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due to sErvice or 

the sources of 

1. errors 

2. Materials process 

3. 

2.1 DESIGN E:RRORS 

most modern are 

For structures made from 

into '-'V"ACWC<VA 

to the cause of failure. 

can also 

of 

amounts of 

such as gross delamination and matrix 

conditions 

2.1.1 Critical Parameters 

For continuous which 

checked as of a of the 
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examined. which should be 

consideration in 

1. Modulus 

2. Basic laminate 

4. 

5. Internal thermal stress or residual stress conditions 

6. Alterations in environmental sw>centlt:nlltv. 

2.1.2 Common !Errors 

Some of the most common errors 

MATERIALS AND PROCESS 

Errors in material 

of matrix 

are available for 

if any, that may have caused or contributed to "''"""r"''"' 

1. Incorrect materials 

2. and sequence 

void volume fractions 

4. 

5. 

6. the resin 

7. ~cure 

8. Contaminants 

9. moisture content 

Incorrect such as and radii 

11. etc,UV>.HUHf',, 

In most examination of and should be 
considered the accurate evaluation of the failure cause. 
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examinations any gross that have effect material 

or the ""''l'."'~u.u"' of local stresses within the 

2.3 ANOMALOUS SERVICE CONDITIONS 

"VV""''V"""'"' cmnp,onents can fail when under anomalous service conditions. 

affects the mechanical response the laminate Or the the'-'·W"HJLR,(U n·rfyn,orl 

consti1;uents can be to lead to 

that can be '-'V'""''--'"' 

L for the 

2. Environments: to 
environments 

3. to abnormal loads for which the 

2.4 EXAMPLE:S 
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Attachment 

Attachment 

Attachment 
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2-13. Rockwell Flaw Defect 14: Fastener 

2-14. Rockwell Flaw Defect 16: Crack 
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2-15. Rockwell Flaw Defect 17: Comer Notch 

2-16. Rockwell Flaw Defect 18: Mislocated Hole Not 
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Z-17. Rockwell Flaw Defacts 20 and 21: Marcelled Fibers and 
Wrinkles 

2-18. Rockwell Flaw Derect 26: Correct 
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2-22. Rockwell Flaw 
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2-24. Rockwell Flaw Defect 35: Off-Axis Drilled Hole 

2-25. Rockwell Flaw 
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2-26. Rockwell Flaw Defect 39: Burned Drilled Hole 

2-27. Rockwell Flaw Defect 41: Undersized Fastener 
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2-28. Rockwell Flaw Defect42: Hidden Fiber 
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SECTION 3 

FAILURE ANALYSIS lrDGIC NETWORKS 

GENERAL CONCEPTS 

1. or 

2. such as nondestructive materials 

3. 

4. Builds on information and 

areas of 
of 

3.2 MAJOR f:AILURE ANALYSIS LOGIC NETWOFtKS 

sequence of and 

into 

flow of information from one 

3-1 



utilized in the failure of 

for fiber reinforced ,.,....rnr"'"n"' 

To assist in 

This framework is based upon well 

modified to meet the 

structures. This framework considers 

proven 

intermediate decision 

2. Non destructive 

3. Evaluation of the 

4. Detailed Ha.""'"" 

5. Mechanical 

An 

such as 

m the 
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NOIS HISTOHY AS 
ANTICIPATED? 

NO 
YES 

YES 

3-1. Framework 
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L-P-378 PlASTIC 
SHEET AND 

M!L-T-22085, TYPE II 
TAPE PACKAGING OF 
NON-FIRE-DAMAGED 

COMPONENTS 

MtL-C-16173, GRADE 
4 FIXANT AND 

PJHL-B-131, C!...ASS3 
BARRIER 

PACKAGING 
MATERIAL AND TAPE 

STORAGf!SCRAPIAEPAIR 

3-2. Detailed Framework 1 of 2) 
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'I 
STRESS 

ANALYSIS 
REQUIRED 

NO 

,, 
~RA(TURE YES 

ADfQUAT(LY 
EXPLAINED 

'I 
THERE 

A(RAO: 
PROPAGATION 
A.NQMALY 1 ·~ 

ADHESIVE v1 
COHESIVE 
fAILURE 

' 

* FAS HNI Fl. HOLE DAMAGE 
o SAO: SURFACE DELAMINATION 
41- NOT< HED &ORE 
& EXCESSIVE COUNTERSINK 

o MANUF.\(TURING DEFECTS 
*' SAW(UT 
o FOR{ 1GN08JECT INCLUSION 
& CON "AMINATION 
• VOICS 
o PARl DIMENSION AND TOLERANCE 
<& MAHRIAL STRUCTURE 

Dl}(t)NTINUITY 
e PI Y DROPQ~ ~ 
<!! LI\PIGAP 

e •NSE:RVI<E MAINTENANCE DAMAGE 
e IMF't (T 
ot tNVIltONMENT AL EHECS 

• (iEM!CALAiTA(K 
<~~ T MPERATUfiE EXTREMES 

s REPt 1!11 DAMAGE 
e QTH OR 

3-2. Detailed 2 of 2) 
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4 

FIElD 

Administration 

4.1 AVIONICS HAZARDS 

Fibers released in aircraft crashes 

materials can cause in 

circuits can short out 

power 

4.2 HEAlTH AND SAFETY ISSUES 

a health hazard. release 

4-1 



L-P-378 Plastic Sheet 
and MIL-T-22085, 

Type II Tape 
Packaging ol 

Non-Fire-Damaged 
Components 

Documentation 

Tags/Labels on Debris 

MIL-C-16173, 
Grade 4 Fixant and Transportation of Debris 

Cleaning of MIL-B-131, Class 3 
Fracture Barrier Packaging 

Material and Tape 

of Fracture 
Packaging 
for Transport 

to F/A Lab 

Accident 
Investigation >--+l Storage/Scrap/Repair 

Board 

T90-3118/A 

Network for Parts 

4.3 SAFETY GUIDELINES 

The '-'-"""""o" are recommended as minimum 
incidents: 

1. safety officers 

a. Determine if aircraft contains fiber 

b. 

2. 

b. to accidents without fires 

4-2 



fire: 

a. 

b. site restricted 

c. carbon fiber should be 

d. be off as soon as be established 

4. For aircraft are fire: 

a. Leather be worn. 

b. 

5. All Should be nrr>VHiAri With 

suitable shower from loose fibers. 

SAFETY E'QUIPMENT 

1. 

a. dust masks 

b. uu~·auJtt; paper coveralls 

c. or visors 

2. should 
coJ:np,onents with carbide saws is to be 

be used. 

3. at sites 

a. 

b. Industrial dust masks leather 
and 

4-3 



4.5 ON-SITE RECONSTRUCTION AND HANDLING 

1. Once flxant has vVJ.!L<lUH;;u "''~"'"'"" is 

considered sufficient 

are not stirred up. 

2. be carried out 

of the crash site to include a 

3. 

4. 
ln 

areas well away from visible fracture and areas that contain 

nondestructive tests 

5. 

6. 

material. 

7. 

8. 

9. Those contained as stated 
and should be in barrier material and is 

suitable for outside "~u·a~;c: 

10. 
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11. that is not for 

waste 

4.6 CLEANING METHODS 

As much as ~-'"'"""""'· """"u"''"& 
surfaces. under extreme re<1mrmnems f'mnv~>ntlon 

in soap alcohol used in metal tractclgTilPll:V 

without U<:LlUO.j';H!!'; 

VISUAL EXAMINATION 

lnterlaminar Shear 
Dominated 

Hot or Hot/Wet appearance 
~ Tends to fracture within a 
111 Loose fibers on surface 

Translaminar Tension fracture surface with individual fibers 
surface 

Translaminar 

Translaminar Flexure 

4-2. Features 
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NONDESTRUCTIVE TECHNIQUES 

the 

~''"""''J.u. For failure 
invisible fracture 

of the failed 

5-l and Tables 5-l 

Note that the 

'""''"'"''"n each defect condition. The 
NDE FALN is structured such more detail of the 

defects. 

Evaluation Plan 

Nondest;~uctive evaluations can be 

visible ua.u•ccl';'=' as well as areas of fracture not 

examination. Nondestructive evaluation is of 

because of their to invisible internal de,aminations within or h<>i"'"'"'n 

1. 

2. 

3. 

4. 

5. 

5-1 



NONV:SIBLE 
DAMAGE 

SUSPECTED 

PLAN VIEW IDENTIFICATION 
AND DOCUMENTATION OF 
DAMAGE 

TTU 

NO 

TH RU-TH ICKNESS IDENTIFICATION 
AND DOCUMENTATION OF 
DAMAGE 
ID 

<& 

<& Tomography 

5-1. Nondestructive Evaluation Sub-FALN 

6. Fastener hole 

7. 

NDE 

a 

for more detailed evaluation 

The 

two 
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Table 5-1. Failure - Nondestructive Evaluation 

TECHNIQUE" 

Thru-
transm ission 
ultrasonic (TTU) 
~~> C-Scan 

Pulse ultrasonic 
11111 B-Scan 
11111 C-Scan 

Reasonance bond 
testers 
<II 

Neutron 
radiography 

current 

DESCRIPTION 

Measures ultrasonic sound 
attenuation 
11111 C-Scan-

transmission view 

Measures mechanical 
caused 

or CRT 

Measures 
attenuation view 
presentation 

Measures neutron 
attenuation plan view 
presentation 

Measure conditions which 
interrupt the flow of eddy 
current induced in the part 

both a plan and thru­
thickness view 

Determines size and 
location of nor visible 
damage 

<111 Determines size and 
location of 
translamin<lr 
fractures 

and locatio, 
determined with 
radio-opaq :.~e 
penetrant 

11111 Thru-thickr ess 
position determmed 
by stereo­
radiography or 
X-ray tomography 

® Determine!; size and 
location of 
translaminar 
fractures a11d 
neutron opaque 
defects- plan view 
presentation 

<111 Delamination size 
and locat1ons 
determined with 
neutron-0~ aque 
penetrant 

11111 Used often where 
metal structure 
overlays composite 
material- neutrons 
are not as 
attenuatec by metal 
as X-ray, ar dare 
relatively sr?nsitive 
for polymers with 
hydrogen 

Determines differences 
between pain·: 
scratches and 
cracks in Gr/E 
structures 

VAlUE 

11111 Plan view offailure 
11111 Plan view assessment part quality 
e Planning analyses 

11111 Plan view assessment of quality 
11111 Thru-thickness of part quality 
<111 Planning 

11111 Determining of size and location of part 

can be used when only one side is 
accessible 

~ Plan-view 
@ Plan view assessment 

defects 
<111 Planning 

• Plan-view documentation of failure 
~ Plan view assessment of part quality and 

defects 
~ Planning analyses 

<111 Plan view documentation of fracture with 
single-side access 

~ Planning analyses 

*Techniques are listed in order of preference, based on applicability, reliability, cost and sample requirements. 
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Table 5-2. lnsoection Method Selection in Order 

DEFECTS 

TRANSLAMINAR 
STRUCTURES FASTENER TRANSLAMINAR IDELAMINATION/I IMPACT LIGHTNING BURN

HOLE SUBSURFACE
DISBOND DAMAGE DAMAGE DAMAGE

DAMAGE SURFACE ANDI 
SUBSTRUCTURE 

LAMINATED I I P:.· v, u, t:, I H I C, El El BSKIN 

SKIN/HONEYCOMB E,D E, D H E,DI B
PANEL 111111111111111111 

I I I 

SKIN-TO-STIFFENER 
E E, I H IE ~, -· I B

Ol F1~ 
.+>. ' 

I :~ v, LJ, I:, v, u, I:, v, v,
JOINT I I E I H I B 

SKIN-TO-SKIN 
C, C,TRAILING EDGE E,D I H C,G I DC, I DC, B 
G F, EI l I IJOINT 

LAMINATED ··--· 
E, F,AND E I G E, I - I B I 

H IGI ISKIN STIFFENERS 

LUGS AND C, I F,E E BITHICK SECTIONS E H E 

KEY: INSPECTION METHOD 
A VISUAL F LOW KV X-RAY 
B PENETRANT G DIS-ENHANCED X-RAY 
C ULTRASONIC TTU H EDDY CURRENT 
D ULTRASONIC PULSE ECHO I NEUTRON RADIOGRAPHY 
E BOND TESTER 

T90·31/9/A 



Initial Plan View 

is to determine the basic outline of the 
without destruction of evidence or 

to such as 

far the most 

for overall determination of the 

assessment is necessary field 
"""''nn.onr detailed NDB 

Detailed Plan Vi1~w Identification 

are not as 

exhibit much contrast or 
resolution. Another available cracks can be 
identified without the 

or 

with information similar to cross-sectional 

5-5 



5.1 ULTRASONIC METHODS 

Ultrasonic are useful in material flaws such as 

delaminations, cracks, voids, matrix rich and changes in thickness. For HVHA<JF.'""'v 

such as metals, the techniques the ter·pr,etatwm of the data are well 

simple. The anJtSO't:rom n-r<>cant" an of 

The variables <>H··a,..t.n 

on the material to be 

factors that affect the 
include of theT"HTIPrl lP'-' 

condition of the 
affect transmission are of the material such as stiffness 
determines the directions and energy breakdown of the ultrasonic beam 
the features such as resin 
orientation affect the 

errors in the assessment of 

materials such as comt)mauls 
effects 

constructive manner 

construction of 

5.1.1 

an ultrasonic transducer is on one side of the material and emits an 
acoustic travels the material and is received a second transducer on 

material. These transducers are so that their common 

to surface of With this the amount of energy 

""'""'''" the material is maximized and can be monitored of IJV'HL.lVH 

when the entire 

5-6 



the 

scan m few 

hours. 

is 

such 

C-Scan 
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hrnxr.o,r.or frequencies in this range (5 to 15 do not transmit structure 

aHgnmEmt of the two transducers. 

