulus, but does show a gradual reduction in laminate 
tensile properties as the resin modulus declines. 
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2.5.3.3 Tensile Elongation of Resin Vs Laminate Mechanical Properties 

The resin tensile elongation has a varied effect on laminate properties as 
shown in Figure 34. The flexural strength remains nearly constant until the 
resin tensile elongation increases above 6%. Above this level there was a 
rapid loss of flexural strength. Laminate tensile strength increased with 
resin tensile elongation until about 5% elongation and remained unaffected at 
higher resin elongation. Laminate compression and interlaminar shear strength 
gradually reduced as the resin elongation increased. 

2.5.4 Threshold of Impact Damage 

Fi gures 35, 36 and 37 show cross. sect i ona 1 photomacrographs at 20x 
magnification for composite plates constructed using Narmco 5208, BP 907, Ciba 
Geigy #4 and Fiberdux 920 resins and impacted by the Gardner Tester at several 
levels near the threshold of damage. (The arrow shows the point of impact.) 
C-scans of the same area are shown. The three toughened systems exhi bit 
significantly less damage at all levels compared to 5208 as previously 
discussed. The majority of the damage occurred on the side opposite the 
impact. 

The 5208 laminate was damaged at very low impact levels. Cracks and 
delaminations are present at .45 joules (4 inch pounds) (see Figure 37), well 
below the damage threshold of approximately 1.13 joules (10 inch pounds) for 
the other three materials. The 5208 laminate had one interesting failure 
characteristic; the resin cracks through the plies all point toward the point 
of impact. Thick laminates exhibit the same type of failure at comparative 
low impact levels. the toughened materials did not show this type of 
failure. In general, they failed by delamination with the exception of 
Fiberdux 920, which randomly shattered at 2.26 joules (20 inch pounds) • 

2.6 VAIDITY OF LAMINATE MECHANICAL AND NEAT RESIN DATA 

The results of this program must be considered only as a starting guideline 
for desirable neat resin properties. Each material system evaluated, was 
based on a single batch of material. The cure cycles used to cure the test 
panels were carefully monitored to assure exact processing as specified by the 
material supplier. However, many of these development systems have not had 
even a start at a process optimization study. Note that even in the case of 
Narmco 5208/T-300, that a modified slow curing cycle (see Figure 38) produced 
a panel with higher mechanical properties and greater resistance to impact 
than the panel with the standard cure cycle. (See Figure 39). Thus, it could 
be expected that altering the curing cycles of other materials could also 
revise their properties. Note that in Figure 39 that 1.13 (10), 2.26 (20) and 
3.39 joules (30 inch pounds) Gardner Impact Tests were conducted using a 
15.9 mm (5/8 inch) impact head. The 6.78 (60) and 9.03 joules (80 inch pound) 
panel impact tests used a 5/8" fl at impact head. The fl at head spread the 
load over a greater area than the round head and caused the threshold of 
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a 

Narmco 5208 5.65 Joules (5 inch pounds) Ciba Geigy #4 .565 Joules (5 inch pounds) 
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b 

Fiberdux 920 .565 Joules (5 inch pounds) Narmco 5208 .452 Joules (4 inch pounds) 

c 

BP-907 .565 Joules (5 inch pounds) Narmco 5208 .339 Joules (3 inch pounds) 

FIGURE 37. PHOTOMACROGRAPHS AT 20x AT IMPACT LEVELS BELOW VISUAL SURFACE DAMAGE 

__ .J __ . J '._. J _- J - .J J __ .) . ___ .J ___ .1 _-_) _ . J J 

If.~ 
~t~tt 
~-.-.,.: .. ==--~-:::.. 

d 

a 
e 

f 



40 
min. 

Standard Cure 

___ Slow Cure 

Time 

FIGURE 38. STANDARD AND SLOW CURE CYCLE FOR NARMCO 5208/T300 
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FIGURE 39. TWO CURING CYCLES - MECHANICAL AND IMPACT PROPERTIES 
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damage to be hi gher. The impact area of damage at 6.78 (60) and 9.03 joules 
(80 inch pounds) was actually less than the 3.39 joules (30 inch pound) impact 
with the round head. 

The curing cycle time/temperature/pressure conditions used to cure the neat 
resin specimens' was always a long slow process, without pressure, and 
completely different than the laminate curing cycle. This infers that the 
reported neat resin properties are probably enti rely different than the resin 
properties in the laminates used for mechanical and impact property tests. 
One material, Fiberdux 914, from Ciba Geigy, was tested for neat resin 
properties in two different laboratores (USA and England) on separate batches 
of resin. The reported resin properties are very different as shown in 
Table 7. 

TABLE 7 
NEAT RESIN PROPERTIES - TWO TEST SOURCES 

TEST ENGLAND USA 

Tensile Strength (psi) (7,200) (7,000) 

N/M2 4.9 x 107 4.82 x 107 

Tensile Modulus (psi) (580,000) (280,000) 

. N/M2 3.99 x 109 1.92 x 109 

Elongation (%) 1.4 3 
\ 

2.7 CONCLUSIONS 

1. There is strong evidence that modification of the epoxy matrix resin 
system tensile properties can have significant influence on resultant 
graphite structural panel mechanical and impact properties. 

2. It also is evident that considerable improvement in impact properties 
can be expected with no significant loss of room temperature mechanical 
properties. In fact, a reasonable improvement in both tensile and 
compression properties, as well as improved impact resistance can be 
predicted for future resin development programs. 

3. The results of this program suggest that an improved composite matri x 
system should have neat resin tensile ultimate properties of over 
6.89 x 107 N/M2 (10,000 psi), a tensile modulus of elasticity above 
3.1 x 109 N/M2 (450,000 psi) and a tensile elongation of between 
5 and 7%. 
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4. Since no testing was accomplished at elevated temperature, humidity or 
other environments, no inference can be drawn that these materials can 
be used in their present form as a commerical product. 

5. Identification of commercial products in this report is used to 
adequately describe the test materials. Neither the identification of 
these commercial products nor the results of the investigation 
published therein constitute official endorsement, expresse'd or 
impl ied, of any such product by either The Dougl as Ai rcraft Company or 
NASA. 

2.8 RECOMMENDATIONS 

1. The more promising resin systems from this development should have some 
level of process optimization study to develop the best available 
material and impact properties. 

2. The best of these systems should be fabricated into panel s, damaged to 
various levels of impact, and tested for retained strength in tensile, 
compression and shear load conditions. 

3. 

4. 

5. 

The best of these materials should then be fabricated into panels, 
damaged and tested for propagation of damage at various fatigue stress 
levels. 

The best surviving materials should be tested after environmental 
preconditioning (temperature, humidity, aggressive solvents, etc.), 
then damaged and tested again for comparative retained strength 
properties. 

A tooling and processing concept should be developed for making neat 
resin tensile specimens that will incoprorate the same 
time/temperature/pressure processing cycle required for the final 
struct~ral panel. Only then can a true relationship between neat resin 
and laminate properties by developed. 
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APPENDIX 1 

GARDNER IMPACT DATA 

The Gardner impact results are recorded in Appendix 1 for impact energy, front 
side visual damage, back side visual damage, lie II scan and area of lie II scan 
damage and certain resin and impact panel physical properties for all 
materials tested. 
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FIGURE A-l IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING NARMCO 5208 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy - MY-720 

HARDENER Aromatic Amine 

MODIFICATION None ----------------------------

in 
VISUAL 
BACK 
SIDE 

mm 

C-SCAN 
-DAMAGE 

2.54clTI-- 1" 

~ 0 

C-SCANcm2 
DAMAGE( i n 2.) 

AREA 

COMMENTS 

OK 

.2 x .7 
. , 
I' 

5x17.8 

1.69 
(.26 ) 

OK lilts'" 
hole 
broken 
fihl>rc: 

.3 x.. 1.2 .4 Xl. 

J\\, 
7.6x3 

3.64 
(.56) 

I' 1111 I' 

5.33 
(.82) 

Splintering 

I 

OK OK OK 

.2Xl.5 .3 X .3 

vn I ,I, I' 1/" \ 

o 
~ 00 ) 

3.96 
(.61) 

Delamination and 
Some Splintering 

6.43 
(.99 ) 

II 
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OK 

OK 

1.5 
(.23) 

hole 
!:Iroken 
fibers 
1.1X1.1 

9.94 
(1..53) 

THICKNESS 1.071l1m (.042") 

% RESIN 28.0 

VOID 1.0 

& 0° CI 

1. 2X3. 7 

14.4 
(2.22 ) 

Broken fibers and heavy delamination 
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FIGURE A-2 IMPACT DAt-lAGE DATA FOR (0/~4S/90)s Lf.MINATE USING NARMCO S20S (Slow Cure) 

RESIN TYPE Epoxy MY720 THICKNESS 1.09mm (.043") 

HARDENER Aromatic Amine % RESIN __ ~2~6~.4~ __________________ _ 

MODIFICATION None VOID --------------------------
3.17cm (12S") SUPPORT 9.S2cm (3.7S") SUPPORT 
1.S8cm (SIS") ROUND 1.S8cm (S/8") RO~ND 1.S8cm(s/B") FLAT 

Joules (in-lbs 1.13(10) 2.26(20) 3.39(30) 1.13(10) 2.26(20) 3.39(30) 4.S2(40) S.6S(SO) 6.78(60) 7.91(70) 9.04{SO) 10.2(90) 

VISUAL 6.3Smm 6.3Smm 
FRONT (1/4") ( 1/4") 
SIDE OK OK dent OK OK dent OK OK 

in .~~l .3,x,1 .2 .lxl 
.~~~5 .1x.S 

VISUAL 

JL ~' \\\; ,.5L5.' 1.10.3 
BACK I I \ 
SIDE 

I I " \ 

mm OK Sx2S:4 7:6x-30.S OK 7.6x.. '.S OK 

C-SCAN 
DAMAGE 

I 

.- ._--- --- -- --- - - . 

'.54~[ 
- .0 

..-- -. - . .. _- -. :. --- . - -- --- -- - ------- ~ 

= .• - ._-- -- - - _. -- - - --- --- -, -- --.=- , -=- ---- ---- -
I 

(i n-lb ~10 :20 : 30 , 

~ 10 ~2o-i30 I60 :80 S 120 
Joules 1.13 2.26 3.39 1.13 2.26 3.39 6.7S 9.04 13.6 

C-SCAN 3.12 2.6 3.9 0 1.36 3.0S 1.04 2.4 
DANAGEcm2 

AREA ( in2) (.48) (.40) (.60) ( .00) ( .21) ( .47) (.16) ( .37) 

COMMENTS Splintering and Cracks in 0° direction - Broken fi~ers & delamination. 0° cracks 
delamination some delamination Heavy splintering at 13.6 joules (120 in lbs) 

-
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FIGURE ~-3 IMPACT DA~~GE DATA FOR (O,/!45/90)s Laminate Using Narmco 5208 (Resin Rich) 

RESIN TYPE Epoxy MY720 

HARDENER Aromatic Amine 

MODIFICATION ~N~o~ne~ ________________________ __ 

VISUAL 
BACK 
SIDE 

C-SCAN 
-DAMAGE 

in 

2.54em [' 

COMMENTS 

3.57 
(.55) " 

4.61 
(.71) 

Heavy splintering and some I Delamination, some 
delamination sp1 intering at 3.39 (30) 

10.2 
( 1. 57 ) 

Broken fibers and heavy 
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THICKNESS 1.12 (.044") 

% RESIN 29.9 

VOID 0.10 



FIGURE A-4 IMPACT DAMAGE DATA FOR (0/!45/90) LAMINATE USING NARMCO 5208 (Resin Poor) 

RESIN TYPE Epoxy 

HARDENER Aromatic Amine 

MODIFICATION ____ N~o~n~e ______________________ __ 

VISUAL 
BACK 
SIDE 

C-SCAN 
-DAMAGE 

in 

2.54<m [' 

C-SCAN cm2 
DANAGE 
ARE~in2) I (.21) (.61 ) (.72) 

COMMENTS 

_ .. J ' .... J 

Delamination and 
sp1 intering 

. ___ J._ .J , __ J 

OK OK 

(.15 ) (.45 ) 

1/4" 
dent 

( .97) 

Delamination and slight 
sp1 intering 

... J ._ .J J .. ' J 

THICKNESS 1.02.mm (.040") 

% RESIN 24.6 

VOID __________________________ __ 

OK OK 

. (.OC} (.23 ) (1.69 ) 

Delamination and broken fibers - some splintering 
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FIGURE A-5 IMPACT DAMAGE DATA FOR (O/!'45/90)s LA~lINATE USING NARMCO 95995 RESIN REFERENCE PANEL 

RESIN TYPE ____ ~E~p~o~xLy __________________ ___ THICKNESS 1.Q4 mm (.041) 
HARDENER Aromatic Amine % RESIN 32.7 
MODIFICATION ________________________ ___ VOID ,3 

Broken 
OK OK fibers OK OK OK OK 

in .2x.8" .3x2 .7x2 .4xl.7 
VISUAL .5xl.4 
BACK 

, . l~ 

SIDE 

I C-SCAN 
DA..\1.AGE 

2.54cm r-- 1" 

a 

C-SCANCJDJ 1.36 1.95 3.70 0 a 4.09 a 9.1 11 .37 DAHl\GE 
(.00) (.00) AREA in ( . 21 ) (.30 ) (.57 ) (.00) (.63 ) (1.40) (1.75) 

C01-llmNTSI Internal delamina- Delamination Very heavy delamination, slight spliners, numerous 
tion and splintering broken fibers, severe 90° cracks 

1 
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FIGURE A-6 IMPACT DAMAGE DATA FOR (0/~45/90)s LAMINATE USING NARMCO X107 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy Bis Phenol A THICKNESS 1.22mm (.048") 
HARDENER Non-Aromat i c Ami ne % RESIN 29.8 
!>10DIFICATION El astomers 

~~~~~----------------
VOID 1.5 

3. l7cm (125 11 SUPPORl 9.52cm (3.75")SUPPORT 

JOULES Ci n 1 b \ 
1.58cm (5/8 11 ) ROUND 1 .58cm (5/8 11 ROUND 1.58cm 5/8" FLAT 

/.13(10) 2.~6(20) 3.~<J(30) I.I~(IO) 2.-u,(20) 3.39(30) 4.52(40) 5.50(5'0) ".18(60) 7.QI(7o) Q.04(so) 10.20(90) 11:30(100) 13.60(11D) 
I. Ycm 1srJ\,m VISUAL 3.17mm (.75

1

' FRONT (l/8
I

' crack hole 
SIDE OK OK dent OK OK OK OK 90° 0° 

cracks 
in .1 x. 5 .3x.5 . 5x.l .5 11 - .1 x.8 .8x.5 1 .2xl 

VISUAL - - crack - - .-i----- - . 

~~: 
\ 

\ BACK 

r ~ \ 
tf1 "'---J \ ! -.' .' 

- . 
/ SIDE , . .. ) / OK OK 
Cr-- I 

mm 2.5~rz..7 7:b){12.7 12.7"2.5 12.1 12 .S)C -20.3 '20.3.1<1'2..7 30.S x 25.4 -
C-SCAN 
DA.\1AGE 

11\\ \iilll\~'ilili ill\II'\! Ili\i! \ \l~ IliiH:J [~I~~! ~~ii \ II \ 1I"IIi ! !II ! \11111111 ill!'i'!!!!':li i'il! 1IIIIIIIIIIIIIImlilllllil!~lllllil~lli III'IIII!I ! mli!:iilmij!JWllmi!!![jiil~!llil!l~ii 
2.54cm ~ 111 lI'"q, ,"III "II!)",,';:"'" '.;, 'l'III'; I 1" ''i'' III 1".11;0;'1" 11 '1' I q'Ii'''' illl ., ''':','/'''11':; 

'! ijlllllll\111 !11\1111 ii!1 ,! 11111 i,' :i II ill ~Iil 1\;li i I II! I ill, i i 1\ iii! iii!! 1 III ii/!Jiiill~., i iilll!II'1 il i II II ill '" ill I II iii !il:H '. "iii !J' " 1'1 iii il!!~ 
1\ !"I:I',:III[\,:, , 'll l\III!1I;11:!":;' ~i!!l\1 ili'll! ~!I i~'1i "ill \ II!ll"" "'I! I 1~1i\I~lilil~il~1 ['1 1

1111 "'11\1111111 I! iii!il", "I
I
:li/iltl" {I j' 

'1'1 '"Iii' I I I , "I!":'''''' . ,>III '11 ".. · , , .1"'1' J "I I I I,: 'I 'i "III'" """" Ii I ' 
~o Ii M!I, i I'! I\I\I\\\\I! ! 11\ \1 il~miilWi.'l !lilllil!ll ! ill ill iMlh.,'111 i I :It!!i~1 \111 :liJI;!;I' il:l~ iii i i: I1I1I 'III illlllil~III~,11 l'llllln. Ii llllil~!i:I!f:i~i!II:!li:lilil' i!ll'I!,i:i, 

10 I • \ II I 30 ii:;"; :~:. lOll I I i 111\ 30-!'! i 50::11 lii.\ i 1\: 60 I I : 'f Ii I II !I o! l.:,: ilii ll : I' ::::: i I ,'iiI: (i n 1 bs) ..ll.t20 ilill 1.!1t ,II ;",:" 1.. .... 1 ~:II : ,.1 20 IIIIIL! ,111 .. lIull.l!,! <!," .,t:! .1" i 1111 L,,,,,,!, 111'!lh!lillnlll~ III i 1111111111 !1,8.~ltliii;1!:;:I:li~i:itl:!!I!mll 
Joules 1.13 2.26 3.39 1.13 2.26 3.39 5.56 6.78 9.04 . 

C-SCAN::mL .65 1.5 2.4 0 1.5 2.66 0 7.47 7.41 I 

DAMAGE 
AREA( in2) (.10 ) (.23 ) (.37 ) ( .00) (.23 ) (.41 ) ( .00) (1.15 ) (1 .14 ) 

COl·1UENTS Broken fibers and 0° cracks Broken fibers and delamination 
delamination slight del am. at 

3.39 joules (30 
in 1 bs) 

-__ J -___ J ______ J __ J -___ J ___ -_J __ J .. _J ._._J_ .. J "-- ,..---
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FIGURE A-7 IMPACT. DAMAGE DATA FOR (0/+45/90)s LAtUNATE USING NARr,1CO X108 RESIN REFERENCE PANEL . 

RESIN TYPE Epoxy - Bis Phenol A 

HARDENE~ Aroma tic Ami ne 
MODIFICAT ION .!:::E~l aa.:s:!Jt~o!.!.!.!mlEe.!....r ________ _ 

JOULES(in lb 

VISUAL 
FRONT 
SIDE 

in 
VISUAL 

OK 

3.17 m 
(1/8" ) 
dent 

dent 
broken 
fibers 

Crack j' • 3xl .5" .4x1. 5 

long :,i ., \ BACK 
SIDE 

1" I i 
1( 

mm I'2J4- 7~)<.3a lb. K'3e 

C-SCAN 
DA..\1AGE 

2.54cm 1" 

o 

.-~=§=-

,= iL 
I I§§§§;~ 

I~'--
--===-=1: 

~~~~. 