The 

sound waves between the transducers 

limits the TTU inspections to 

either 

failures, surface uu....L'"-" 

This surface 

are 

~-'''"J"''"'·"" where a contaminant is the open 

surface cracks are sealed with adhesive of water. 

in thickness cannot be evaluated at the same 

are not identifiable as cracking). Where a more 

~u.·'"'"'h" is needed or when there is access to one side of the 

the method 

5.1.2 Pulse~Echo Ultrasonics 

In the The 

emits a far side of the and 

then is detected by the transducer range of the receiver is available to 

any oa<~Kscat;ter to 
conditions. The ~A,,A~•hA.~ 

that the of the defect can be determined its time function. A 

is that away from front or back surface can be HR'"'"'" 

can be alleviated 

between these 

several 
flaws as a single large one. 

in a water 

sp1~cune:n. The water serves as the and 

levels at each 
time or The C-scan 
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structure of a material. With of 

u"''""''"" can be to the 
5-3. The use of a combination of two 

and 

- Back 
surface 

Start pulse Front echo 
surface 
echo 

,-----, 
I I 

' 
I 
I 
I I gated 
I IL _____ .J 

Gated displays Plan view 

,-----, 
I I 
I I 

------------s------~-----------+1~ ~.____________________________ 
1 Center region 
: gated 
I I 
L-----..1 