. C-SCArtm2 .91 I 1. 75 I 2.79 
DAMAGE 
AREA (. 14)1 (.27) 1(.43) 

COl-n1ENTSI Heavy spl intering -
some delamination 
and broken fibers 

6.78 

OK 

OK 

'l'HICKNESS 1.02 mm (.040") 

% RESIN 24 a 
VOID 1 3 

dent 
0° 

OK I cracks 

1 xl .2 

Jr" . L 
OK 12S:~S 

-- --= = 
.~ 
~ 

[7~01Ilii 80 

7.91 9.Q4 
o 4.68 I 7.80 

( 0 ) (.72 H (l .. 20) 

At 9.04 joules (80 in lbs) broken fibers, heavy 
delamination slight splinters 
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FIGURE A-8 IMPACT DAMAGE DATA FOR (0/~45/90)s LAMINATE USlNG NARMCO X109 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy Bis Phenol A 'l'HICKNESS l,.19mm (.047") 

HARDENER Non Aromati c Amine % RESIN 33.S 

HODIFICATION El astomers -------------------------- VOID 1.1 

3.17cm (12S") SUPPORT' 9.52cm (3.75")SUPPORT 

1.S8cm (S/8") ROUND 11.58cm (S/8") ROUND. l_!1Arm (!1IA"\J:"IAT 
JOULES( ; n 1 h 1.1'3(10) 2.'2.0(2.0) 3.39(30) 1.13(10) 2.2h(20) 3.i9(~) 4.5"Z~-s,sMSo) b.'S(bO) 7.91("10) Q.04(eo) 110.20(90) \l1.~(IOO) "3.l10(120~ 

, I I I l 
VISUAL 3.17mm 3.17mrr 3.17mm 1.S8cm 
FRONT (1/8") {lIS") (l/B") (S/8") 
SIDE OK dent punc-'; OK OK dent OK 'dent 

ture 

in .2x.2 .3x.6 .Sx.6 .3"90° .1 xl 
VISUAL crack --' 
BACK 

:'~, ~ ./~ SIDE 
I I 

r--

~ 

mm 15.1 x5,' 7.10 x 15.2 '2.7xI5.2 OK 7.fo 
'I' 

$xis.4 

C-SCAN 
DAMAGE 

2 • S4cm~'" III II! II' !I! r II' III II Ilillllll[~llllllilill~I:111~\I!:I\\1 ~I 
IIII I i\ I, .. I \1\t\:.I\il"II\.:i ii',l 
II II :\1 1 . ; q'~:I,q'!!;1 I: iii,!;' '1l,1 ;1 
! 1 III \1 ... " H,t': ;i:\' I: ~l:!: 

I ,04"" I' ., ~ , ~l II II;.' t ' I 

L- 0 'ill III 111111."1 \' II ' Illilll 1'11\ '\ '\I\ll\l~i!'\:I:\li 1,\,,1\: IIII~ 
(in 1 bs) I, ~,O I I.~O 1111 1 30 \ \ \ i ,1,?.\ :IUn :~,?" 

\1111111 

, III lp: 
I "II\~ I! 

. "\\1 1\\ \1 

, 11~1"hl\\\\\\\\\ 
Jou1 es 1.13 2.26 3.39 1.13 2.26 3.39 

C-SCAN,CnfJ .39 I 2.01 
DMlAGE 
AREA ( i n 2 ~ 06 ) (. 31 ) 

2 • 6 I 0 I· 84 I 2 •7 
( .40) (.00) (. 13) (.42) 

OK 

lllllWIiI!lilllil~ !li.liJ!illlli! lUll 
';!il'ttti1f' fllllj 
ill l!'ijilt i ill I II:.", 1 'I 

j
l.h!j!lil!!! il 

'. :13:11'.11:. \11.:1 !' , 'I; a ~ I i ~ l 
j'l!iT i :·!! 

\lliLlllil'!'.ILII,I!11 
!,!!!, Iltl'I" 

\

' , •• I" 'I
g
' I". I.: 

It: ! a; '\ 60';11 hi. 1, .. ,.Il11oilll 

6.78 

o 
(0.0) 

1 • Sx.8 
, . 

~l\ 
., .. ~ 

~a)<. 20.3 

'11111\i\111111IIilIiUIII1111!1111111\ I I \II! 111111111111 .... 

. 1\ ,i.",li !I dIIIIIIW" 
II ",11111111' ' !II" 

1
,11111 ' , 

I 11 .' jill 
11 II 'li'll' i I 'I ' 
80 I i !\ II' I I" 111' Ii Ii 'I : 

""",,/ 1III !ll!~illlltlIIHlIIIHlt!tllllll,llllllt 
9.04 

9.94 

( 1. S3) 

com.mNTSI Delamination and 12.26 joules(20 in lb)1 Broken fibers - some delamination 
broken fibers broaken fibers 

3.39 jou1es(30 in lb) 
delamination 

. __ J . __ J . __ ....J ___ J . ___ J ___ .J ,_J , ____ .J . __ ~J ,J ____ J , .. ,J _,_ . .1,_, J_-~r---:---r---r- -- J J 
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FIGURE A-9 IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING NARMCO Xll14 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy - Bis Phenol A THICKNESS 1.27mm (.050") 
HARDENER Non-Aromatic Amine 
!-10DIFICATION Elastomers - ~1ax. 

3. 17 em 
1.58cm 

JOULES(in lb)r..I~(~) 

VISUAL 
FRON.T 
SIDE 

VISUAL 
BACK 

OK 

inl I . 2x. 1 I . 2x.3 

SIDE 

nonl OK 
I ~ I~ 
S.I)( 2.54 5.1>< 7.6 

C-SCAN 
DA..~GE 

2.54cm ~l" 

o 
(in lbs) 
Joules 1. 13 2.26 

C-SCANCrn Z
/ • 13 / .84 

DAMAGE 

AREA (in~I(.02) 1{.13) 

3.39 

1.43 

(. 22) 

COUUENTSI No spl intering, no 
delamination, only 
damage broken fibers 

% RESIN 30.8 
VOID 4.7 

OK 

1 . 2x. 2 

~ 

OK 130.5 )CS.' 125.41<12. 

II"~IIIIIIIIIII~~II ~ 
""lIlIlIh. 

...... 11111/ 

.. ~.~:II""1111111 
5.56 6.78 9.04 

o 3.25 3.5 

( .00) (. 50) ( . 55) 

Only damage broken fibers 

. - 'J 
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FIGURE A-10, IMPACT DAMAGE DATA FOR (O/~45/90}s LAMINATE USING AMERICAN CYANAMIDE BP907 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy - Bis Phenol A 

HARDENER Latent Aliphatic Amine 

MODIFICATION Vi nyl Res i n 
--~--~~----------------

OK OK 
dent I 

I broken OK OK 
I Small 

dent /I 
fibers 

VISUAL inl I. 3xl ~I 1.6X.8 I l·lx.PI .3x.311 
BACK I SIDE 

mml 

C-SCAN 
DA.~GE 

2.54cm ,--111 

( i n 1 bs) 

'Joul es 

C-SCAN:m 
DAMAGE 

11 :t:1 OK 

• $ , 
""'\r'- " f~ 

OK 
2.5,,!Z.S 7.~~7.b II 7.b>'''25.4 Ie;. x20 

AREl(in 2 } I (.04) I (.16) I( .30} I(O.O}! (.04) 1((.20} 

COMr1ENTS Broken fibers -
slight delamination 

Broken fibers -
slight delamination 

THICKNESS 1.24mm (.049 11 ) 

% RESIN 31.7 

VOID 0.6 

I crack 
OK 

11. 3x. 71 I 1. 3x. 8 

I OK 1;:S~ "\7.8 1 133'><20 

(.OO) I L78} L861 

Broken fibers - some delamination 

I I ~ 
J __ .J _ . .J ._._._J -__ .. J -____ J ' __ .. J , ___ ..1 __ .JJ . __ .Jr-: .. _ .r-.. r- r- r-r-
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FIGURE A~ll . IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING AMERICAN CYANAMIDE 907 RESIN REFERENCE PANEL 

I 
...... 
01 
I 

RESIN TYPE Epoxy - Bi s Phenol A THICKNESS 1.17 mm (0.46") --.;...---=------
HARDENER Latent Aliphatic Amine 

1 
% RESIN 31 4 

MODIFICATION ~V~i~n~y~l~R~e~s~i~n ______________ __ VOID a 3 

3.17cm (125") SUPPORT, 9.52cm (3 75") SUPPORT 

1.58cm (5/8" ROUND 1 58cm(5/8" ROUND. J58cm 1.5/811 1='1 AT -
JOULES ( i n 1 b) /./3 (10) 2.'U. (2D] 3.39 (30) J.I:~(IO) 2.~b(2.0) 3.3q (302 4.52(40) 5.5b(SO) b.18(Eo) 1.91(70) q.o4(SO) lo.2.0(qo) 11.30(100) I?.Eo(I2D) 

VISUAL 3.17mm 6.34mm' 15.8mm 19.05x15.8mm 
FRONT (l/8") 0/4', (5/8', (3/4x5/8" hole 
SIDE OK dent dent OK OK OK OK OK dent cracks spread 

. broken broken 00 & 900 
fibers fibers 

in .2x.2 .2x.4 .7x.8 .8xl.5 '----'lc8X2 
VISUAL rj BACK ~ .. - -, 

SIDE 0 ~n, _~ 
mm 5.1xS.1 5.lxIO.'2 17.b-x20 OK OK. OK OK OK 2:>><.38 ~Sl 

;~~~~ I 111/'1' II II !: !ilill'IIIJ~ ~ 111111 JII III. ~I ~ ~ I I .' /1 Ill
i
. I1111 WI 1',",1 ,II 1'111,1111 II 1111111!IIJII!i"'~t !I'!lli 1~!IIIII;!!I!ll;II!;Hl!!li'lml 

1
111 I ;: Iii!! ~ I )\1

1 
I· ~ II . I' I, 'II ,I, I I IIIIIIII !III illl! 111,11'llrllll!1~;ii!I'l HIi' 

! . 5 4cm ~ 1 " fill ii iill~i, I II, 'Ii '~Ill I! I II Ill' 1./ " :1111~ III/! II~II' I !11\1 1

1
/1, ~i~"111 ~ I iI'lldmi;i~!I!!111I' 