5-3. Pulse-Echo Ultrasonic C-Scan Time-Domain Zones To 

"""'""'ac''"" the reflections between the front and 

~~~·''"'"' of the 

in a laminate at several locations along the surface of the 
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Delamination in 
center 

Part 

l ! 
Front Back 
surface surface 

5-4. Delamination Identified a ofPulse-Echo Ultrasonic A-Scans 

uuu5 .u.5field or initial "'"'f'""~'v""' a cathode ray tube for 

without a NDE mv•es1;Ig<tticms in 

method of transverse 

This ~"'"'""'''-l 

5-10 
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Specimen 

Sotmd beam-

Transducer 

B-scan 

Simulated Laminates 
defect 

Delamination 

5-5. Puls~1-Echo Ultrasonic 8-Scan 5-6. Ultrasonic Detection of Simulated 
of a Delamination n""'"'"'" Crack in Laminate Plate 

transducer. With this 
detection. Because the 

to 

the 

the 
laminate 

RADIOGRAPHY 

may 
themselves evaluation. In 

the structure of the 

differences in construction such as stiffeners and core. Water in the core, if "A''"H"!V can 
also be detected. For failure the use of is most often considered as a "''"'"V'""'" 

vcuua;;<;<;>> when faced with located 

5.2.1 Classicc:11 

and less 

film 
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form a latent The film is pr<)cesse'o to form a visible a is 

then evaluated for information the extent and nature of the defect vV,,H.U~L 

The 

conventional ones in that an 

was 

enhancement chemical that has proven nontoxic and was 

used with an alcohol carrier solution. 

are as follows: 

MEK 

Zinc Iodide - 60 grams Zinc Iodide - 60 grams 

Water - 10 milliliters MEK- 250ml 

Kodak -lml 

about 30 minutes after 

the end of GUILl.''"'" to 

material. 

effects have not 

surfaces. 

R 

be 

5-12 



Delamination 

soft are re(;onam size in the range of 1.5 

with an inherent filtration l.O mm or less. The 

onHlULCHI!r a minimum of 20 kV at 2 mA. The low 

resolution of structural detalls within the <a11HJ1a<.c 

IJH'~'u>ul,., which the 

emission is recommended. The 

from which can be made. These exposure times are shorter 

It be noted that it is difficult to obtain 

methods and therefore 

artifacts from actual ~~'""'"bv· 

affects the 

matrix or translaminar 

delaminations is 

e at the and the least at the 

a visible of the from the free 

toward the crack ...u,:u•~;"' in grey level holds true at the extreme ends of the the 

situation the central is such that the hold the 

This condition results in a central that does not and often 

and U.H'ULULHU.I',v'U. 

Another modification stereo 

view of the internal can be examined. The standard 

""'"""'& two films of an from different 

small 
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(usually about 7 to 15 degrees). The is then allowed to remain at the center of the 

X-rays and is also centered in the The of the can then be and 

overlaying damage that be •uc'""'"'u fiel'entiai;ed. With the aid of a 

the defects nearest the source have the and the 

U<OJl<Ov'C;:t are least U1i>jJWLvV'Uo 

5.3 EDDY CURRENT 

satisfactory results for fabric 
variances such as fastener holes 

surface that an 

current test instrument coil. This 

vv••a'"'"H'f'; current a current in 

'"'L'""'"'"""''"' field with the test instrument varies as the internal flaws 
The use of this instrument is limited to laminates that are and 

have pe:rmeaiOHJlLY. This of the carbon fiber 
which a to detect 

5.4 EDGE REPLIICATION 

in 

transmission 

with acetate 
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6 

Errors in 

the 

the 

carbon 

selected 

Verification of thr3 and sequence in the 

laminate 

2. and void volume fraction determinations 

3. Material identification: Verification and t1n,a-<>rn•"inhn of the 

for both and prep:reg 

Determination and extent of 

:reaction 

Comamination of of 
contaminants. 

the examination of should be 
considered a :rm1tine necessary for the cause. These 

examinations should any gross u,:;,u'-'''IJ""'""" effect on material ""''""'£'>'1-' 

or the of local stresses within the items of concern include: 

Incorrect materials 

Resin content and fiber content 

3. Undercure 

Moisture content 

5. sequence, Pl2lceml3nt and orientation errors 

6. Incorrect of details such as holes and radii 

etc. 

8. content 
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effort to 

is a 

these 

In many cases, identification of a 

'VA1ncuu the cause of 

the rationale 

IS HISTORY AS 
ANTICIPATED7 

? 

YES 

DEFINE 
e ORIGIN 
e MODE 
® ENVIRONMENT 
e CONTAMINANTS 
o DEFECTS 
@ DAMAGE 

RETURN TO EARLIER 
STAGE OF ANALYSIS 

AND CONTINUE 
INVESTIGATION OR 
DEVELOP SPECIAL 

TESTS AS NECESSARY 

6-1. 
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DESSICANT DRY 
AND RETEST Tg 

II 
YES MORE NO 

ANALYS!S 
NEEDED> 

UNCURED PREPREG ANALYSIS ..YES• HPLC IS 
PREP REG• IR 

AVAlLASLf1• DSC 
fluorsec®nce 

NO 

For 

but an 
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Table 6-1. Failure for Materials Characterization 

TECHNIQUE 

Thermomechanical 
Analysis (TMA) 

Differential 

Analysis 

111 Observes mechanical <~> Indication of undercured 
condition 

Infrared Measures IR spectrum Distinguishes between Indicates amount of unreacted 
spectroscopy reacted and unreacted groups to determine 

functional groups cure 

Solvent extraction Exposure to an organic Removes unreacted Indication of the degree of cure 
solvent material reacted 

network 

High-Pressure Produces liquid Formulation verification 
Liquid chromatograms of any 

;;; Chromatography soluble liquid 

·tg~(H~P~L~C~)--------~~-------------------~------------------~------------------------4 
~ -~ Infrared Measures IR spectra Identifies functional groups Formulation verification 
:::!! .!:! spectroscopy attached to carbon 
~~ backbone 
e~ r-----------·-----i----------------------r----------------------+------------------------~i3 _g: Differential Performs enthalpy Determines heat of Formulation verification
:3 - measurements reaction 

Determines sulfur content Hardener content 

Qualitative and Formulation/impurity verification 
quantitative analysis of 
cured epoxy 

Formulation/impurity verification 

Infrared Measures IR spectra Functional group analysis Formulation verification 
spectroscopy 

X-ray fluoresce,nce Measures Determines sulfur content Hardener content 
fluorescence 

Thermomechanical Measures material Determines glass transition Identify general resin system 
Analysis thermal-mechanical 
{TMA) response 

insufficient of cure was Hl<:u,...HF; these it is to 
keep in mind that one of which may be an 1Tnn-r<Ync,-,. 

Alterations in the prepreg formulation can reduce reaction rates 
a sufficient 
out on the 

more recent resin 

to 
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6.1 lAMINATE: lAYUP AND PlY ORIENTATION AI\I.AlYSES 

COJ::UJJIOSlte materials are fabricated 

thin gage woven or unidirectional For structures made from 

"''"'''!'."'~"' that and hence the ""'""'""'''nr 

Errors in can 

ties considered a:; of 
such n-r.r.n.>rtv 

1. 

2. 

3. Notch 

4. 

5. Internal stress or residual stress conditions 

Alterations in environmental 

Some of most common errors in 

2. 

3. 

6-5 



6.1.1 

selection of areas for examination 

constitutes the critical internal material characteristics. For most 

t:x<:uuu!(uH.>u::s should be carried out in all areas of the 
with attached 

Determination of and 

most desirable since 

available. If 

are the same as for 

direction of wheel rotation. 

6-6 



due to distinct 

smrrouncllrtg matrix 
may be necessary to ~::wu<:UR:~:: 

111''"''"''11"' up the section of interest 
from 50X to 400X. At the 

reference are in reference 

circular and will allow measurement of norr.inal fiber diameter . 

. 2 Determination of 

waviness can 
structures in which fiber tow movement occurs. One 

evaluation of material 
or 

Either or 
void content can be no·,......,,.,..n-,or< 

accurate determination of can made. 
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90 deg -45 deg +45 deg 0 deg 

6-3. Cross Section ofa Laminate With 6-4. Identification 
Fiber End 

6.1.3 Determination of 

A nondestructive view of orientations can be 

determined. This involves the use of opaque tracer yarns, such that 
detect fiber For prepregs, the tracer yarns are 

to the fiber orientation. For the yarns are most often in the warp 

direction. This is most useful for thin number of and 
orientation can be determined. Thick laminates make it the number of 

anomalous orientation shift and are 

detected. Figure 6-6 presents a 

6.2 DETERMINA.TION OF A.ND MOISTURE CONTENT 

The detern1ination of the laminate is as as 

of information the 
microstructure which in turn can be of the overall laminate. 
For shift in the to 
lll as 50 TU>l"PIYrlT 

interlaminar tension and shear 
concentrate between 

6-8 



45 Plane of cross ,;ection 

6-5. Polished Cross Section at the Thickness of the Part 
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6-6. in Which the Tracer Yams Are Evident for Determination ofthe Orientation in 

6.2.1 Fiber and Matrix Content 

of laminates are determined 

fibers and constitutive uc•...n·•u• and matrix. The volume 
can be determined by three methods: and 
(3) 

known constants. 

The chemical matrix nitric acid 
and the amount of fibers and resin can be 
determined from the oe,gnm1ng uw.uri'J-" and from the known densities of the constituents. 

In the number of fibers in a area of cross-

section are counted and the volume fractions are determined as the area fractions of each constituent. 
Both area methods and line can be used with an to determine 
fiber volume fractions. 

The first two methods 

must use many 

6-10 



hundredth of a square millimeter. It an accurate view of fiber-matrix distribution 

and void content. The first two can result in erroneous data 

with 

6.2.2 Void Content 

section in the of the laminate can be examined to determine void content 

As indicated a can be to determine void content 

more 

6.2.3 Moisture Content 

Moisture content of cured laminates can be thermal or with a 
The difference the two methods is that the moisture 

v"'"·""'o" which escape from the 

MATERIAl IDENTIFICATION 

may be necessary to determine 

the are suitable or 

tion of the exact resin 

to the extensive 

6.3.1 Uncured Material Identification 

6-1] 



uncured material identification ~.<o::t;IHJl!'4!.!t» 

the prepreg materials used to fabricate the 

size or 

an 
and instrument 

l:Ul.WH:U and 

Sample 

Pump Injector DetectorsColumn 

Mobile phase 

Instrument parameters 

Column: microbondapak C 8 waters 
Mobile phase: premixed 63% CH3CN/37% H20 
Flow rate: 1.5 mllmin 
Injection volume: 10 j..LL 
Detection: UV 220 nm 
Attenuation: 0.2 AUFS 
Chart speed: 1 em/min (0.5 in/min) 

6-7. HPLC Test Schematic and 
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I 
Detector 
response 

DDS MY 720 

5 10 15 
Elution •ime, min. 

6-8. ofNarmco Resin Matrix Peak 

6-lil 
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tool which is A~jf~A~ sensitive to 

uw.LHJIL IR measures the of UA,,L~'vUC 

This is well suited for 

Because IR is able to a formulation it is used as a control 

tool to assure that lot-to-lot variations do not exceed certain limits. IR would also be useful to 

determine the manufacturer of the material when material is The 

that the resin is extracted from the prepreg with 
is then allowed to for IR 

""'""""!'>"'"' '""'u"·"'"'" in the relative 
6-9. If a deviation from 

tO :oiLi:l.HUi::U 

and are considered below. 

80I:t---+-~~-4·---+~+--+---t---4---+--+--+-4-

70H---+-~H-~---,_--t---+-~--+-~~-+--+~ 

c WH---+---m-~·---+--~--+---~~---+--~--+---~ 
·u;0 

.!!2 50 l:t--+--1-"----+---+-+--+--t---4---+-+-+---t-­
E 
(/) 

ffi 40H---+---t--~---+--~--,_--+-~~-+--~--,_--+--
~ 

30H---,_--+---I---+---+--+--+---~-+----+--+--+---

20 H--t- ·+---l--+---~-+--+--+---+---1---+---J--

aU--L--L-J_ _L __ L_J__L__L_J__L__L-
3800 3800 3400 3200 3000 2800 2800 2400 2200 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 

Wavelength 
T00-31/11/A 

6-9. Standard IR Resin Formulation 

method for det.errmnmg 

been the 3501 resin 

concentrations in solution versus IR absorbence for the followed 

of the concentration of in an epoxy prepreg extract. 

An alternate the relative in the ratio between 
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Differential .,.,...,,...,,..., which measures heat 

into or out of a necessary to at 

the same epoxy DSC measures the 

heat released cure reactions as the 

DSC can be used to or characteriu uncured prepreg. The cure of aerospace 

epoxy consists of several reactions with reaction rates and activation 

which cause certain cure reactions to be favored over certain t-"""'"'"'"""'hn·o ranges. The reaction 

in a DSC can used 

A pan and reference pan are in the 

is then introdcced into test chamber. Heat is transferred to 

the pans and heat flow is monitored prep reg 

uAJlHl<"-~"''Y 10 mg are used for DSC 

Heat flow versus time at constant 

An interface with a ,,vuu"w""' or 

and data accuracy and more information from each "'"'""'Y''""' 

Dynamic sample chamber 
Sample pan 

Thermal 
radiation shiE>Id 

Heater 

Fairing-

Rubber 
0-ring- Chrome! wire 

Purge gas coolant vacuum DSC cell cross section 

Heating block 

6-10. Cross-Sectional of th.=; DSC Cell Used DuPont DSC Module 

A DSC for Hercules 3501-6 resin system is shown in 

are observed at two ternner3ttures 
to the 

reactions. The total heat of reaction and baseline T1 to 
the and resin constituents. to a 
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1 
Exotherm 

0 (.32) 50 (122) 100 (212) 150 (302) 200 (392) 250 (482) 300 (572) 

(Ref. 3) 

6-11. DSC for 3501-6 Resin 

The of DSC verification are the small ~~· .. v··~ 

ease. The disadvantage is the need for standard and information 

6-16 



the boron concentration. A 

range of concentrations for 

can 

epoxy prepreg 

initiated when a 

on 

an 

of 

., Plot normalized to Fiberite 934 at I 00% peak height 

Relative 
sulfur 

percentage 

NARMCO 5208 HERCULES 3501 FIBERITE 934 

6-·12. of Various Fluorescence 

6.3.2 Cured Material Identification 

of reaction 

6-1'1 



is used to determine epoxy matrix 
chemical formulation. of matrix resin under 

which 

is 
6-13 for two commercial epoxy 

to a reference 

into maSS CT\>PPfl"fYm<>•f<>l' 

6-14 for DDS hardener. Identification of resin formulation can be 
PGC/MS. 

Infrared pv•vuA>vHlS;~.nn.vh>n+ 

in establish if any environmental 

off a resin rich area and 

is then mixed 

are 
and may prove to be useful in a failure 

where a database of uncured and cured resin has been 

Diffuse Reflectance Infrared 

direct measurement of the infrared ""'""rrmrn 

Infrared the ::;;:Uuute. 
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"NARMCO 5208 
345°F AT 5°F/min 

CONCENTRATION 

2 3 4 5 6 

Tlfi/E, min 

<>FIBERITE 934 
345°F AT 5°F/min 

CONCENTRATION 

6.4 

the 

6-13. 

DEGREE OF CURE ANALYSIS 

TI~IE, min 

of Two Difficult Resin 

environments. 
cure 
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0 
I 

H2 s NH2 
I 

0 338 
N 

r;:::;Ml I 
II I"' z v 

zuu 
I I z 
u v 

.~ 

v o-w-o~ 
II 

L..__j 

Normalized 
peak ~o-~-c322 

"'"' heights II I;
NN z 
uu 0 III I 

(\ z00 
I I 

u u 
302 

282 

20 -

400 
Elution time 

6-14. Gas Sulfone 

the correct heat treat condition on considered routine in 

metals 

As "'"-"\,Lll>OH 6, 

the state of cure of a fractured of materials 

In most cases, evaluation of 

tunn-"t"'<"" process. In the first 

etE~rn1mat1on of the extent of unreacted material 
- Can be n<>·rtAl"'rrl "v'"""~H'-" of Here it be 
noted that a low pr~:>cE~ssJmg or resin formulation errors, as well as 

the of a 350°F 
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(a) Uncured Resin 

(b) Cured Resin 

6-15. 1R of Resin 

in the 

6.4.1 Glass Transition 

to a 

same 
occurs. A which 

The most common are thermal such as 
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Relative 
Absorbance 25,000 hrs/ 

10°C (50°F) 

Unaged 

2000 1800 1600 1400 1200 1000 
(787.4) (708 2) (630 0) (556 2) (4724) (393 7) 

Wavenumbers. cm-1 (>n -1) {Ref. 4) 

6-16. DRIFTS Before andAfter 

~~0""'"v~ to measure 
in contact with the »cuu~-'"'' 

variations can be used to 
available on most instruments include: 

is the direction of fiber 
orientation does not l"PTH'A'-'<>TlT relative dimensional 

measurements are on fibers 
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theinstead of the epoxy resin may interfere with 

movement of the 

are characterized. The 

on a scale. 

P·obe 
d'splace­
rr,ent 

Penetration 
specimen 

Tg 

Penetration Method Temperature --

6-17. Gl:~ss Transition 6-18. Glass Transition 
Df~termination - Determination 
Penetration Test Penetration Test Measurement 

Flexure. In this test 

to 4 

cure tornn,<>r<> 

surfaces which have had surface prep fabric such as 

This test is run in much the same manner as 
T\l'<P,r<>nt n<>n<>1<r<>tH1,n into at 

6-23 

2 



Flexure Method 

Sample 
tube Slope 

intercept 

Quartz 
Probeflexure 
displace­probe 
ment 

Tg
specimen 

Flexure Temperature---
support 

6-19. Glass Transition 6-20. Glass Transition 
Determination - Determination -
Test TestA1easurement 

Of the three method is 
more distinct inflections and a very 

"""'~'""'"""v" methods are used often of the interference of 
with accurate determination. 

Mechanical "'"""r'""n"' matrices 
exhibit a means of 

nature of epoxy matrices. The can be 

DMA or flexural strain 

a C>CW.UiJ'''-' and UH;U,H.U 

rates vary 

in terms of 

of loss modulus to 

DMA data are shown transition can be 
determined as the teinper:'ltttre transition in delta or loss modulus 