II, ,. II II~" "mill I I ' I I f I 111111 til 'j' f' II Ij'!.!,1'11) 

. 1111',1":;- : ~fllll'l »'1 1 ~ I' 'I I" 111111111
11

, 1,'1'1.1 
111;":11, Illll,;III'!1 iii 111~lill'III!'li~!,III'IIII~I":':;I!:liil:~ti~i! ill I "ll!· 11/\ I . I I I It! ~ III ~ ,I'!""url'l' I, 1...-0 I ! I ~ !i 'i I ! " I I ' : I I .11' .;1. ~il!iI!!1111 

. !!,I !II ~1~11 i:I!Ii!~ I 'II!!I.'I\ ~ I, l~~o II/III I l~b',I'III!I'II'lilil:~II!!i:l':l~!'ilii 
(in 1 b 5) 110 i i !12~' ~J L 30. ,~! .10 II'?~~!II 13. I 1 1,/ 40 ,., .. ...1 L."", 1111 ,I,! Ii , I 111I ,,,,,,,,,J!,,I,IM,ldi!I!,,,..Iw,I.i,u: 
Joules 1.13 2.26 3.39 1.13 2.26 3.39 4.52 5.56 6.78 . 9~a4 
C-SCAN:Il1L .065 1.04 1 .3 .39 .65 1 .82 0 0 3.77 6.11 I 

DAMAGE 

AREA (in
2 

(.m) (.16) (.20) (.06) (.1) (.28) tOO) (.00) (.58) (.94) 

COl·1UENTS Broken fibers, No visible damage Laminate pushed through, heavy with broken fibers 
some delamination cracks spread in 00 & 90 0• Some delamination. ' 



I 
-....J 
0'1 
I 

FIGURE A-12 IMPACT DAMAGE DATA FOR (O/~45/90)s LAtUNATE USING Af.1ERICAN CYANAMIDE 919 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy Novalak and Bis Phenol A 'l.'HICKNESS 1.02mm (.040") 
HARDENER Latent Al iphatic Amine % RESIN 31.7 
~10DIFICATION El astomer ------------------------ VOID -2.8 

3.17cm{J25") SUPPORT 9.52cm (3. 75") SUPPORT 
1.58cm (5/8") ROUNDJ I.S8em (SIR") FIAT 1.S8cm (5/8") ROUND 

-<liJULEsLi n J bllJ:13_(IO) /2.2b (zo) I ~.~(~) 1.la('ol~2/D(2DlL;u'3_(~ ~U:4O)rs.5b(50) 16.1B(bO) 17:91("ro) \Q.04(eo) 11O.'2D(~) Ifi.3QltQQlI13.~~2Ql 

VISUAL 16.34mm 
FRONT (1/4") Ident 
SIDE OK dent broken 

fibers 

1 5 • 8cm (5 /8 1? 
hole broken 

OK I OK I OK II I OK I I fi ber 90° 

in.2xl" .3x1.2 .4x.12 .3x.r 1.2" 
VISUAL , t'lf H k BACK \ :)u I j c?,~ 
SIDE I U . , 

mm's-'t .... 7 . .1""5 10:.'30.. OK 7 .• ".8 ",,1 
C-SCAN lillllJ II 11!!111111111 jI' -1- . ~ \1 i 1 j~'!I'j~!\!,11 
DA.fv1AGE !II' H ! !I;I~'III\1 I ;; I'I 1.1! 

Ii' I' II I.. I" 
I Ii I. Ii ' i: I ',II 

2. 54cm.- 1" ~II 'I I~~ ,,; ii! 1111I I:: I I ~ II':!III 
lll!" ;, I 1/11111 ill' I II); I Il ,I\l\! 
'j i I'll! ;,' .In I i I 'T '" I 
I', "',11\ I, I I , 
'11"\ hit, '1' 1.11:1\1 . ;;. I I I~lll 
!! II' 'I\!'!, :\ I I 
I, I ' 'i~'! III :, 1',11 , . ,'1111 I '; '1 

~ 0 Ii! II . I il [!'Ii, Ii I II I; .. ,' Ib!1 

II,!IIII i'l Iii ill~111 111111I~ II~II' ,I~ 
C-SCANcm 
DAMAGE 
AREA(;n2 

I .. ~.?AI .' ~.o.. L~~ .. ! I I , .~.~ . .!;I l.:,?.. I Il.~.?.llllillilim 
1 .3 I 3.18 I 3.90 I .26 I 1 .36 I 2.99 

.20 .49 .60 .04 .21 .46 

cracks 

1x.5 
',,-

2S4] ~ 
Jil!llj,"~i!-~i 111'1 IT filii! r II irl!'~ljll'! Illlil~IIIIII~lll~"'ll 1\ 
:1,llllllli II I 1.1 1111.111 /\1\11 II '1,1,\ \ I 
I~IIII!~ '1/11,1 Iii! II i 
I !dlli l dilll,j II'" ",,' 
flll~ I /II II i I !, 11 II '\ ' 

IIIL!!II'I ill.!I!1 II I i l'lll ! '1111111111111111 , 11 

millll, , I11I ill! I 111111 .11 M Ii 
!1'!llli ' ~I IIi II111 I, lll'~ Ill' I ! ' '1!IITrlll'lrtlll'I' '\\I\','ll! il! ,111'11 I jl t ! II II1I I :111

1
"11 II 1 II' 

'1/111111.1 I ' I I '1I,ili ill, II illlll!'!II~IIII!I~1 !\I\1 
60 ,I II I I II! 80 1111 I, I, ,1,1 !!~\'IIIIII· HI 

........ 11 l. .' 1·1.. ....... Iii I Ir Ildl,IIII1:,j 11,1 II .1 

2,
08

1 1
10

.
85 

.32 1.67 

COl-ll1ENTSI Heavy splintering I Delamination and I Broken fibers at 9.04 joules (80 in-1bs) broke 
some broken fibers, through laminate. 
no splintering 

.. -_J . __ J . ____ J ____ l , __ . __ J . ___ J . _____ J ._.J , __ J ' ____ J-.J '-'J ____ J J J . I . I 
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FIGURE A-13 IMPACT DAMAGE DATA FOR (0/~45/90)s LAMINATE USING AMERICAN CYANAMIDE 937 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy - Bis A & Specjalty 'l'HICKNESS 1.09mm (.043") 

HARDENB~ Latent Aromatic and Aliphatic Amines % RESIN 31.7 
MODIFICATION ~E~l;a~st~o~m~e~r~s ________________ _ VOID ~ 

3.17cm (125
11

) SUPPORT 9.52cm 5~"~)~S~U£PP~O~R~T~~~~~~~~~~~~~~~~~~~ 
1.58cm (5/8") ROUND 1.58cm (5/8") ROUND. ',5fkm (~m'" I=IIlT 

JOULES (i n 1 b) 1,13UO) '2.,'2.b(2D) 3.39(?>O) 1.13(10) '2..'2.b('20) 3.39~) 4:52{40 5,56(50) b.18(bO) 1.91(70) Q,04(SO) Ilo:zo(9Q) 111.30(100) 1,3,(0(120)1 

VISUAL 1 .58cm (5/8") I 
FRONT dent dent - I:-roken I 
SIDE OK OK br:oken OK OK OK OK C k fibers and 00 I 

fl bers rac s cracks 
0° 

VISUAL 
BACK 
SIDE 

'inl.2x;1 1.5xl.2 1.7xl.3 • 3x • 2 I. 6x • 4 

,~, 

- " ,~ - -' ~Itn 
mmIS.')(2.S4112.t l<w.s 10.'0)( 53 1 OK 74:.'1(5.1 115.21<10.'2 

C-SCAN 
DA..~GE 

Joules 1 .13 2.26 

.' 

1'li'UIIIll]~ I1I1II1II1 ~ : 30 1110 
: .... '" II III ,I. ..... 

3.39 1.13 

C-SCAN:m2j.455 2.67 14.29 
DAMAGE 
AREA(in2 (.07) (.41) /(.66) 

o I .78 
(.00) (. 12) 

20 

2.26 

1.30 

( .20) 

C01-RmNTSI Broken fibers & I Delamination and 
delamination, some broken fibers 
splintering 

1 ~ 
II I 
'I I 

I 
, I 
30 

1,","" 

3.39 

.5x2 1.3xl.~ 

OK ,Z~~ () 
-a3X:!/a 

. .. i~lif:l;jll!I!!ill'ii' '1IImil~I~III"'!111 III .1
1
1, 1~11'1!lijllll!111 I~" "'ill ~~I 

ii!'I:!t\lI!I!I!!t!I:,li j IIi! I II "/'1' I Hili ,I 1/ /1,1/111 Ii Ii dll'ltli i!ihlH !I'/'j I I II J 

11 !1!111:i\I!lil\i~ii I ~il '/
1

1

11

,11 : III, . J I .I /11,1,I'j 
,! ,II 1111 !l!!!tl~ll II : 1 I I II ' I I !t,1 I!! I; IIi I" . j I 

: l'II~!II,ilr:! Ii ll,l/!l II ill~: I~l!i I I 1/ ! " iljlll 
1111I! "iljl!I;lilil~ i II iI! I : I i I~ I I 111, I il Ii 1111 'I' ,/1 'II I 

! II i ,I': ,,~, f I I. I I I . ! 
! I: r iii i : ~I:; i' Ii! I iii I 

1~~t,i::fil!I!!i!L~?lil~I~I~1 till 1II.~_?.,IJ 11!'h~:I.'I.,III~1 1,1111, I 
5.56 

4.61 

( .71) 

6.78 

9.03 

(1. 39 ) 

9.04 

Heavy delamination, broken fibers and slight splintering 
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FIGURE A-14 IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING AMERICAN CYANAMIDE 982 RESIN REFERENCE PANEL 

RESIN TYPE EpOXY Novalak & Bis phenol A THICKNESS 1.07mm (0.42") 

HARDENER Latent Aromatic and Al iphatic Amines % RESIN ?7,O 

!>10DIFICAT ION -:.:N:::.:on~e=--_________ _ VOID 0,7 

3. l7cm (125") SUPPORTI 9, 52cmC 3.75") SUPPORT 
l,58cm {5/8" ROUND I l,58cm (5/8") ROUND. '_5fkm (S/R" 1='1 AT _._._~_ 

VISUAL 6.34cm 
FRONT (1/4") dent 
SIDE OK dent b~oken OK OK OK OK 

fl bers 

in .1x.7" • 5xl" • 7xl. 3 1/2" .~~3 VISUAL 

{I \ '; ,)If crack " I' 
BACK 
SIDE 

I , , I 

' ... --- ' I, U 0011 :\ \' 
OK '. \ ' OK \ I 

mm 12. S y. '17.5 127)('25.4 \'7.Sl< 33 17.;] , 7.b'K;-~2 

g~~~~ Illl~! lli~ll' I "til I '11/1; ,I ,illl !I'~rl; l'IJ

i j!~I!lIII~llilfllI1,! 11) '1'1'111111111111 '11

1

,1; I, I, 1 I "Ill! 1.11'11111 .. '!llllll~i jl!! ill I' III r\ ltIIIIII'11l:llll· .I~~~III~~ Illijllllltl~IIII"llllllllllIr"' 
I. ~II!' I ;1 Ill! ~ ! : . I ~ I j'l I' II~ III 11: 'j'l ~llllti n. I I i '11!llll~t III I: II' i 
lUI, III I !IIP!ldIHljll!il! 'i I I .11 I: , I 1!lf'll!i'!!iliH!11111\!lill,il'tlltll!111 '!Il It 
II i . ,I! : i I IU J I, 111: I ! ,it i r ! I tIll !I! ; ~ I r 11 : !lii!' \'1" I, 

2 • 54cm r 1" I iiI:111 , iii II I ,III, ~i.i~II..: ,~Iij ill ui i til' II !III ! 11111 !II, I, 1111 iii:il~~I!lii!lili!lllil!IIIi.I,~!li!!i!I!lir~if I U.:l1im III 
I'!II' IIII '111111";111

1 'III II! I) "l~ I ; Ijllliji III!! It' 1\ II! 11!11' '1IIIrlll' I ~ Irll!jlllTljlllllll~ )!!!I'III~I!ltl!I!lfll;1!l- illle'~ I 
11\11 I III i I : . 'f Ii Il'lIll ~~I! I I ! III I I !!tli~il,III~; Illli ilmlill II! 111!1\1'111!11." ~II~ III! I I' r~ll mllllllll~ I l." 

1...-0 I:tl II!q "',!l I~ 'Ii 'II' ",I ~I' ili'il~'iII'i';'iHI\III!iliHi'i'ltll' :.11 I I m 

! Ilill.l ' , I~IIII I !i 1111111 : ,! : Ii i ! ! ij , I ,j11~~I, III~I" II' I!iilil!~ I ! 111!lil~I'1 ! tlji~lilll~II'!lr ! i~ t , Ii, I . 
( i n 1 b )llO_1112~ ~III j 1~0'!1111! ill~i!! 1111 0 I I~o IllIiulll ~III l~~ ,~~IIIIIII .Ii Ls.? ~l'llllll!l! il~ illlll:I:iiIII:liliilil L6.,~",1 I IIIIII~ ~ ~IIIIIIIIII 
Joules 1.13 2,26 3,39 ~·2,26 ~ __ .".5.5fi ·6..7R 

DAMAGE 1.95 2,73 4.87 .325 2.6 4.16 0 8.35 I I! 
C-SCAN:m2j 
AREA(in2 (.30) I (.42) \c75) I (.05)1 (,40)1 (.64) I I( .00 ) 1(1.29) 

COf.R1ENTSI Very heavy sPlinterl No splintering or I Very heavy delamination, slight spintering 
ing, some delamina- broken fibers, sur-
tion & broken fiber face delamination 

ic; hF'i'lVV 

". __ .J .. _J . __ .. J __ .J._J. J .. __ .1 . __ .. ..1 ... _.J._.J J : __ . ..1 .. J .. ..1 .. J .I ) . 
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FIGURE A-15 H1PACT DAMAGE DATA FOR (0/:!-45/90)s LAMINATE USING CIBA GEIGY #lM RESIN REFERENCE PANEL 

RESIN TYPE' Hydantoin Epoxy THICKNESS 1.09 mm (0.43 11 ) 

HARDENER Aromatic Amine % RESIN __ L2LL.6->.51-_______ _ 

MODIFICATION ~Th~e~r~m~o~p~la~s~t~i~c ____________ __ VOID - .45 

3.17cm (125 11 ) SUPPORTI 9.52cm ( 3.75") SUPPORT 

1.58cm {5/8 11 ROUND I 1.58cm (5/811 ROUND I 1.5fkm (~IRII I='lllT 
.1OULES( i n 1 b H 1.13(10) 12.2h(:z.o) 1~.?fl(BO)II.13(IO) 12.'LC:>(:z.o) 13.39(30) 114.52(40) 15.5{,(SO) 1&.78(60) 17.91(10) Iq.04(a» 10.'20(90) 111.30(100) 113.(,o{IZO) 

VISUAL 
FRONT Broken 
SIDE OK OK I Fibersl OK 

I 
in .2x1 .5 11 1.4xl .3 11 

VISUAL 
BACK 
SIDE 

mml OK 
I' )1&; 

5.1",38 10.2"'33 OK 

C-SCAN 
DA...\1AGE 

2 • 54cm r-- 111 

L-- 0 

.. 
; . 

------_._------==-= --------- ---- =:-:-

I OK 

711 
Crack -, 

:' I: 
t , 

17.8 

11 1411 II OK 
dent 

.3x..2...4" 
,'I fl 
I I ' ~ I J: 

7.(..)<. bl II OK -- ... 

----= 

-----

OK OK 

OK OK 

- -===::::::::::=== = 
----

----
- ---

11.-58'cm 
5/8") 
Dent 
Splint
ering 
1x3.7 11 

, I , 
, .....;..:Ir-

: \~. f -;.-''0., 
! : \ 
, f ' 

2s-;4x 17. e 

-----

COl-ll1ENTSI Heavy splintering - I Delamination, no 
slight delamination broken fibers, no 

splinters 

Very heavy splintering, heavy delamination, 
broken fibers 



FIGURE A-16 IMPACT DAMAGE DATA FOR (0/+45/90)s LAMINATE USING CIBA GEIGY #3 RESIN REFERENCE PANEL . -
RESIN TYPE Hydantoi n Epoxy THICKNESS 1.07mm (.042") 
HARDENER Aromatic Amine % RESIN 24.6 
MODIFICATION VOID 1.3 

3.17cm (125") SUPPORT 9.52cm (3.75") SUPPORT 
1 . 58cm (5/8 11) ROUND 1 .58cm (5/8 11 ROUND 1.58cm (5/8"\ I='IAT 

JOULES ( in 1 b) /.13(,0) 2.U.(W) ~.~')(?O) 1.,3(10) 2..~ (7D) 3.~9 (30) 4.52,(40) 5.5(.(50) ":18(60) 7.91(10) Q.04(SO) IO.20(qo) 11.00(100) 1~.60(l20) 

I 
ex> 
o 
I 

VISUAL 
FRONT 6.34mm 
SIDE OK OK 0/4.11) 

dent 

in .2xl '. 3xl .5 
VISUAL 

" 
BACK ,'I) frnrIT SIDE 

mm OK 5.1 ~25.~ 7 6x38 

C-SCl\N 
DA.\1AGE 

I III 
I I 
I : 2.54cm ...-111 

I I • 

III 
I' I 
• II 

Lg 
1 ; 

(i n 1 bs) 10 20 30 
IIII ..... 0111' 

Joules 1.13 2.26 3.39 

C-SCANan 2 .845 1.30 2.34 
DAMAGE 
AREA (i n2 (.13) ( .20) ( .36) 

COUHENTS Splintering and 
delamination 

I 
I 

____ J -___ J , ____ J ___ J __ J _____ J _ J__ .1 

OK OK OK 

,---, 

OK OK OK 

, 1/1111 1I1I 'I 
I 
!' 

I .. 
III II 1 

I 

Iii Ii II 
1 

1II1 

,90 1111111111111111 
' 70 80 .... 

1111 

7.91 9.04 10.2 . 
.065 1.75 !2.99 

( .01) ( .-27) ( .46) 

No visible damage 

__ .I - J -___ J -___ J _____ J _.I 



I 
co 
-' 

I ) 1 'I '1 -I 1 1 1 )--} ,- ') 

FIGURE A-17 IMPACT DAMAGE DATA FOR {0/~45/90)s LAtlINATE USING CIBA GEIGY #4 RESIN REFERENCE PANEL 

RESIN TYPE Epoxy (Not Identified) THICKNESS 1..J9:.;,:m.:;.:m...,.:{:.-. ...;.,Q4_7_";.,...) ___ _ 

HARDENER Ali phati c Amine 

!-tODIFICAT I ON ~T..;.h~e..;...rm:.;;..o;;;.Jp~l...:;;a:;::;.s:;::;.t.;..i c"-______ _ 

VISUAL 
BACK 
SIDE 

OK OK 
some 
broken 
fibers 

C-SCAN 
DA..\1AGE 

2.54cm r-1" -~~ .. 

~ ; f 

o 

(in 1 bs) 11 10 

C-S 
DAMAGE 
AREA{in2 

== -=== =-. -==-==-

~~,IO ~ I 
~~U ~ __ 

(.32) I (.59) 

," 

% RESIN 27.5 

VOID Q,9 

OK OK 

OK I OK 

o 
(.00 ) 

.. , .. 

o 110.4 
( . 00 ) (1. 60 ) 

!10.07 

(1. 55 ) 

Delamination, broken fibers and slight splinters. Splintering, broken 
fibers and slight 
delamination 

* Two 9.04 joules (80 in-1b) impacts in same location. 