or as the of 

DMA is not 

more ofDMA 
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90 
Tg transition po1nt 

85 

80 
Expansion Penetration ---c,...,--u 

t 75 

70 
Relative 
probe 55 
displace-
ment 60 

55 

50 

107 
120 160 200 240 -100 -20 60 140 220 300 

Temperature, OC Temperature, OC 

6-21. 6-22. '""''"·"'' DMA Plot for Cured 
Glass 

Determination 

measurement. Since to diminish the viscoelastic transition 

should be tested in a 

Para-
transition 1-<>rnn.<>r<'~ 

5 mg are per minute 

6-23. The transition will 
transition t<>rnn'"""' 

DSC is sometimes uu.u...,,cu due to additional reaction 

test. 

6.4.2 Extent of Unreacted Material 

condition may transition 

"iS"""u"'iS of this section. Before u""'~"'n.a 

should be rerun on a oe:sw,cat;eo "'"''""a'""' to eliminate m(ns1cm·e 

most 

residual heat of reaction 
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3.6 

3.2 

2.8 

Heat 
flow, 2.4 
mW 

2.0 

1.6 

1.2 

160 180 200 220 240 260 
Temperature, 0 c 

6-23. DSC Plot for Cured 

with or to 
indicate extent of unreacted these 

DSC can be used to measure the heat of residual reaction in 
a at of >JC'v~.lVU 

used on 
baseline drawn from the reaction onset as 

in 6-~23. The presence of measurable heat of residual reaction indicates some undercure. 
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The extent heat of reaction total 

of reaction of the prepreg. 

Mechanical 

auav•vu of cured laminates. 
laminate will exhibit a double t-<>n,0'<>11t- delta and loss an initial 
loss with 6-24. The initial 

is attributed to the 

Pa (lbilin 2) 

1.4x1o7 (2031) 

Legend: Undercured 

• • • • • -25% hardener 
-·- +25% hardener Fully 

cured 
1x1o? ( 1L51) 

G" 
' ,_,' 

.' 

1x106 (·45) 

.. 1QQ 0 1DC 200 300 

L___----~----~-------L------L-----~-------L------~----~ 
-200 -100 0 100 200 300 400 500 

Temperature 
Frequency: 1 Hz 

6-24. DMA Loss Modulus Versus Resin 

uno"u.uu can be used to remove low •.u,.~."'~u.u:u 
cured matrix. A solvent such as 

in the IR The extent of reaction can be 

to standard prepreg 

6-27 
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6.5 CURED MATERIAL CONTAMINATION ANALYSIS 

contamination 

contaminant affects the 

The essence of a successful material co:nt<tmm2ttHm 

fracture exactly 

identifying the 

artifact of specimen ua.uu•u•~ inservice 

(6) t>V<l.iU<l.lCHi~ of the contaminant as 

initiation. 

"'A,.fl;n~ material defects lead to lower 

fracture morphology. Contamination is initiated when anomalous crack vn:>ml~ro.tlo•n 

material inclusions are detected on the fracture surface the course of the FALN execution. While 
electron ~;n~-~~n·n~n examination of the fracture 

allows the "'""·"'"'" the contamination as either a 
is crucial to ""'''1:/"Lw<l': 

the overall failure 

to 

due to no;st-tmiur exposure to contamination sources. The 

contamination 

6.5.1 Particulate Contamination 

inclusion on the 

with their fiber reinforced construction are less sensitive to small 
to initiate failure. An if 

act as a crack initiation site with corrE~spondirtg 

6.5.2 Weak Contamination 

The surfaces account for the of crack initiation and 
contamination. The weak uvuu•uct! acts as a to 

1. Adjacent 

2. materials or microconstituents such as and resin or core 

3. as and skin. 
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sites of crack initiation. As a 
Particulate contamination 

the oet·rm·mcmce. 

of a Teflcn-Contaminated Tension 
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........., Mechanically inducr~d 
crack direction 

Dry 

of a Frekote Release Contaminated Tension 

of a Frekote Release Contaminated Tension 
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of a Fracture 

6-3] 



Particle Inclusions the Characteristic Fracture 
Fracture Lines 
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6.5.3 

surface debris on the fracture 

the surface debris will not initiate 
the fracture surface has had a 

exposure or has conditions. Caution should also be 

exercised when extensive mechanical was from the failed 

the can lead to identification the contamination source the 

fibers source be 

Another concern in ex:'lmlimmg 

may have intentional 

characteristics. If 

on the fracture surface is 

examination as a reference fracture su

way, 

rface. 

sequence of 

instruments 

selection of more "'"'"<ll-''"'-' 

information 

monitor the 
WHf'>"l"t><:<f'•Anu> feature of 

from sodium to uranium 

can detect elements 

there are a number of 

aiJ d bromine occur at 1.48 



fracture and related 
areas to show 
location and extent 
of contamination 

many minutes to scan even a 

to use for 
by EDS and WDS is given in Table 6-2. A SEM 

6-32. The SEM 

elements 

In using or WDS several concerns should be 

V'-"'-''-'C"-' into an instrument vacuum chamber at pressure 
the contaminant under is 
that information will 

as to 

6-34 

Weak boundary 
layer 

Smooth mating 
fracture 
Lacks deformation 
features 

., Usually along 
interface 

., Low percentage 
design limit 
strength 

Foreign particulate 
.. Inhomogeneous 

resin fracture 
.. Radiating 

fracture lines 
.. Significant cross­

sectional area or 
critical location 

Yes 

Optical and SEM 
examination of 
fracture morphology 

Which 
contamination 
type? 



<~>X-rayEnergy dispersiv•1-
spectroscopy photoelectron 
Wavelength spectroscopy 
dispersive e. Infrared 

spectroscopy spectroscopy 
FTIR 

• Attenuated total 
reflectance 

<~> Secondary ion 
Yes mass 

spectroscopy 

Infrared spectroscopy 
"'FTIR 
"' Diffuse reflectance 

Further surface 

<sensitivity of light >-------~--------. 
element detection 

needed 
Surface analysis:? 
~~>X-rayNo 

photoelectron 
spectroscopy 

~~> Auger electron 
spectroscopy 

"' Secondary ion 
mass spectroscopy 

Return to FALN 

6-31. Network for Material Contamination of a 
Freicture Surface 

which is reduced vapor a 

very thin 5 nanometer film of or noble metal 

may mask elements of 

it is sometimes useful to coat these surfaces with 

'"'A"'"''"'"'u and will not be detected in the EDS There is 
the electron and thermal effects 

can be minimized and low 
should be 
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Table 6-2. Emission Partial 

WDS X-ray wavelengths (Kad. nm EDS 
X-ray energies, keV 

Ka1 Ks 
B 6.76 Na 1.04 1.07 
c 4.47 Mg 1.25 1 .30 
N 3.16 AI 1.49 1.56 
0 2.36 Sl 1.74 1.84 
F 1.83 p 2.01 2.13 

s 2.31 2.46 
Cl 2.62 2.81 

(Ref. 5) 

(A) 

2000 

Si 

(B) Counts 

1500 

1000 
Mg 

Au 

Au 

(A) SEM micrograph illustrating the particulate morphology 

(B) EDS spectrum showing the elemental composition of the 
talc particles 

Note: Gold and pailadium are from the conductive 
SEM coating. 

S L + Pd 

500 
Fe 

Cr 

0 
0 

6-32. 

2 3 4 5 

Energy. keV 

Talc Powder Contamination 

6 7 8 

a Bond Line 

9 10 
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6.5.4 Plhotoeiectron 

electron emission when a 1s 

to~~lecti·on emission causes each element to 

emit helium can be detected 

this latest of 

instruments has a small 

""""'""~• in XPS will make it features 

arise from the of XPS arises from the very short distance 

that low energy electron can its the detected 

electrons must travel to the detector 

this short from the surface. in 

r.ro,.,.nw solids are 5 nanometers. 

The energy. The 

atom 

BE= hv-KE -0- V 1) 

where: 

energy of source 

v 

elements are listed in Table 6-3. 6-33 

is a epoxy resin where the elements oxygen, and sulfur are 

ex:amtinilng a fracture surface for a of the 

resin fracture surface wili "'""'"'"',;, 

of contamination. 

Element x atom% 2) 

where: 

s relative 

Ix observed intensities 

each element 

6-37 

x 

https://r.ro,.,.nw


Table 6-3. 

Element 

Boron 
Carbon 

Fluorine 
Sodium 
Silicon 

Sulfur 

Chlorine 

Bromine 

energy 

195 
285 
399 
531 
689 

1072 
102 
151 
135 
189 
165 
229 
199 
264 

69 

Relative emission 

section for aluminum 

0.49 
1.00 
1.80 
2.93 

.43 
8.52 
0.82 
0.96 
1. 19 
1.18 
1.68 
1.43 
2.29 

.69 
2.34 

on how the 

c0 

6-33. Resin With Elements Identified 
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nn1nn£>nris'~nnrl<>nt 

to environment 

surface can be inferred from these energy shifts. 

correction value 

to be careful. 

encountered vvith ""'nn'""'"n"' materials. 

Table 6-4. Carbon Peak Shifts in XPS 

Functional group 

Hydrocarbon 
Ether or alcohol 
Ketone 
Ester 

(Ref. 6) 

,.,,..,m,..,,,..."'t-"" fracture surfaco for t:r.-.•a"'"" 

on the of !>Vv<J,Lv>c:U v•JH<,CUJCL.UJlUH 

are 6-5 summarizes a few rules 

of which be 
contamination sources are as follows: 

1. 

2. ~-»o ...r·m,,... films and breather fabrics 

3. ..,.,.,~..,,.,,.,. uwv""'-"F. papers and films 

residues 

5. Vacuum pump oils 

6. 

7. resin sweeps 

8. Gloves 

9. 

10. sealants. 

6.5.5 Infrared 

or chemical in 

is much less sensitive than XPS or 

more chemical information. have been to IR 
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Table 6-5. Rules of Thumb for XPS Identification of Release 

~~> Hydrocarbon lib Excessively high carbon levels on the surface when compared with a cohesive resin fracture 
~~>Confirm by FTIR analysis of the residue from a solvent rinse of the fracture surface 

lib Fluorocarbon • Carbon-shifted peak In the range 288.0 to 292.0 eV: fluorine peak at 689.0 eV 
<11 Ascertain whether there is a fluorocarbon additive to the resin 
lib Compare with XPS spectrum of known fluorocarbon release agents or parting films used in 

manufacturing the part 

fi Silicone ~~>Silicon peak at 102.0 eV; silicon Auger parameter in the range 1708.5 to 1709.5 eV 
~~>Where there are significant silicon levels, the carbon-to-oxygen ratio will exceed the resin value 
~~> Because some inorganic minerals exhibit the same XPS shifts, verify that there are no inorganic 

mineral particulates on the fracture surface with SEM/EDS 
fl> Ascertain whether there is a silicon additive to the resin 
@Confirm by FTIR analysis of the residue from a solvent rinse of the fracture surface 
@Compare with XPS spectrum of known silicon release agents used in manufacturing the 

component 

to the weak hmln<i<n·~r and the 'These methods are addressed 

in the discussion. 

molecules infrared radiation at which relate the 

within the molecule. The of this process can be attributed to a ""'"'"'"'-""'"·" 

where U~Uv.<v0 d00U>GiOL~~U with 

vibrations within the """"''""'"'v. 

an epoxy In a contamination 

is useful to compare the '"'''"1-.,....,m 

in an atlas or stored in a database. Infrared ""''"'"J·r<> 

/ CH;>:-CH-CH2 
-N '-./ 

'-Epoxy 0 

Aliphatic 
C-H stretch 

0 
II 

-C-O-NH2 
ester modifierstretch 

NHz 
deformation 

Para 
substitution on 
benzene ring 

6-34. 

Wavenumbers, 

Infrared 

x 10 2 

of an Resin 

10 9 8 7 6 
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can be as transmttance or as shown in the 

Percent 1'ransmittance 

I
%T= -- 3) 

where: 

Io incident 

Absorbance 

4) 

A 

I detected radiation 

Io incident radiation 

the chemical information 

If a amount of contamination can be can 

salt and then consolidated into a Often a can be obtained. 

Reflectance methods are desirable in use of removal methods described 
above. The ""'""'"'"·""' on an FTIR instrument which 
uses an infrared refractive index. The IR radiation is then caused to 

~a ~ ~ 

micrometers. The uuo~uvu 

smooth and surface to obtain a 

cornmtg back into use on the FTIR instmments. This method relies on the detection of 
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6.5.6 Difl'raction 

diffraction are used for a structure 

determinations. In XRD is material 

which can be isolated from a fracture surface. The 

(} 5) 

e 
d 

beam 

of diffracted beam 

strike a film from which the diffraction theta 1s 

6.5.7 

ion mass ""'''nt·rn" 

the surface and near surface 
weak IVVlLWlHJWl 

based on .,.,..,.,.,,,"'~·"' 

about 

of 

which can be 

and XPS with the same 

a variation of the static 

and map <..;Ht:;HH<Ji:U UH!I_IHHJ!;t:Ht:lUI~~ 

(AES) is a surface based on electron beam 

characteristic energy for escape from the surface in 

instruments are to AES 
Since 

6-42 
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at the fiber matrix interface or in resin. The 

the fiber the may 

6-35. Usually 

holder. 

6.5.9 Contamination 

uuJlrut;u con:LPCISH.e structure was returned from service after visual 
"'"'""-"'" skin surface. The construction had a laminated 

was a FM -300 When 

An 

the FM -300 adhesive 

fracture features or resin deJt'orm~tti()ll, "'''"""'-'ol'"l"> 
surface followed the 

of 

The XPS of the debonded surfaces shown in '"~·"'"'"-''u'~ amount 
and carbon in addition to the exr>ee·ted of the adhesive. XPS shifts 

chemical functional groups. The next 

was to rinse and allow the .,v,u.uJ,,., 

from the surfaces to "''"''~"'""',_,~.-

oils were identified in the 

construction 

ensure that no se1COIH1ElrY 

which 

contaminant is silicon ''lith the "-~"'r>,ni-r"i for a O>HH..oLIHt 

residues the surface did not 
the contamination is very minute. 
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8 

7 

6 

5 

;) 

/: _/" 

Oxygen 

DN/DE 4 

3 
C~rbon 

2 

0 
0 

8 
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Kinetic energy, eV 

(a) 
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7 

6 

DN/DE 

5 

4 

3 

2 
Carbon 

0 200 

6-35. AES 

400 

of 

600 800 1000 
Kinetic energy, eV 

(b) 

Carbon Fiber and 

1200 1400 1600 1800 2000 

Carbon Fiber on a Tensile Fracture 
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6-36. in Cross Section ()fa Laminate Skin to Core 
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ESC1!l.. survey SF: 11 .700, 2. 925 DAT: 5. 80 
7 

6 

Laminate side disbond surface 

5 

4 

N(E)/E 

3 c 

2 

Binding energy, eV 

ESCA survey SF: 11.700, 2.925 DAT: 5.80 
7 ---------~--~----~------~------------------------~----------~ 

6 

core side disbond surface 

j 

..i 

N(E)/E 
0 

2 1-

o~----~----------~------~----~----~----~-------~-----------
-1 000 -900 -800 -700 -600 -500 -400 -300 -200 -100 0 

energy, eV 

Surfaces 
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ESCA 
7 

SURVEY 

6 
Laminate skin side 

5 

N(E)/E 

4 
c 

0 

Si 

-900 -800 -700 -600 ··500 -400 
energy, eV 

-300 -200 -100 0 

ESCA 
7 

SURVEY SF= 10.385, 2.596 .. 000 DAT= 8.70 

6 

5 

core side 

c 

... 
I 

1 
t 
1 

N(E /E 

4 

3 
0 

Si 

QL-----~----------~------L-------------------~----~----~----~ 
-1 000 -900 -800 -700 -600 - 500 -400 -300 -200 -100 0 

Binding energy. eV 

6-39. XPS ofFM-300 Surfaces Hand in the 
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1 

'n"'""'''t mechanical tests are create fracture surfaces in 

are: 

'<.ll""''-'--' Mode I Tension 

II 

Translaminar Tension 

4. 

6. 

INTERLAMINAR 

INTERLAI\JIINAR 

7-1 



7-1. Double-Cantilever Beam 

LOAD (P) 
..,____ FEP CRACK STARTER .,------i 

BETWEEN CENTER 

1-------- 13 in MINI MUM ---------4 

7-2. Double-Cantilever Beam 

7-2 



~GR 

7-3. Doub/e-Cantile,rer Beam Fixture 

7-4. End-Notched Flexural 

extension of the crack the 

of the test span 

sevenJ increments of 

of the direction of those 

7-3 



""-"''"'""'"'" is observed in a direction away from the FEP crack 

starter fixture. 

7.3 TRANSLAMINAR TENSION 

Conditions of controlled translaminar tension are 

in Figure 7-5. The """'""''".,.., an:slaJmnlar tension are 

>vt..a~"''U transverse to the beam's 

surface. 

7.4 TRANSLAMINAR 

The conditlions for this test are similar to the translaminar tension the translaminar 

is with notch 

7.5 RAIL SHEAR TESTS 

on coupons in 
test ""'nf't,,,..,,o;, 

specimen are ciamr>ea 

u'"'P""'""o'uHou" of one rail to another. This mode of testing results in a •vt..au'""''-' HI"'""'""' shear condition 
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7-6. Notched-Bend-Bar 

7-5 



COMPRESSION ON LOAD 

~ 

0°, ±45° 
STRAIN 

ROSETTE 
LOCATED 

FIBER DIRECTIONCENTRALLY ON 
SPECIMEN 

'-----1.7 

0.60 
0.060 - 0.12 

THICK IN 
SYMMETRICAL 

LAY-UP 

L---1----- 3.00 

COMPRESSION ON LOAD 
NOTE: ALL DIMENSIONS IN INCHES 

532.08 
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LOAD 

SPHERICAL HEAD 

SPECIMEN 

L GUIDES 

FRICTIGNLESS 
SURFACE 

BAR 

SPHERICAL BASE 

7.6 

7-8. 

COMPRESSION AFTER IMPACT 

Raii-Sh ear Test 

532.09 
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R p 

N 

BASE 

7-9. Fixture 
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8 

the science of 

of the sequence of fracture events 

identification of the state of stress "'"'"'"'""'u at the time of fracture 
material or other material anomalies that may have 

contributed to crack 

pn3sentE~a in the 

and ultima:e failure can be the tools 

Due to their laminated construction and 

materials tend to 

mechanism. The 

in 

well 

macros copy 

2. 

4. Transmission 

methods and data 

and 

8-1 



the other of the 

is to document the key features relevant to the determination of the cause of failure. This 

documentation for r<>T'•r.ri'" 

r<>rmn•p, extra effort 

are 

1. 

2. 

3. 

4. 

5. 

fracture. 

The use of 

on: 

state and modes of 

of metals 
Recent work has 

FALN illustrated in 

or 

the direction 

The recommended ~"'"uu.tu 
""'"r"'.--rn·in"' the This 

in 

sequence of 
out these examinations after the fracture 

a."'""'"'"'"" encountered. Table 8-1 Table 8-2 summarize the ~"'"'uu."1 

8-2 
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FRACTURED 
SPECIMEN 

TYPES 

SURFACE 
CONTAMINANT 
ANALYSES 
~ EDX 

WDX 
~ ESCA 
111 FTIR/ATR 
111 SIMS 

YES 

DETERMINE 
DIRECTION, MODE, 
ENVIRONMENT 
111 Opt1cal m1croscop 

WORK BACK TO ORIGIN 
@ Opt1cal m1croscopy 
Ill SEM 
® TEM 

NO 

DAMAGE/DEFECT 
CONDITION 
ANALYSES 
@,> 

@ 