FIGURE A-1S IMPACT DAMAGE DATA FOR (0/~45/90)s LAMINATE USING FIBR~DUX 914 RESIN REFERENCE PANEL 

RESIN TYPE Multifunctional Epoxy THICKNESS 1.07mm (.('42") 

HARDENER Undisclosed % RESIN 23.5 
---------------------------

MODIFICATION Thermoplastic VOID 1.2 

3.17cm (125") SUPPORT 9.52cm( 3. 75")SUPPORT 
1.5Scm (SIS") ROUND 1. 5Scm (SIS") ROUND 1.5Scm ('5/S" )FLAT 

JOULES (IN LBS~1.13(lO) 12.26(20) 13.39(30) 1.13Clo) 12.26(20\ 13.39(3n\ 14 Ii?( 4n\ 15 .56( 50) In_ 7Ainn\ 17.91(70) 1 9 .04(RO\ 110.20(90\ hl . 30flooi13. nO(l;1('1\ 

___ J 

VISUAL 
FRONT 
SIDE 

in 
VISUAL 
BACK 

,SIDE 
__ mm 

C-SCAN 
-DAMAGE 

2.54c. [ 

(inch 1bs) 

Joules 

C-SCANcm2 

DAHAGE (i nZ) 
AREA 

COMMENTS 

OK OK OK OK OK OK 

.2 X .4 .3 X .5 .3 X .7 

OK OK 
,~-, , \ 

\ , 
, I 

17 hv17 II 

" \\'\\1 1.(' .'{ '/ 
" I I 
-, ~ , 

5.1x10_2 7 hlt"1? 7 

OK 
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1.13 2.~6 3.39 1.13 

1.17 
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2.21 
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(.00 ) 

2.26 3.39 

1.23 
(.19) 

3.1S 
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__ 1 . __ J . ___ .1 ---~ ___ J _ . ___ J __J __ J '. _J 
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, .J 

OK 
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\\ 
2.S4x10.2 

Broken 
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FIGURE A-19 IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING FIBREDUX 920 RESIN REFERENCE PANEL 

RESIN TYPE Bis Phenol A THICKNESS 1.12mm (.044") 
HARDENER A1 i phati c Amine % RESIN 31 7 

MODIFICATION _T~h~e~r~m~op~l~a~s~t~i~c ____________ ___ VOID 1,3 

OK OK dent OK OK 

in I 1.4x.3" .5x.5" I .5x.3" 
VISUAL 
BACK 

mm I 1,~I:~loK I(~, SIDE , , 

OK OK 
I 

00 
w C-SCAN I 

DA...~GE 

2. 54cm..-- 1" 

o 

Joules 1.13 2.26 3.39 1.13 2.26 3.39 7.91 9.04 

.325 11.10 1.43 .065 .65 1.56 5.39 6.6 

( .17) ( .22) ( .01) 
~. 

( .10) ( .24) ( .83) ( 1.02) 

CQl·H.fENT s I Broken fi bers - Broken fi bers & Broken fibers, long 90° cracks 
slight splintering slight splintering 



FIGURE A-20 mPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING FIBREDUX 920 (LO~J RESiN) RESIN' REFERENCE ·P~NEL 

RESIN TYPE Bis Phenol A THICKNESS 1.09 nun (.043")" 

HARDENER Al jphatic Amine % RESIN' __ ~2~9~12~ ________________________ __ 

MODIFICATIONT ~h~e~m~op~l~a~s~t~ic~ __________________ _ VOID 0.5 

3.17cm (125") SUPPORT _ 9.52cm (3.7S")SUPPORT 

1.5Bcm (SIBil) ROUND 1.58cm (5/8") ROUND 1.58cm(S/8" )FLAT 

JOULES (IN LB) 1.13(10) 2 .26( 20) 3.39(30) 1.13(10) 2.26(20) 3. 39( 30) 4. 52( 40) 5.56(50) 6. 78( 60) 7.91(70) 9.04(80) 1 Q .20(90) 11 30( 1 nn 13.60(120) 
3 11mm 6 35 0.,)0)11111 ," . . 1.5Bcm ].5Bcm 

VISUAL '11" • II nun . 1/4")den. SIBil) 'SIBil) 
FRONT (lIB) (1/4 ) broken - \: 
S IDE OK dent dent OK OK f'b OK dent dent 90 

, ers crack 

in .2x.l" .4x.3" .5x.5" .2x._4" .4x.4" 1.5xl.0 1.5xl.7 

VISUAL ' - "', - -', U<". 
BACK ~ '+.'~ J ~"J M';-.., F" " 

SIDE /'V' L.· _ '- / _ \, ., . _ Y I I : ' 

nun 5.1x2.5 10.2x7.6 12:Tx12.7 OK 5.lxlO.210.2xlO.2 OK 38x25-.' 3S-x43:2 

C-SCAN 
- DAMAGE 

. l= -.- -
===', - \ = . 

_0 _ _ _ _ - -_ ----- ----- - _ I 

o ~~c~ --- __ . _~ -- "- - --~~_-~_ ..j , 

(in lbs) ~10 ~O ~30 ======~10====~20 ,130~j60~'~70 '~80==- ~. -=='=-==9 
Joules 1.13 2.26 3.39 1.13 2.26 3.39 6.7B 7.91 9;04 

C-SCAN cm 2 .195 1.43 2.27 0 .45 ·1.49 0 4.B7 4.Bl 
DAMAGE ( 

AREA(in2) (.03) (.22). (.35) (.00) (.07) (.23) <'00) .75) (.74) 

Broken fibers and Broken fibers, delamination Broken fibers and heavy delamination 
COMMENTS delamination at 3.39 joules (30 in lb) 

. -B4-

_.-----' __ ._J _ .. J .J __ J ____ J ._l .... _._1 . __ ....1 . __ J .. oJ . __ .1 ._J ... .. 1 I_I I 
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FIGURE A-21 IMPI\CT DAMAGE DATA FOP (0/!45/90)s LMlINATE USING U.S. POLY #1 RESIN REFERENCE PANEL 

RESIN TYPE Bis Phenol A 

HARDENER S~ecialty 8rQmatj~ 8mlne 
MODIFICATION Elastomers 

dent 
broken OK dent fi bers 

in • 2x. 1 .3x.2 .4x.7 
VISUAL 

. \', BACK 
~ J..rl: SIDE r---
\ 

- .!' 
tXl7.s 

I 

C-SCAN 
DA..~GE 

2.54cm 

0 

(i n 

Joules 1.13 2.26 3.39 

C-SCANanL .58 .84 1.75 
DAMAGE 
AREA (in 2 ' (.09). (.13) (.27) 

COl-R-1ENTSI Broken fibers & 
delamination 

3.17mm 
0/8") 

OK OK dent 

• 2x.l .4x.6 

I,", - \ 
"--- "D~I 

OK 
, - .. 

5.1><.2.5 10.2>< 15.2 

1.13 2.26 3.39 

.065 .52 1.49 

(.01) (.08) (.23) 

Broken fibers and 
delamination 

'l'HICKNESS 1 .02mm (.040 II ) 

% RESIN ?4 h 

VOID , -~ 

dent 
broken OK OK fibers 

1.5x.5 

-':\ ./"y '-, -----1 
OK OK 36><. 1'2:' 

5.56 6.78 9.04 

0 .19 
1

6
•
95 

(.00 ) (.03 ) 0.07) 

Broken fibers and aelamination 

-J 
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FIGURE A-22 IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING U.S. POLY #2 RESIN REFERENCE PANEL 
RESIN TYPE Bi s Phenol A THICKNESS 1.02Jllm (.040") 
HARDENER Specialty Aromatic Amine % RESIN 24.8 
t-lODIFICATION El astomers ------------------------- VOID 0.9 

3. i7cm (125") SUPPORT 9. 52cm( 3. 7 SII} S_UPPORT 
1.58cm (5/811.) ROUND 1 58:m (5/8" rlOu~m 1 !lf1c-m (!i/R"' 1=1 J!.T . 

Jou1esCin lb) 1.13(10) 2.26(2.0) lS.'!9lao) '.13(10) 2.'Zb(20) lS.~9 (ae) 4.5'2(40) 5.5~(50) 6.1B(~) 7.91(10) 'l.04(ao} 10/20(90) 11.30(100) 1~.60(r2.0) 

VISUAL 3.17mm 1.58cm (5/8") 

FRONT (1/8" ) hole broken 
SIDE OK OK dent OK OK OK OK OK fibers 90° 

broken - crack 
fibers 

in .2x1" .4x1.2" .1 x.l .9xl .1 VISUAL , 

+ ,:' ~I~ BACK -

'*' 
SIDE "'" 

OK \ I . , OK OK OK OK 22~S)(\2 : mm S.I,X25.4 IO.2X~.S 2.5~2.5 

C-SCAN --
DA..~AGE -- ! 