~~~ SEM 
® TEM 
111 Chem1cal analyses as 

RETURN TO 
FALN 

IS FRACTURE 
ADEQUATELY 
EXPLAINED' 

YES 

CAUSE OF 
FAILURE 

IDENTIFIED 

8-1. 
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Table 8-1. Failure 

of 

111 Determination of liiiminate orientilltion and 
drawing compliillnU! 

fr011cture surface 

fracture 
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Table 8-2. Failure - Fracture Surface Material and Chemical 

TECHNiQUE DESCRIPTION USE VAlUE 

SE M!m icroprobe e Identification of metallic contam­
energy 
X-ray 

inants (atomic number >1) 

® Particle size analyses 

411 Identification of metallic contam­
Inants (atomic number >5) 

® Particle size analyses 

liO Identification of contammant 
monolayers 

e Identification of adhesive fiililurli! 
intediilces 

® Identification of contammant 
monolayers 

® Identification of adhes1ve failure 
mterfaces 

surface chemical ® Identification of contam1nant 
analysis surface monolayer monolayers 
atoms removed by ion 
sputtering 

which has 
~u.u~<HH'-'1<"-~l'u.u, then further examinations 
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8.1 AND PROTECTION OF FRACTURE SURFACES 

of most 

maximum information can be 

the use of various 

The care followed are based on that 

have nwcatwn to structures. These 

on the fact that the fracture surface contains an enormous amount of 

that done to information may 

to the fracture. The can occur can be 

chemicaL 

8.1.1 Mechanical 

This from several sources, 
the fracture process itself 

delamination surfaces 
to differentiate from delaminations 

maintain moisture and more '-'V·'"''""''"n.1 ~w,+~.~+ the structure from contaminants. 
If necessary; the fracture can be cloth or cotton to the as 

is not 

the fracture with the 

contaminants on fracture may 
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of the most common sources of fracture surface ~~..·~"'"'~ two halves of a 

and in some 

to the fracture 

8.1.2 

nr'""''mt-<>rl in a number of ways, each common 

of the surface from chemical 

contamination or Since the Hi(mt.ltH~atwn 
nr"'""''ot on a fracture surface may be critical in 
chemical 

as fire retardant 
the most of clean water. 

8.1.3 

some sort of of fracture surface is 
and matrix are T>"l"•P'-'!<HIT due to either the 

each suited 

1. alr blast: This H><>Hlvu canned air 
for can often contain oils 

extreme care must be 

2. This method can a>tt'"'"j-'"' 

mvest12'llitlOilS. A 

3. Chemical solvents: Chemical 
do not remove the tenacious 
critical fracture surface 

trial 

duration 
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8.2 PHOTO MACROGRAPHV 

an 

associated with a 

several of the 
of the fracture surface and associated 

the 

uu~vu>.utu~''";e; a fractured a detailed and visual examination of the 
_rc>.r>onrc•rl COndition should be nortn,MYHHi This should determine features are 

treatment is necessary. This 
The ~.., ....~,,..,,., stereo widefield 

the entire surface of the fractured with several 
record the extent relative to the co:mriOlltents of 

and ""·""''"li 
to assess how the fracture characteristics can best be 

sometimes test are too 

35mm or 4-inch 
it should be 

necessary illumination of shadowed or fine ue,c<:UJ::;, 

Where most of the 
details of fracture surfaces at 

While 8-inch 

Low """'F>''u''""'~'V''" stereo macroscopes with attached cameras are often a 
of the fracture features at m<lgilm.cauon 
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8.3 OPTICAliVIICROSCOPV 

proven itself as a most critical tool for 

examination of both fracture surfaces and cross sections. For cross sections, 

Lo;:;~.-.uun1 '"" available. The of cross sections 

cause 

8.3.1 

from a 

the illumination mode used for 

relative to the location. of the 

as the fractures 

8.3.2 Illumination 

A of sources for 

filament is most often on 

observation and 

are the most common. 
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8.3.3 

"""5''u''""'"'v'" is 
increases contrast and 

field while rule of thumb for fracture 

maximum available of down the 
noticeable decrease in and then open it to eliminate most of the aberration. 

8.3.4 Lens 

valuable for examination of fracture surfaces with 

in the upper ranges of """-5 ''"·'""' 

desirable features for examinations are lenses \'H.UH>CQHLC 

are and loaded lenses when contacted with 

8.3.5 

examinations 

8.3.6 Fracture Surface 

is 

delamination surfaces. Since the sn~3crmem and examination times are very an enormous 
amount of fracture surface As a a reliable and accurate 
determination of the surface features is 

fashion. Translaminar 

are too fine for 

as 
transverse resolution of the fine 
matrix resin fracture features. features are used to the direction of crack 

river the fracture mode '""'u"''vu and indications of contamination and 
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fracture features are presented in Part 2, Volume 
are the eyepiece, are often too small to document with 

film.. In these situations where are the SEM is 

8.3.7 Cross-SE~ction 

the types of information: 

1. Determination of the laminate 

2. 

a. 

b. 

c. count orientations 

3. examinations 

4. 

5. Crack versus 

6. Extent of due to wear, thermal cycling, and 

from at least two areas to most 

anomabus conditions are identified. These two areas 
at an area away from 

illumination methods are available for cross-section 
Dark-field 

8.4 SCANNING ELECTRON MICROSCOPY 

its 

instrument offers ""'~""V'"'~""' 
and clear 
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attached to the SEM, in favorable 

ICUAH!JU;:)Jl,JVH from a is 

do not go 

of field is about 300 times that of the 

nri>V1r1'"'"' an excellent three-dimensional view of the of over 1000 microns at 

lOOX and 5 microns at can be tilted up to ap])ro,xirna1;el:y to the incident 

•ucuu~a.'·"'"'5 focus over most of the surface. The ranges from 8mm to about 

surface (such as with to be examined. The 

The maximum size for the SEM 

6 with limitations in tilt and at size. 

to 1.0 inch 

methods such as 

and a small amount of time. The 

1. selection: ~._;o,mtnon!:y 

areas of interest for 

2. such as 
hand saws 

3. 

4. sp~3ClJmen to a stub to secure it and to 

""'J"''·'"'" to the SEM chamber 

5. 

beam 

construction are 

are not followed. Because of 

in 

SP•3crmEm to times are on 

"u'""""'u with the aid of a warm air In order to maintain proper 

with a is often recommended. 
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coat fo:r five minutes 

ucv~.n.Jt.HU.H!'; the vacuum chamber to 4.0 to 7.0 Pascal (30 to 50 UUJlHI-,.H with argon. 

It should noted that a nondestructive method for SEM examination is available for 

situations where destructive examination is not or fracture surface may not be 

removable from the structure. In these a two acetate may with 
described for TEM difference is that the sp«~ClJmen 

cfvapor gold or similar 

8.4.2 SEM 

The basic 8-2. This is a of 

""'P""o'"'IS a narrow beam of electrons from 

range from 

more care and 
wa:rm-up .,...,rnn1r<>rl vacuum, a diffusion 

pump ora 

"""''""'"-"' ray is used to 
controls the current to the ""·":u"·'u''~'> 

"i-1'"-""'''-' lines. The H«J.t>''"'''-'"'"''-''H 
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Gun 

Condenser 1 

Condenser 2 

electron detector 

8-2. Basic Features of the SEM 

the current in the deflection 

electrons return from the 

electron is for uuu5 .•u 5 

The electron and 

of 

electrons and other radiati
t>l"7YlHl<D 

ons 
the 

of emissions 

The most common detection 

the 

of information 

is described below 

and backscatter electrons are used for tr~'"'t'"O"l''" 

electrons are "'"'''+·,.,...,.."'·" source since offer better 

of features or 

contrast in SDI~crmems 
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Incident 
electron 
beam Zone of 

secondary<X> electron 

Auger e- \ 

z,ckscattered Secondary 
ectron electro~r ~X backscattered 
etector detect~ electron emElectron 

and X-ray 
excited XR X-ray ()
fluorescence detector 

Zone of 
'----------- characteristic 

X-ray generation 

(a) Useful Signals Generated by an Electron Beam (b) Pattern of Zones in a Specimen That Are 
Sources of Signals Generated by an 
Incident Electron Beam 

the atoms in the 

energy are in the backscatter range. The 

features such as small variations in the surface the secondary are emitted from the 

the of emitted e1.ectron to 

the beam contacts the surface at an thus 
<Yntn•~""' on the 

As shown in Oa€~kscat;ter electrons are produced by single 

atoms from 0.1 to 1.0 J..lm 

of the 
backscatter electrons ofUHHHA\.> UUU<V<O< 

the material. In a. similar manner, 

an accentuation of the 

which have a very smooth ,_"'""'...,...., 

the electron 

with more than 50 eV. This '"'".""T"'n does not ''see" the 

use of backscatter, and ps,eu(10-back:scacttEn for the 

fracture surface. 

enhance image for 

""~"""'"'"'~'"'"' have their own 
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Backscatter electron detector 
increased contrast but lack 
clepth. 
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SEM provides Hexibility so that the can 

specimen investigation. Several commonly adjusted 

1. 

2. distance 

3. Beam characteristics as beam size 

4. Detection or BE. 

and be 
in 

tilts is often for examination of fatigue 
striations are not visible until tilts 

a different as shown in 

lnteriaminar Fractures. The fracture typllS and the 
for each are below: 

1. 

2. 

detector. 

3. or contamination: For areas of contamination or 
a thin with different atomic the use of "'"''"''""'-"'~"' 

T'PCH111rArl for this Uv'C<O\,•LW•H UH:;;CHV''-'• 

Translami11ar Fractures. For these fractures which have a very 
of 

is 

V>CCLh<O.::> do not 
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0-deg tilt 5000X 

8-5. S£M 1-'nJ-.rni'Y> of Effect of Tilt on Striation Resolution 
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electron emission is unJ1v<'"'"'u"'u 

range is from 5X 

is 

MICROSCOPY 

The use of transmission electron 

fracture surfaces. Since the av'"'"A'-~'va 

an enormous 

is most useful since it 

For most matrix material can withstand short 

even within their own functional chemical groups. 
e>rrYI"'"'t·tn\0' and are 

of the most common acetate film and 
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finest fracture details. 

be 

that is used for 

3. 

matrix and are not 

tested in an area in the 

of several clean 

in which the 

Acetate 
tape 

Specimen 

Acetate Tape Application 

Acetate 

==~~~=;_:-- Hlgh-Zr; shadow 

Carbon
Shadowing the Acetale shadow 

gun, SO that the UU.UWCF,v action on the 
The cuts should be '"'"'""'"' with very 
pressure to 
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4. for this 

acetone vapor. 

The TEM in 8-8 contains an 

electrons into a vacuum chamber. The filament is held at 

anode it. The electrons pass 
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Gun 

c Condenser 1 

~ Condenser 2 

8bjective 

Intermediate 

I \ 
I \ 

I \ 
Screen 
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Resin fracture 
mlcroplanes 

7050X 
Fiber 

Striations 

Striations 

13,500X 

Note: Striations are an indication of fatigue growth. 

8-9. TEM Striations 
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Fiber 

Resin 

Note the curved striations equally spaced along the fiber surface 

ofStriation F1~atures From a Crack Shear 
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9.1 INTRODUCTION TO COMPOSITE ANALYSIS 

The purpose of stress analysis in the context of this coJmJ;~en.m1un 

which may lead to del:Immg 
of analysis may uH>tlt">hr 

a '-[ U<:UH·>~a 

Stress 
reviewed in detail. While these writings by no means encompass the entire 

on the techniques for •·n•rrn"'"'H"' materials. Before 

ap];>lH~atllOn of these techniques, to re<~o!!niz:e the role of stress 

investigation. 

are subjected 

the as-designed configuration, 

fractures do occur in service. Common causes of such 

1. JV"'""" deficiencies, as insufficient a~;sessment of of 

or plies; also, <-V!HUUA<;;U effects of 

2. process discrepancies, such as """'"''"'~'-"~'u errors, 

fastener 

3. Service damage, including foreign 

maintenance or 

h"'''"r'""' in analyzing stress is to determine if the occurrence of a 
initial design can be and understood. While techniQtles 

the and it is stress 

the cause of failure. 
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The stress 

.tuu.n.u<s the review of 

Assessment of the 

2. Assessment 

failure can be but from 
nvOI"\TP<1 Can be divided intO tWO discrete thUS 

two tasks are: 

condition 

in the stress 

"'""....."'V" has been done can be 

~""·'-"'"'"·'HI'. from holes. 
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Table 9-1. Stress Methods 

ANAL. 
TASK 

METHOD DESCRIPTION 
AUTHORS 
(ref. number) 

COMMENTS 

Laminate Laminate theory is used • Chamis (10) eValuable for simple prediction of ply 
theory and to identify two-dimension <~> Craddoc:k (11) failure 
first ply 
failure 

stresses; one of several 
failure criteria are applied 

• McLau~1hlin (12) • Laminate theory requires knowledge of 
local stresses 

criteria to define occurrence of .. Tsal p:~) <~> Laminate theory cannot handle edge 
first ply failure effects/complex geometries 

<~>Jones (14) • Predicted failure stresses vary widely 
with criterion used 

" Failure criterion not accurate 
<~> Does not predict catastrophic failure 

-
Finite Finite element analysis Is e Crossman (15) <~~Valuable for simple prediction of ply 

Assess-
ment of 
as-fabri-
cated 
strength 

element 
analysis 
and first 
ply failure 
criteria 

used to define stresses in 
three dimensions for edge 
effects/environments/bolted 
joint configurations; one of 
several criteria are applied 
to define occurrence of 

"' Herakovich (16) 
eWu 

failure 
• Finite element techniques can be used 

to define locat stresses 
• Method accounts for edge effects, 

environment, complex geometries 
OJ Predicted failure stresses vary widely 

first ply failure with criterion used 
~~>Failure criterion not accurate 
.. Does not predict full failure 

Point or A semlempirlcal method <~> Mikul<:ll> (8) • Valuable for prediction of strength with 
average for describing the e~~ Wilson (18) holes 
failure 
stress 
criteria, 

strength of open or filled 
holes; failure occurs when 
point or average stress at 

11 Daniel (7) 
• Aronsson (9) 

• Requires knowledge of characteristic 
distances for material 

<~~ Requires knowledge of stress distribution 
DZM a characteristic distance around hole 

from hole equals material 
strength 

Point Adapted semiempirical ~& Mikulru; (8) ®Valuable for predicting residual strength 
failure method from predicting «~ StarneH (19) with Impact of through-thickness cracks 
stress 
criterion, 

strength with holes; failure 
occurs when stress at a 

., Aronsson (9) ® Requires knowledge of characteristic 
distance for material 

DZM characteristic distance <D Requires knowledge of stress distribution 
from damage radius equals around hole 
material strength <D Requires estimation of initial damage size 

to predict strength 

1 Kc fracture Fracture toughness method <> Balhiru; (20) ®Valuable for predicting residual strength 
1 toughness: commonly used with metals ® McGar:y (21) with through-thickness cracks under 

• Awerbuch (22) tension loads 
<D Requires knowledge of for material 

layup 
• Requires estimation of Initial crack size 

Assess- to predict strength 

ment of 
residual 
strength 

G strain 
energy 
release 
rate 

Predicts onset of 
delamination instability 
based on c for 
material G level 

• O'Brien (23) 
~ Whitccmb (24) 
411 Rothsc:hilds (25) 

• Valuable for predicting delamination 
instability 

• Requires knowledge of G for material 
layup 

generated by applled load 111 Requires calculation of buckle stability 
for compression case 

@At present, can handle only very simple 
geometries 

CODSTRAN Integrated computer 111 Chamis (10) 111 Attempts to meld various techniques 
program that Incorporates discussed above 
finite element model, first 111 Requires expert computer programmer 
ply failure, and point or 111 Requires material data, as described 
average failure criteria; above 
program Is Iterative, ~~D Inaccurate prediction of strength 
allowing prediction of 
failure sequence and 
residual strength 
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the of stress necessary to cause failure that values for the characteristic 

be known. The literature shows that values have been measured for a of 
these characteristic may vary with resin and 
calculation of residual .,,_,..,n.n 

Methods of 

last five years. To accompany 

pure Mode I or Mode II crack 

Stress Network. 

and stresses involved as a 

At the initial initial 
with .,.,,,.,,,.,.,,,.~,_ location of fracture. This review 

The next ImrestigatJon encompasses the most 

and detailed strains area 
are defined. Since most to gross average strain the 
information from this --- ... --··- detail to understand the cause of failure. For 
the finite-element upon 

programs 
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INITIAl DESIG~ REVIEW iTIUSS ANALYSIS: STRUCTURAl lEVEl 

ANALYSIS METHODS: 

® Stat1cs, strength of 
matenals 

G> Dynam1c des1gn 
<>>>>>>>J handbook 

@ Fmite element 
(global model of 
structure) 

~ Statistical methods 
(interactions of 
conditions) 

RETURN TO 
EARLIER STAGE 
OF ANALYSIS 

AND CONTINUE 
INVESTIGATION 

9-1. Stress Ar Sub-FALN 
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9.1.1 Relevance to Stress 

NASTRAN 

BOP 

(Buckling of 
panels) 

sos 

STAGS 

VIPASA 

NASA 
SP-222 (01) 
1972 

NASA TND-7996 
Oct. 1975 

COSMIC file 
ISCL 
Doc.IDOO 
17437 Jan. 1973 
NASA TMX-73914 
May 1976 

6600 

CDC 6600 

CDC 6600 

CDC 6600 

their 

Table is conducted at one or 
and economic 

a 

APPIJCATION 

Advanced composite analysis 

An<!llysis <md resizing of complex structures 

Graph1te-epoxy composite panels 

Advanced composite analys1s 

, Plotting of buckling mode shapes 

loaded stiffened graphite-epoxy 

the stress is to initial 

the location of 
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environmental conditions. This review establishes what 

and their 

or errors 

affect the 

would 

the stress 

If the cavse of has not been in terms of gross average 

stress This is often the case when failure may 

have initiated at a detail such as a or other stress concentrator. At the •cwuu,,a 

refined finite element meshes of failure to determine 
detailed three-dimensional strain 

meshes are 

normal 

different than that ofmetals for the 

Lamina stiffness in the fiber direction is than 10 times the stiffness transverse 

to the fibers. 

2. Lamina in the fiber than 30 times 

transverse to the fibers. 

stiffness 

stresE,es. 

4. The differences in the "'"'""'-·'""·'·vu coefficients between fiber and matrix within a 
a:rd to stresses due to "u.:u•>;"'"' 

or moisture content. 
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Lamination 

without interlaminar stresses. Finite difference 

the scope of this text have been to 

that stresses exist in structures and that the resistance to 

is hundreds of times less than the resistance to rr«m~nm 

is lJAUv'vCC<U that needed to 

an interlaminar 

9.1.2 Overview of 

The the failure with an overview of the ~"v""''"~ 
determine the stresses in laminated "'"mr,,...~,t~·" These tools vary 
accuracy of results. In is intended to familiarize the reader 

and and other considerations which must 

stress 
r<><'""''"t to the cause of failure. 

9.1.3 

9.1.4 Individual Failure Criteria 

At this 

the material 

drawn from the excellent and 26. 

overview 
m 

is 
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Maximum Stress and Maximum Strain maximum states that 

fracture occurs when stress in any of the 

This cri':erion defines a failure 

and 

Oz < Y" > 0 and Ia2\ < Y" for al < 0 7) 

and 

8) 

where: 

a1 stress the direction 

Oz stress transverse to fiber direction 

012 

xc tension and the direction 

Y" tension and transverse to the fiber direction 

s 
For an off-axis the stresses can be 

Uat,>V<,"> belOW and then SUbstituted into criteria in the "'"''~'"''"' 

al = + + 

az = + 

0'12 =- + mnay + 

where: 

m co;; 

n sin 

Reference 

with the maximum s:ress 9-2 illustrates 

that shows there are theoretical 

This is 

since interactions between stress 
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0 15 30 45 60 75 90 

e 

Stress Failure 

Tsai~Hm on von Mises' criterion was 

Hill materials. stress 

lamina failure would occur 

X 

where: 

X when a1 is 

X xc when a1 is 

y when az is 

y ycwhen az is 

xc tension and the direction 

yc tension and transverse to the fiber 

s 
off-axis is 

into criterion 
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9-3. Tsai-Ni/1 

1 
+ + + 

It should be noted that the Tsai-Hill criterion for interactions between stresses and 

Tsai-Wu <luadratic Interaction Failure Criterion. criterion reduces to the 

2+ 2+ 2+ + + + =1 

1 

x' 

1 
-
yt 

0 

1 

:r 

1 
yc 
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1 
X" 

1 
}''I yo 

1 

where xt, xc, ye s
' 

which the 

a biaxial stress test. 
References 13 2:6 to use: 

interaction 

test is ....al<>ti"<>liu "'"Hl'f"J'"""~"'"' 

where: 

= -0.5 

lamina the failure 

1 
2 < < 

1 
2 

for uniaxial •vauuJ<~; 
Tsai-Wu 

can be used to transform 

and 

is '"""'",.,_<,nt 

invaluable discussions 
strain criteria. 

Christensen has 

a 

an effort to '"'"'"'h"·"' 

stresses that are "'"'·"'"''.,'" 
stresses in a laminate were 

Christensen that the 

from matrix 

could be 

Volume I, 

Lamina level 

maximum 
stress or strain criteria indicate the failure mode while the 
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200 

150 

100 

50 

Legend: 

- Tsai-Wu (F, 2 =-0.58x1o-10) 

Tsai-Wu (F, 2 = -4. 76x1o- 10) 

Tsai-Hill 

ExperimE>ntal data 

0 15 30 45 

e 

9-4. Tsai-Wu 

60 

rensor 

75 90 

the strain 

This results from 
theories this ..,.,,..,_:.c..,..<>n in the next 

.5 Laminate' Level 

First Failure. 

Criteria 

group 

as shown in 

for a multidirectional laminate :is the intersection of the failure 

in the laminate. This is shown m 9-6 on the 

criterion and data from 

Discount Methods. First 

multidirectional laminate is cracks 

the matrix of cracked can 
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800 

1000 

T300/5208 graphite-epoxy 

0 [0/±8/90]5 

• 
• [0/901±8]5 

0 

0 

600 

Strength, MPOi 
---- ... , 0 .... - 0 deg.... 

•.... .... 
400 

200 

90 deg 

() 

0 15 30 45 60 75 

8, deg (Ref. 33) 

~i-5. of Calculated Tensile With 

of the 

laminate. 

the carry most 

laminate. 

It should be noted that these methods are based on uu.uwlaucuu which does not account 

for the stress at also cause 

stress concentrations 

Two or is one of the 
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0 

-0.01 

-0.02 

-0.03 
-0.03 -0.02 0 0.01 

(Rei. 26) 

9-6. Failure 

Finite Element interlaminar stress concentra­

tions with environmental in 

failure criteria. For the failure these works are 

necessary with structures. Both 

observed that "'~'>""''-'0·-" variations in 

of these 

stresses for sig;mJtlc~mt stresses 

are those 

microscale with 

both Z and Y directions 

are 

increases. 

vo.OH1.GI-H and Herakovich 

and conditions c.f moisture 

In of these stress~: s 

finite-element 
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g.. 
a, 
(JJ 

"' 0 

,!) 

20685.0 

(3 0) 

17237.5 
(2 5) 

13790 0 
(2 0) 

10342.5 
(15) 

6895 0 
(1 0) 

3447 5 
(5) 

(0) 

·3447 5 
(·5) 

20685.0 
(3 0) 

.......... l = 2h 
---z =0 

lz 
---- z = h 
-·-· z = 3h 

17237 5 
(2 5) Iz 

~_Lh 
y 

b -1 

13790.0 
(2 0) ~ j_ 

_h_ '( 

b = 16h 10342 5 f--b I 
(1 5) 

b = 16h 
;;; 
.e 
" a, 6895 0 
<II 

<> 
0 

(1 0) 

,!) 
3447 5 

( 5) 

(O) 

-3447 5 

( 5) 

Yib Y/b(Ref. 15) 
D1stnbut1ons along Var:ous stress d1stnbu­

each ply mterface for t1ons along severa! ply 
( + 45/-45/0/90 ·degree), 1nterfaces 1n ( + 45/-4510190 degrees)

5 

9-7. Stress Gradients From Effects 
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9-8. rHr••rru><'"' Tensor 
Laminates 

Dislributions for Stresses and Stresses at the 
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9··9. Tensor Distributions the Interface of Laminates 
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made 
materials 

Within this program, a uv'"""'-'""" 

failure 

What is 

9.1.6 - Unnotched Laminate 

than 

interlaminar stress concentrations 

discount '"'"'-~'"Y'-'" 
with limited success. 