I -~ ~ - - ---2 .54cm r--l" - - -------< - ---I ; -- -- --- -- - j -=- --== - - -. - ----- -- --- -=--== - . . --- - - -- _. -- - ---- -- -- - - -- - ---- - --- -- --- - ---- -- ---- - -- -- ---- - - -- .:.. - -- - - -- --'--0 . - ---- - ----- - -- ------ - .-- -- . --------'-- -- -. : . -' --. . . 
( in 1 bs) :10 =~20 -:30 ~ 1 0 ~20 ';30 :60 : 70 :80 '-=- . , 

_. . - .---. _. --

Joules 1.13 2.26 3.39 1.13 2.26 3.39 6.78 7.91 9.04 
C-SCAN:m2 1.10 1.82 1.69 .52 1.23 .455 9.68 7.67 
DAMAGE 
ARE/( in2) (.17) (.28) (.26) (.08) (.19) (.07) in .49) 0.18 ) 

COl-1UENTS Delamination, some Undamaged Broken fibers, no splintering, delamination at 
splintering and 9.04 joules (80 in lbs) 
broken fi bers 

-

___ 1 __ . .1 __J . __ .I . ___ 1 .. ____ 1 . ___ .1 . ___ J .. __ J .. __ J . ___ J _____ .I :_._J , __ .I . __ 1 I 

, 
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FIGURE A-23 IMPACT DAMAGE DATA FOR (O/~45/90)s LAMINATE USING HEXCEL #1 RESIN REFERENCE PANEL 

RESIN TYPE Bis Phenol A 
HARDENER Di cyandi ami de 

HODIF ICAT I ON .... E,.J.1,g.as;;a..;t""'omml-'"e,Lr ________ _ 

VISUAL 
FRONT 
SIDE OK dent dent OK OK 

in .3x.211 .3x.3 11 .4x.411 .4xl.01l 
VISUAL ,-. 
BACK , - - • ~. ~ 
SIDE I~ ~-:r:-:: . ~ \ If ( 

mm OK 1.'" )(.S.1 7.6x.7.'=> OK lo.2XIQ2IO,2X25.4 

THICKNESS 1.09mm (.043 11
) 

% RESIN 28.8 

VOID -1 0 

11.30600) 113.~(IZO) 

OK 1 OK 

1.lx.711 

OK OK 
(7 

2.8)( \7.8 

~ C-SCAN 
DA.."'1AGE 

2.54cmr-lll 

o 
(in lbs) 

Joules 11.13 2.26 

c-scANan21 .52 11. 1 0 
DAMAGE 
AREA (i n2 (.08) (.17) 

3.39 

2.01 
( .31) 

COl.1UENTSI Broken fibers -
slight splintering 
but no spread, 
sliqht delamination 

1.13 2.26 

.4551 2.861 2.86 
.07) (.44) (.44) 

, 

Broken fibers and 
delamination -
sl i ght spl intering 

3.39 5.56 6.78 

111~.~Hljllllllmllllllllllll!llllllllllllllwmllllij 
1\11 . 
II " ". r 
',mJI'1 ~ !! I 
1 .. ~2 ... 1 !~lllllllhtlmlmlllm~lllilllllllll . 

9.04 

9.94 ( 1. 53) 

Broken fibers, crack propagated 0° 
no splintering, no delamination 



I 
(X) 
OJ 
I 

FIGURE A-24 IMPACT DAMAGE DATA FOR (0/~··45/90)s LAMINATE USING HEXCEL #2 RESIN REFERENCE PANEL 

RESIN TYPE Bis-Phenol A THICKNESS 1.14mm (.045") 

HARDENER Dicyandiamide % RESIN 28.9 
MODIFICATION Elastomer VOID 1.5 ------------------------------

3.17cm(125") SUPPORT 9.52cm 13 ni"} S-.U.E.E.ORT 
1.58cm 5/8") ROUND 1 .S8cm (5/8") ROm!n 1.58cm (5/8") FLAT 

Joul es ( i n _lhl '.I~(IO) 2.7b('2.I:J) ~.~('!IO) 1.15(10) 2.'26~) ~.~9(~) ~51(401 5.5~So2 (..78(60) 7.'31(,0) q.04-Cso) IO.20(~) 111.'30(100) 13.60ii20) 

VISUAL 1. 58cm (5/8") 
hole cracks FRONT prop. 0° & 90° SIDE OK OK 

in l"crack . 2xl .2 , 1 xl .5 I 
VISUAL 0° 1r - - "--
BACK 

':'1 Vll; SIDE 

mm 25.4 15 lx30.!i 
25.4x38 

C-SCAN .' 
" '. D.A!>1AGE j" 

2 . 54cm r-- 1" ! 

--: ;' 

; = - ---- --- --- -- -- -- --- ----- -- - .. -- --- - - -- ---- -- .... _- -"-- 0 - -- --- -_. 
;' - - -- -.=. : -

I - --- ------ - - --
ti 30 

- --- - --. -
(in lb) ~ ,. 

~ 90 ~30 

Joules 3.39 3.39 10,2Q 
C-SCANan~ .5.2 l.95 ! 9.68 DAMAGE' 
AREA( in2) (.8~ (.30 ) (1 .49 ) 

COMUENTS Blister Slight splinters, Heavy delamination, broken fibers, some splintering 
som~broken fibers 

__ ,_~ ___ J ~ __ J .,,_.1 . ___ J ... ,_J _____ J ____ '".1 _,_.I ___ .1 ____ J _,,_J ~_,J ",J . ____ ,J " ,J ,J 

I 
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FIGURE A-25 IMPACT DAMAGE DATA FOR (O/!"45/90)s LW,INATE USING FIBERITE HY-E 976 RESIN REFERENCE PANEL. 

RESIN TYPE High Functionality Epoxy THICKNESS 1;"17 (O.46) 

HARDENER Aromatic Amine , RESIN 29.6 

MODIFICATION None VOID 1.12 -----------------------------------

OK \ 'I U J \ '/""T I OK OK \ '/ U J II OK OK 
dent dent dent 

in .2xl.2 .4x1.2 .2x.8 .2x2 
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C-SCAN 
DAMAGE 

2.54~ [' 

Joules 1.13 2.26 3.39 1.13 2.26 3.39 

C-SCAN cm2 2.34 3.31 5.13 .455 
\ 1.17 

2.40 
DAMAGE 

ARE1\( i n2 ) ( .36) t 51) 09) ( .07) ( .18) P7) 

COMMENTS 
Delamination at 3.39 joules I 90° cracks delamination 
(30 in lb) heavy splintering 

5.56 6.78 7.91 9.04 10.20 
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APPENDIX 2 

ALUMINUM IMPACT DATA (GARDNER) 

Photographs B-1 through B-12 show the damage to .98 mm and .61 mm thick 
aluminum alloy 2024-T3 impacted at the same levels as the graphite/epoxy 
laminates. The .98 mm sheet is approximately the same thickness as the GR/EP 
panels and the .61 mm sheet is approximately equal weight for a given surface 
area as the composite panels. 

There was no fracturing, however the aluminum yielded significantly in the 
direction of impact; the area of damage was equal to the area within the back 
support. As would be expected the maximum deformation took. place at the point 
of impact, this deflection is recorded in Table B-1. 
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1 -} 

Joules (in lb) 

~ for 
2024-T3 
.9Bmm (.040") 

~for 
2024-T3 
.61mm (0.25") 

Aluminum Specim 

I 
~ ...... 

Aluminum Specim 

'1-' 1 1 

TABLE B-1 DEFORMATION AFTER IMPACT 

3.17cm (1. 25") SUPPORT 9.52cm (3.75") SUPPORT 

1.13 (10) 

0.66 
(.026) 

1.22 
(.048) 

--- --

5/B" ROUND 

2.26 (20) 3.39 (30) 

1.07 1.57 
( .042) (.062) 

1.65 1.B5 
(0.65) (0.73) 

Recorded in - b. 
tabl e 

1 .5Bcm {5/B"} ROUND 

1.13(10) 2.26 (20) 3.39 (30) 

0.51 0.91 1.40 
(.020) (.036) ( .055) 

0.99 1.35 1.55 
(.039) (.053) ( .061) 

~ Contained 

Recorded in -I 
tabl e I 

t 

within support 

Contained 
within support 

1.5Bcm {5/B"} FLAT 

4.52 (40) 6.7B (60) 9.04 (BO) 

1.47 2.13 2.69 
(0.5B) (0.B4) (.106 ) 

1.73 2.51 2.B2 
(.06B) (0.99) (.111) 

deflection 

defl ection 

- ] 

11.3 (100) 

2.79 
(.110) 

3.86 
(.152) 



FIGURE B-1 2024-T3 .98 mm (.040 11
) 14.9 mm (5/8 11

) ROUND, 31.7 mm (1.25
11

) 

SUPPORT 1.13 (10),2.25 (20), 3.39 JOULES (30 INCH POUNDS) 

FIGURE B-2 2024-T3 .98 mm (.040 11
) 15.9 mm (5/8 11

) ROUND, 95.3 mm (3.75 11
) 

SUPPORT 1.13 (10), 2.26 (20),3.39 JOULES (30 INCH POUNDS) 
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FIGURE 8-3 2024-T3 .98 mm (.040") 15.9 mm (5/8") FLAT, 95.3 mm (3.75") SUPPORT 
4.52 JOULES (40 INCH POUNDS) 

FIGURE B-4 2024-T3 .98 mm (.040") 15.9 mm (5/8") FLAT 95.3 mm (3.75") SUPPORT 
6.78 JOULES (60 INCH POUNDS) 
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FIGURE B-5 2024-T3 .98 mm (.040") 15.9 mm (5/8") FLAT 95.3 mm (3.75") 
SUPPORT 6.78 JOULES (60 INCH POUNDS) 

FIGURE B-6 2024-T3 .98 mm (.040") 15.9 mm (5/8") FLAT 95.3 mm (3.75") 
SUPPORT 11 .3 JOULES (100 INCH POUNDS) 
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FIGURE B-7 2024-T3 .61 mm (0.25 11
) 15.9 mm (5/8 11

) ROUND, 31.7 mm (1.25 11
) 

SUPPORT 1.13 (10), 2.26 (20), 3.39 JOULES (30 INCH POUNDS) 

FIGURE B-8 2024-T3 .61 mm (,025 11
) 14.9 mm (5/8 11

) ROUND, 95.3 mm (3.75 11
) 

SUPPORT 1.13 (10). 2.25 (20), 3.39 JOULES (30 INCH POUNDS) 
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FIGURE B-9 2024-T3 .61 mm (.025") 15.9 mm (5/B") FLAT, 95.3 mm (3.75 11
) 

SUPPORT 4.52 JOULES (40 INCH POUNDS) 

FIGURE B-10 2024-T3 .61 mm (.025") 15.9 mm (5/B") FLAT 95.3 mm (3.75") 
SUPPORT 6.7B JOULES (60 INCH POUNDS) 
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FIGURE B-11 2024-T3 .61 mm (.025 11
) 15.9 mm (5/8 11