It can seen from the discussions above that an role in the stress 

of of stiffness and the laminate 
discussed here have been References 26 and 

9.2 INFLUENCE OF PLY 

In the 

reduce laminate 

group 

in situ strain to 

ON TRANSVERSE CRACKING 

and 

thickness and orientation on these 

reader with an introduction to 

of an off-axis 
demonstrated that the 

group 60- or 
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---------

9-10). The fact that the in situ"'"""".,.,,.,. 

of been attributed to 
u~,v~~~~''fl 39) used a fracture 

1.2 r---------------------------------------------------------------, 

Legend:
1.0 0 Experimental data 

0 20 shear lag 
\1 (90) 16 strain cutoff 

0.8 

Strain to 
cracking 

0.6 

0.4 '\]:.....--------------

groups 

0.2 
1 2 3 4 5 6 7 8 

n (Ref. 39) 

vn<>rint~Arlt':>lllf Derived In Situ Lamina Elastic Strains at Onset of Matrix 
Predictions for Laminate 

With this be made 
more accurate. To oc~o,,uu.• ~.n • .,u in situ strain to 

of the off-axis strains would used as the strain 

to failure transverse in the lamina level failure models. This an effort to 
the ,.,.,,,,.,,.,,."'"' of microstructural failure with gross laminate features. 

9.3 STRENGTH !REDUCTIONS INCORPORATED INTO DESIGN 

The described in Section 9 are 

laminate vrithout 
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Most of the residual 

used with metal structures. These 

determination of an intrinsic related to 

when considered with the size and 

The Critical stress 

factors used the 

translaminar than the interlaminar 

interaction of 

assessment of residual 
when the translaminar and interlaminar modes are 

fracture mechanics for .tsed ""-'v'-''-'"'"'u"'.Y· 

Notched Laminate for 

laminate failure are those 

tion 

on the sequence and orientations examined. 

80 to 90 MPa times the square root of Each author suggests that 

can be used to estimate the stress at fracture 

Table 9-3. Fracture Various Orientations 

-
LAYUP (DEGREES) 

FRACTURE 
TOUGHNESS 
(mPa 

0/45190/135/90/45/0 

16 pl1es 

0/30/60/901120/1 50/0 

13 pl1es 

0145/135/0/135/45/0 

16 pl1es 

16-22Kc 29-43 23-35 

(Ref. 20) 
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This of the 

times the square root of Tia 

where: 

y factor related to the crack and location within 

ac stress at 

a full crack 

A more review of this ""'-·H».vn;;;_y 

fracture of metals. 

Numerous researchers have also to and 

other characteristic fracture in much the same way as is 

40 to Two of the include 

failure criteria which assume failure occurs when the stress at some the flaw 

reaches the ultimate material stress failure 

paper 
average stress 

"tr·"u'ri in 

and material. 
failure occurs when 

of the unnotched 

a 

same 

a 

characteristic length dimension, ~0.38 em (~0. 5 In) 

strengths of notched and unnotched laminates, respectively 

x=a 
0 

(Ref. 7. Reprinted with permission from B. R. Noton et al., "ICCM II," The Metallurgical 
Society, 420 Commonwealth Drive, Warrendale, Pennsylvania 15086.) 

9-1 Reduction of 
Stress Criterion 
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9-12. 

C•
.._,XX 

So 

9-13. 

basic laminate 

fracture behavior of 

In this 

X a/2 + 

charact aristic length dimension 

strengths of notched and unnotched laminates, respectively 

43 
1 + + 

2 2 

(Ref. 8) 

Loaded Hole to Point Failure Stress Criteria 

1.0 Q Experimental 

Point stress criterion (d 0 = 1 mm [0.041n l) 

stress criterion = 3.8 mm [05 1n]) 
0.8 

0.6 

0.4 

0.2 

0.50 (in) 
0 0L-----------------~5----~------------1~0--------~------1-5~mrn 

Q 

(Ref. 7. Reprinted with permission from B. R. Noton et al., "ICCM II," The Metallurgical 
Society, 420 Commonwealth Drive, Warrwdale, Pennsylvania 15086.) 

Reductions as a Function of the Hole Radius for 
Plates With Circular Holes Under Uniaxial Tensile 

Aronsson in 9) 

to a 
with 

uu.,uL'f'.,'"' grows. This is e:ppn)xJm<ltE:d. 

.vaHH-'"'"'u Zone Model 
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The real 

relies on exact calculations of the stress 
as holes. Tensile failure 

the values for laminates with the hole "'"''J'u"'u 

should be a tool for aerospace that can 

laminates with cutouts. 

of 

(Ref. 52) 

9-14. Hole Geometries With the rn<l•rvon Zone Model 

to failure onset for 

flaw conditions such as or 'm"'"'n~ uuuJca~;'"· In this area, Mikulas 8) examined 

the the stress failure stress as a function 

of distance from the crack was as: 

X 

aoo the square root 

where: 

a 
x= + 2 

X the away from the crack 

a crack 

stress at from crack 

ay stress in the y direction 
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As a Mikulas indicated that the for a crack of size a can be 

if X is set to 

With to damage, Mikulas 

the of the resin system examined. As 

exists for but not for 

observations that the accuracy of failure 

of UU.UWLI',v 

the effects of resin ~vlAI',!UHo"" 

References 

1. 

2. similar residual 

zone size 

are 

0.014 

0.012 

do x 1 mm (0.04 in)
0.010 

0.008 

t t t t t 
Failure strain 13 em 

O.OJ6 (5 12 in) 

0.0')4 

Impact
0.002 ("brittle" resins) 

0 
0 0.2 0.4 0.6 0.8 1.0 

(Ref. 8) 

9-15. Effect of on the Laminate 

9.4 iNTRODUCTION TO DELAMINATION 

the of the 

laminates with have considered the 

of interlaminar the reader with some of the 
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~md tests of interlaminar 

Delaminations may grow and initiate coJmr,o:rtentt failure due to sudden loss of stiffness and 

be to and 

As into 

may initiate 

structures under 

uvv'-"'"'"" deformations and may lead to crack 

well documented that structural and stiffness 

Free edge Bonded joint Bolted joint 

(Ref. 56) 

9-16. Details That Cause lnterlaminar Stress Concentrations 

9.4.1 Fracture lnterlamlnar 

presence of the fracture mechanics ,,..,.,.,.,,.,,, is now 
used to assess defect ....~..~,.uuv>:>JiL{;;,,. Double cantilever beam I, and 

end notched flexure 9-17 (a and used 
evaluate the pure mode critical strain energy release rates. Strain energy release rates are utilized in 

these pure mode tests because G is a well defined measurable with 
,....,~,, ..,,., to all 

9-18. 

To 

and (CLS) 
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The nn,<>n1tn0' and ITWD 

are the mechanisms <.-wcw•nt:; shear stress concentrations 

p 

1_.------------ L ------------~-+--------------
P/2 P/2(a) ENF Specimen 

(b) DCB Speclrnen 

9-17. End-Notched Flexure and Double-Cantilever Beam 

Mode IllMode II 

9-18. Modes of Crack 
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p 

(a) Crack Lap Shear (CLS) Specimen 

(b) Imbedded Through-Width Delamination (ITWD) Specimen 

(Ref. 25) 

lnterlaminar 

Shear stress 

(a) Opening Moment (b) Eccentricity of Load Path 
(Ref. 25) 

9-20. Crack Mechanisms lnterlaminar Normal and Shear Stress 
Concentrations 
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The strain energy release rate methods for of delaminations assume 

nrr'"'""'h' This of is based on the Griffith 

dC
G 

2b da 

where: 

b = wtdth of crack 

G = strain energy release rate 

C= 

a crack 

P = load 

For a mode of load on the P, is increased until G 

reaches its critical value at the onset of crack In this case, the failure criterion can be stated 

as crack occurs when G reaches Gc. Once Gc has been measured, the fracture can be 

found for any other length or by the change in with to 

crack pure Mode I or 

with the to evaluate dC/da in more 

have more than one 

In this case the interaction of modes must be 

criterion mentioned The mixed 

critical value of the Mode II 

I as in Table 9-4. 

of 

Table 9-4. and Values Obtained From DCB and ENF in Literature 

Ref.
Material number 

.75±0.13 65 1.89±0.16 61 
2.1-2.4 66 
1.54 ± 0.06 63 1.77 ± .24 63 
0.103 0. 92 ± 0. 4 64 
0.131 62 
0.19 ± 0.01 63 0.61 ± 0.3 63 

Celion 6000/ 
CYCOM 982 0.25 ± 0.02 65 0.77 ± 0.07 65 

kJ/m2 =5.71 in 
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-+ = 1 20) 

the values are as defined for the 

With this of inte:rlaminar cracks can m 

mixed-mode It be noted that the criterion in the above 

desired result in the case of pure mode It is also seen that the mixed-mode criterion 

the pure Mode I, Mode and or Mode III critical strain energy rates. Fracture t<>~trn:O' 

exhibits rate material and subcritical crack To be 

effects must be considered when the :results of pure mode fracture testing in the 

fracture in structural ''"'"""''"n 

9.4.2 lnterlamin;u Crack Growth 

used to evaluate the of interlaminar 

L.<;;•"-L"J"" on interlaminar crack 
have shown that a power 

law rate. Table 9-5 
shows rate 

for other materials could be used in "'"n"'m"t-"'·n 
to evaluate the of 

that over a certain range of 

rate than the 

and interlaminar stress state of failure initiation. 
the loads at the onset of failure may 

Table 9-5. Crack Growth 

Reference GrH,
Governing equation B 11

number J/m2 

= B( )n 62 1.47xw-64 28.8 105 .6 

II = 8(.6.G11ln 63 22.3x1o-18 5.8 82 0.14 
I 

II mm= B( 11 62 1.04x10-20 7.7 74 0.16 

strain energy release rate corresponding to a threshold crack growth 
mm/cycle. 
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.6.G 11 (Jfm2) =-1) 

9-21. Mod(~ II 

9.4.3 Defects 
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Table 9-6. Defects 
Stress analysis 

Defect Type of defect Cause 
Mechanical 
properties 

method used to 
evaluate criticality 

Data needed to 
perform analysis 

of defects 

Small error in ply 
angle 

Laminate 
·fabrication 
defect 

Layup technique 
Strength, stiffness. 
and hygrothermal 
stability 

Lamination theory, 
laminate fracture 
criterion, finite 
element 

[I:> 

Error In number or 
size of plies, gross 
error in ply direction 

Laminate 
fabrication 
defect 

Strength. stiffness, 
resistance to edge 
delamination, 
hygrothermal 
stability 

Lamination theory, 
laminate fracture 
criterion, finite 
element 

[I:> 

Low-level 
(i.e. 