) FLAT 95.3 mm (3.75 11
) 

SUPPORT 9.04 JOULES (80 INCH POUNDS) 

FIGURE B-12 2024-T3 .61 mm (.025 11
) 15.9 mm (5/8 11

) FLAT 95.3 mm (3.75 11
) 

SUPPORT 11.3 JOULES (100 INCH POUNDS) 
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APPENDIX 3 

RHEOMETRIC CONSTANT SPEED IMPACT DATA 

The Rheometric Constant Speed Penetrating Impact machine load deflection 
curves, data reduction for slope of curve and impact energy absorbed and 
X-ray of the damaged areas are recorded for ten materials in Appendix 3. 
Diiodobutane (DIB) was used to aid X-ray. 

o Narmco 5208 

o American Cyanamide BP-907 

o Ciba Geigy #4 

o Ciba Geigy #IM 

o Narmco XI114 

o Ciba Geigy Fiberdux 920 

o American Cyanamide 982 

o Narmco X-I07 

o American Cyanamide 919 

o U. S. Polymeric #2 
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FIGURE C-l - RHEO~1ETRIC AND X-RAY DATA FOR NARMCO 5208/BOO LAMINATE 

Yield 

4.63 
Joules 

5.1'(0.2) 

Yield 

Total 

Slope 

X-ray of damaged area 

LOAD DEFLECTION ENERGY ABSORBED 
Kg mm JOULES 

(POUNDS) (INCHES) (I N. POUNDS) 

86 3.05 1.06 
(191) (0.12) (9.4) 

3.6 12.45 4.63 
(8) (0.49) (41.0) 

(3205 in 1bs) 
14.1 Jou1 es/mm 

Narmco 5208/T-300 
8 ply (0+45,90) 

- s 

Total 

7.b (0.3) 10.2 (0.4) 12.7 (0.5) 15.2 (0.6) 17.8 (0.7) 
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136.)( 300) FIGURE C-2 - RHEOMETRIC AND X-RAY DATA FOR AMERICAN CYANAMID BP-907 LAMINATE 

90.6-1 (200) 

45.3 -i (100) 

Yie1d 

7.31 
Jou1 es 

LOAD DEFLECTION ENERGY ABSORBED 
I Kg mm JOULES 
(POUNDS) (INCHES) (I N. POUNDS) 

Yi e1 d I 101 .5 3.05 1.22 
(224) (0.12) (19.8) 

Total I 5 14.22 7.31 
(11 ) (0.56) (64.7) 

Slopel 
(2889 in 1bs) 
12.71 Jou1 es/mm 

American Cyanamid BP-907 

8 ply (0+45,90} 
- s 

o-I~ . I I I I .I 
. . - . 5 • 1 I (0. 2 ) . 7. 6 (0. 3 ) 1 0 • 2 (0.4) 1 2 .7 (0. 5 ) 1 5 • 2 (0. 6 ) 17 • 8 (0. 7) 

J .... _.1 
De1j1ectio1 mm n1) J J J ..... J ..... J ...... . ... . 
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FIGURE C-3. - RHEOMETRIC AND X-RAY DATA FOR CIBA GEIGY #4 
K9/(lbS) 

_-.J...,.3",,-6 (300) Yield 

90.6 -I (1 00) 
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Ul 
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9.42 
Joules 

Ciba Geigy #4 

8 oly (0:45,90)s 
LOAD DEFLEc lION I ENERGY A-BSORBED 
Kg mm 

(POUNDS) (INCHES) 

Yield I (1~~) 4.06 2.70 
(0.16) (23.9) 

Total I 16.7 13.97 9.42 
(37) (0.55) (83.3) 

(4000 in lbs) 
Slopel 17.60 Joules/mm 

X-ray of damaged area 

Total 

7 . 6 I( 0 .3) 10.2' (0.4) 12.7 I ( 0 .5) 15.2' (0.6) 17 .8 I) 0 .7) 
I • 
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FIGURE C-4 - RHEOMETRIC AND X-RAY DATA FOR CIBA GEIGY '1M LAMINATE 

Yield r-. 

~ \/ \ . 

7.96 
Joules 

Ciba Geigy '1M 
8 ply (0+45,90) - s 

OAD DEFLECTION ENERGY ABSORBED 
Kg mm JOULES 

(POUNDS) (INCHES) (IN POUNDS) 

Y' ld I 110.1 3.05 1.35 
le (243) (0.12) (11.9) 

Total I 8.61 14.48 7.96 
(19 ) (0.57) (70.4) 

Slope I (3862 in lbs) 
16.95 Joules/mm 

X-ray of damaged area 

Total 

----v.r-

o - ~~~-.---------Y-------r---.-------r-----' 
10 2.5 (0.1) 5.1 (0.2) 7.5 (0.3) 10.2 (0.4) 12.7 (O.S} 15.Z (0.6) 11. ~?7) 

Deflection mm (in) 
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FIGURE C-5 - RHEOr1ETRIC AND X-RAlDAJi\ FOR NARr·~CO Xll14 LMHNATE 

Yield 

LOAD DEFLECTION ENERGY ABSORBED 
Kg mm JOULES 

(POUNDS) (INCHES) (IN POUNDS) 

Yield I 143.1 5.33 4.09 
(316 ) (0.21) (36.2 

Total I (0) 14.48 10.0 
(0.57) (88.9) 

(3399 in lbs) 
14.95 Joules/mm 

Narmco Xl114 
8 ply (0+45,90) - s 

X-ray of damaged area 

10.0 
Joules 

Total 

7.6 (0.3) 10.2'(0.4) 12.7 ' (0.5) 15.~ (0.6) 17.~ (0.7) 
__ L ~ _ __ _____ (.! _ \ 
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FIGURE C-6. - RHEOMETRIC AND X-RAY DATA FOR FIBERDUX 920 LANINATE 
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. _. _ .. - -
. ,. -- -

I 
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5.1 1(0.2) 

6.29 
Joules 

Yield 
l 
I 

Total 

Slope 

, 
\ 

LOAD DEFLECTION ENERGY ABSORBED 
Kg mm JOULES 

(POUNDS) (INCHES) (IN POUNDS) 

99.1 2.79 1.02 
(218) (0.11) (9.05) 
16.7 13.97 6.79 
(37) (0.55) (60) 

(2809 in lbs) 
12.36 Joules/mm 

Fiberdux 920 
8 ply (0+45,90) 

- S 

X-ray of damaged area 

Total 

7.6 1 (0.3) 10.t (0.4) 12.7' (0.5) 15.2 1 (0.6) 17.81(c.7) 
Deflection m~ (in) 
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FIGURE C-7 - RHENOMETRIC AND X-RAY DATA FOR AMERICAN CYANAMID BP-982 LAMINATE 

~n I\l r~ A 

6.02 
Joules 

LOAD DEFLECTION ENERGY ABSORBED 
Kg mm JOULES 

(POUNDS) (INCHES) (I N. POUNDS) 

Yi el d 90.0 3.56 1.61 
(199 ) (0.14) (14.2 

Total 12.2 12.7 6.02 
(27) (0.50) (53.3 

I Slope I (3121 in. lbs) 
13.73 Joules 

American Cyanamid BP-982 
8 ply (0+45,90) - s 

X-ray of damaged area 

Total 

7 .6 '( a .3) 1 a .2' (0.4) 12.7 (0.5) 15.2' (0.61 E ,~J 
I • 

\ U • I J 
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FIGURE C-S - RHEOMETRIC AND X-RAY DATA FOR NARMCO X-107 LAMINATE 

Narmco X-107 
S ply (O+45,90) 

- s 

LOAD DEFLECTION ENERGY ABSORBED 
Kg mm ,JOULES 

(POUNDS) (INCHES) (IN POUNDS) 

Yield 111.4 3.81 2.09 
(246) (0.15) (18.5) 

Total 12.2 14.22 6.73 
(27) (0.56) (67.6) 

Slope (3553 in lbs) 
15.63 Joules/mm 

X-ray of damaged area 

6.73 
Joules 

Total 
-.J 

7.6 1 (0.3) 10.2'(0.4) 12.7' (0.5) lS.t (0.6) 17.S'(O.7) 
Deflection mm (in) 
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FIGURE C-9 - RHEOMETRIC AND X-RAY DATA FOR AMERICAN CYANAMID 919 LAMINATE 

6.39 
Joules 

Yield 

Total 

Slope 

LOAD DEFLECTION ENERGY ABSORBED 
Kg mm 

(POUNDS) (INCHES) 

11? .3 3.30 
(248) (0.13) 

1.32 13 .21 
(3) CO. 52) 

(3131 in 1 bs ) 
13.78 Joules/mm 

American Cyanamid 919 

8 ply (0+45,90) 
- s 

JOULES 
(IN POUNDS) 

1 .48 
(13.1) 

6.39 
(56.6) 

X-ray of damaged area 

Total 

r--~ 
o ~ ~ ~~, ... ,. f"... ,,,,, (n 11\ 12.7 (0.5) 15. _ (0.6)17.R (0.7) 
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FIGURE C-10 RHEOMETRIC AND X-RAY DATA FOR U.S. POLYMERIC #2 LAMINATE 

Yield 

7.09 
Joules 

Yield 

Total 

Slope 

LOAD DEFLECTION 
Kg mm 

(POUNDS) (INCHES) 

114.6 3.05 
(253) (0.12) 

4.98 13.97 
(11 ) (0.55) 

(3205 in 1 bs ) 
14.4 Joules/mm 

U. S. Polymeric #2 
8 ply (0+45,90) 

- s 

-

ENERGY ABSORBED I 
JOULES 

(IN POUNDS) 

1.57 
(13.9) 

7.09 
(67.7) 

X-ray of damaged area 

Total 

L-,..L--- AA~ 
7.6'(0.3) 10.2'(0.4) 12.7 1(0.5) 15.2'(0.6) 17.8 t (O.7) 
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