Laminate 
fabrication 
defect 

Layup technique-
ply not compacted 
correctly, interply 
porosity in tapes, 
intraply and inter-
ply porosity in fabric 

Reduction in 
interlamlnar 
shear strength 
and interlaminar 
toughness 

Empirical eva!ua-
tion, lamination 
theory, finite 
elements, crack 
growth criterion 

!nterlaminar shear 
strength and/or 
inter!aminar tough-
ness versus per-
centage of 
porosity [I:> 

Low-level porosity 
(i.e, 2%-5%) 

c----

Low-level porosity 
(I.e, 2%-5%) 

Outline-laminate 
held above storage 
temperature too 
long before final 
curing 

Processing error 

Schedule improper or 
not followed. freezer 
malfunction 

Prepreg resin con-
tent too low. too 
much resin flow 
during cure 

Reduction in 
lnterlaminar 
shear strength 
and lnterlaminar 
toughness 

Reduction In 
lnter!aminar 
shear strength 
and interlaminar 
toughness 

Empirical evalua-
tion. lamination 
theory. finite 
elements, crack 
growth criterion 

Empirical evalua-
tion, lamination 
theory, finite 
elements, crack 
growth criterion 

!nter!aminar shear 
strength and/or 
interlaminar tough-
ness versus per-
centage of 
porosity [I:> 
lnterlaminar shear 
strength and/or 
lnterlaminar tough-
ness versus per-
centage of 
porosity [I:> 

Low-level porosity 
(i.e, 2%-5%) 

Processing error 
Cure pressure too 
low 

Reduction in 
lnterlaminar 
shear strength 
and inter!aminar 
toughness 

Empirical evalua-
tlon, lamination 
theory. finite 
elements, crack 
growth criterion 

lnterlaminar shear 
strength and/or 
interlaminar tough-
ness versus per-
centage of 
porosity [I:> 

Low-level porosity 
(I.e, 2%-5%) 

Processing error 
Poor impregnation 
of resin Into fiber 
tow 

lnterlaminar tough-
ness-susceptible 
to transverse 
cracking 

Empirical evalua-
tion, lamination 
theory, finite 
elements, crack 
growth criterion 

!nterlaminar shear 
strength and/or 
interlaminar tough-
ness versus per-
centage of 
porosity [I:> 

High-level porosity 
(i.e., 5%-10%) 

Same as for low-
level porosity 

Same as for !ow-
level porosity 

All 

Empirical evalua-
tion. lamination 
theory. finite 
elements. crack 
growth criterion 

lnterlaminar shear 
strength and/or 
inter!aminar tough-
ness versus per-
centage of 
porosity [I:> 

Low glass transition 
temperature (Tg) 

Processing error, 
fabrication defects, 
solvent sensitivity 

Incorrect process-
ing temperature. 
Incorrect material. 
exposure to solvents 

Strength and 
stiffness at tem-
peratures near T g 

Empirical ev;3.lua-
tion, lamination 
theory, finite 
elements. crack 
growth criterion 

Strength and 
stiffness versus 
temperature [I:> 

Lamination theory. 
Laminate fimte elements, lnplane and inter-

Incorrect material fabrication 
defects 

Layup technique All !aminate fracture 
criterion, crack 
growth criterion 

laminar fracture 
toughness [I:> 

Implanted defect 
or contamination 
causing delami-
nation 

Laminate 
fabrication 
defects 

I 
Layup technique 

Compressio!l and 
lnt er!aminar 
shear strength, 
susceptible to static 
or fatigue delami-

Finite elements, 
analytical fracture 
mechanics, crack 
growth criterion 

lnterlaminar 
toughness [I:> 

nation growth 

Incorrect-size Lamination theory, 
fastener or hole, 
hole or cutout, 
countersink depth 

Assembly error 
Machining error, 
design error. pro-
curement error 

Joint strength. 
laminate strength 

laminate strength 
criterion, finite 
elements. notched 
strength criterion 

Notched strength 
data [I:> 

Lamination theory, 

Incorrect fastener 
material 

Assembly error 
Machining error, 
design error, pro-
curement error 

Joint strength 
susceptible to 
galvanic corrosion 

laminate strength 
criterion, finite 
elements. notched 
strength criterion 

Notched strength 
data [I:> 

Contamination, Lamination theory, 
bond line thickness, 
improperly cured Defective bonding Assembly error 

Bonded joint strength analytical fracture 
mechanics, finite 

Fracture toughness 
of adhesive and 

adhesive, improper 
surface prE_,Jaration 

elements, crack 
growth criterion 

interface [I:> 

[I:::> Basic laminate properties: strength. stiffness. coefficient of thermal expansion. etc. 
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section presents formats for reporting failure analysis and with the 

intent that eventually all the information can be incorp into a computerized ua.L<Uia;>co. 
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FAILURE ANALYSIS COLLECTION 
AND TRACKING SYSTEM {FACTS) 

DATA INPUT SHEET 

DATE: _____________________OPERATOR: 

REPORT NUMBER: ------------ DESIGN DRAWING PART NAME/NUMBER: 

PART LOCATION ON AIRCRAFT: ------------------------·------­

MATERIALIPROCESSING INFORMA TION/SPECIFICt\,TION: ----------------------

AIRPLANE INFORMATION: CUSTODIAN AFB: -----------------------------­

FLIGHT HOURS: MODEL: -----------­
NUMBER OF LANDINGS: ------------------------

BACKGROUND/INFORMATION: 

LOCATION OF DAMAGE: 

ENVIRONMENTAL CONCERNS: 

(OTHERS): 

DATA: 

ANALYSES CONDUCTED 

RESULTS: 

RECOMMENDATIONS:------------------------·--------

KEYWORDS: 

10-1.. Collection and Data Sheet 
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NON-DESTRUCTIVE 
EXAMINATION 

DATA INPUT SHEET 

OPERATOR: DATE:-------------------

PART NAME/Nl-"MBER: 

MATERIALS & CONSTRUCTION: 

LOCATION OF ANALYSIS: 

REASON FOR ANALYSIS: 

ANALYTICAL INSTRUMENT/SETTINGS: -----------------------------

SUPPORTIVE DIHA: 

KEYWORDS: ----------- ------------ ------------

10-2. Nondestructive Examination Data Sheet 

10-3 



MATE RIALS CHARACTERIZATION 
DATA INPUT SHEET 

OPERATOR: DATE: _____-------------
PART NAME/NUMBER: _____________________________________________________ 

MATERIALS/SPECIFICATIONS: 

SPECIFICATION REQUIREMENTS: __________________________________________ 

CURE TEMP: 

FIBER/RESIN DENSITIES:------­

VERIFICATION DATA: 

ot Tg DETERMINATION­

INSTRUMENTATION:------------------------------------------

RESULTS: 

ot RESIN CHARACTERIZATION-
INSTRUMENTATION: _________________________________________ 

RESULTS: 

~& RESINCONTENT-

INSTRUMENTA TION: -------------------·-----

RESULTS: 

ot SPECIALIZED ANALYSES METHODS USED (HPLC. GPC. DSC, SURF. ANALYSIS, ETC):-----------------

RESULTS: 

KEYWORDS: 

10-3. Materials Characterization Data Input Sheet 

10-4 



MATERIALS 

~ Diagram of spec1nen location 

<D Data/Graphs frorr analysis 

COMMENTS: 

10-4. Materials Characterization Data Sheet 

10-5 



FRACTOGRAPHY 
MACROSCOPIC ANALYSIS 

DATA INPUT SHEET 

DATE: _______________________OPERATOR: 

PART NAME/NUMBER:------------------------------------------------­

MATERIAL: 

VISUAL OBSERVATIONS: 

KEYWORDS: 

10-5. Sheet 
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FRACTOGRAPHY MACROSCOPIC ANALYSIS 
DATA INPUT SHEET 

(PHOTO ATTACHMENT) 

~ Dtagram or photo cf part location 
on structure 

<~> Photo of overall pa 

"' Closeup of fracture ongin or defect 

MAG 

MAGNIFICATIO\J: 

COMMENTS: 

10-6. Data Sheet 
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----------------------------------------------------------------

FRACTOGRAPHY 

MICROSCOPIC ANALYSIS 

DATA INPUT SHEET 

DATE: _________________ 
OPERATOR: ---------------------------------------
PART NAME/NUMBER: _________________________________________________________ 

MATERIAL: --------------------------------------------------------

RESIN/FIBER SYSTEM: ---------------------------------------------

LAYUP: ------------------- -------------------------------
MICROSCOPIC OBSERVATIONS: ___________________________________ 

KEYWORDS: 

10-7. Data Sheet 
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FRACTOGRAPHY MICROSCOPIC ANALYSIS 
DATA INPUT SHEET 

(PHOTO ATTACHMENT) 

019 Optical photomicrograph 

ill Low-Mag photo-nicrograph 
"' SEM 
411 TEM 
~~> STEM 

411 High-Mag photcm1crograph 
ill SEM 

"' TEM 
• STEM 

MAG 

MAGNIFICAT/01\l: ---- ---------------------------­

COMMENTS: ---------------

10-8. Sheet 

10-9 



STRESS ANALYSIS 
DATA INPUT SHEET 

DATE: ____________________OPERATOR: 
PARTNAME/NUMBER: _________________________________________________ 

MATERIALS/SPECIFICATION/CONSTRUCTION· 

ENVIRONMENTAL AND LOAD CONDITIONS (PRIOR TO AND DURING FRACTURE): 

INPUTS FROM FRACTOGRAPHY (ORIGIN, LOAD TYPES, DEFECTS):------------------------------

INITIAL STRUCTURAL REVIEW: 

GROSS STRAII\1 AT ORIGINS: 

E1 ALLOWABLES AT ORIGINS: 

® ANALYSIS METHODS:---------------------------

® RESULTS/COMMENTS:___________________________________________ 

LAMINA LEVEL REVIEW: 

® FAILURE CRITERIA USED: 

® ANALYSIS METHODS USED --------------------· 

e RESULTS: 

SUMMARY/INTERPRETATIONS:----------------------------------------------

I<EYWORDS: 

10-9. Stress Sheet 
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STRESS ANALYSIS 
DATA INPUT SHEET 

(DIAGRAM ATTACHMENT) 

-

<Ill D1agram of pa1t loading 

COMMENTS: 

-

-
-

10-10. Stress Data Sheet 
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1.0 INTRODUCTION 

2.0 MATERIAL 

3.0 MECHANICAL TEST INFORMATION 

-Test Conditions 
-Mechanical Test Data 

4.0 FRACfOGRAPHIC DATA 

Data - Initiation Site 
of Data - Crack rrn.n:.HJ''" Direction 

5.0 SUMMARY AND CONCLUSIONS 

10-11. Format 

10-12 
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1.0 ABSTRACf 

2.0 BACKGROUND 

To Fracture 

3.0 ANALYSIS OF FAILURE 

Used and Results 
Used and Results 

4.0 CONCLUSIONS 

5.0 RECOMMENDATIONS 

10-12. Failure Format 
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A~Basls. 

values is expected to 

An early stage in the "'"'"rrr""'"' reaction of a 

fusible. 

Adhesive. A substance capable 

Structural adhesives 

materials that consists of a 
matrix 

material. 

Advanced Filaments. Continuous filaments made from 

for use as a reinforcement constituent in 

nl"'-~-'llu laminate. A laminate in which the fiber orientations in successive 

between "+" and "-"with respect to the global reference 

Not vary with 

orientation at any within the material. 

Kevlar Nomex, 

or 

B-Basis. The mechanical "'"''""''nrtu value above which at least 90 of the 

values is expected to with a of 95 

softens fuse or 

dissolve. to final cure. 

and vacuum 

Balanced laminate. 

occur in + - (not '"'"0"'""'<'"' 
"-"lamina. 
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Batclh of the same process and 

identical characteristics from a batch of matrix 

material. The prepreg but all sub-batches are 

VU'.HAA' in the same onnmr•Tn•<>nt 

Binders. Either resin to 

fibers to form mat 

Bleeder Cl1oth. A used in the manufacture of to 

allow the escape of excess gas and resin cure. The bleeder cloth is removed after the laminate 

1s and is not of the final laminated 

Bond. The adhesion of one surface to with or without the use of an adhesive as a 

bonding 

Braid. Yarn that is interlaced a process similar to that used in the of 

available in or tubular often referred to as or "braided fabric." 

A term to prepreg material than 12 inches in 

usually furnished by in continuous to both collimated unaxial woven 

fabric prepregs. 

Carbon fibers. Fibers 

resin in which the material is 

thermosets are in this 

Cable. Yarn that is more than once; yarn made two or more 

yarns. 

Caul Plate.. Smooth metal free of surface as a '""''" .."'" 
used to transmit normal pressure the process and to a smooth surface on the 

Chemical Size. A surface finish to the fiber that contains some chemical constituents 

other water. 

The process of 

the same cure 

Collimated. Rendered 

Material. A 

Current structural combination of in a 
common matrix material. may be classified as 

1. in a matrix 

2. Laminated of the same or various materials 

3. Particulate ""rn'H'<·•t<"' - Particles in a matrix 

4. nrnmn°nrl of more than one kind of fiber/matrix material 

11-2 



A form of metal m:1trix in which the fiber system and the 

are fully or into 

laminate. 

ConstittH~I'It Class. A group of fiber or matrix constituents of the same 

or e.g., is a generic class and epoxy is a matrix class. 

Continuous Filament Yam. A yarn '""'Yn"''" 

continuous 

and 

referred to that name. The core material may be paper, 

That of a a bond between 

the reinforcement and the matrix material. 

""'tl"n1•"' resin 

or addition. Cure may be 
2.nd with or without heat. 

Debond c1r Disbond. An 

adherends. 

removal of air 

full vacuum, 

Delamina'tion. A 

End. An 

A construction manufactured two yarns 
system of yarn or and fill 

" 

Fiber. A 

chanical sense, used as a 
and 

Fiber Content. The amount of fiber as volume 
fraction or fraction of 

Fiber Din~ction. The 

to a selected 

of the fiber constituent of an advanced 
are collimated filaments or filament yarns, woven 

u.u·u.v•.u fiber etc. 
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Filament. A fiber characterized 

within a at P'P.flm~'\trl HaJlH<:;H~i> are used in HUUH<OHLallJ' and are 

continuous strands. 

in which the fiber constituent 

consists of continuous filaments. is a laminate of a 

number of each of which consists of a unidirectional 

filaments filament embedded in the 

FilL Yarn oriented at to the warp the woven fabric. 

Finish. A material with which are a to the 

bond between the filament surface and the resin matrix in a material. A finish often contains 

which to the filament surface 

onom.otE~s strand the 

filaments. 

is held in on 

Flash. Excess material of a or a or that is 
extruded from a closed mold. 

Foamed Pilastics. Resins in sponge with closed or interconnected cells 
that vary in from that of the solid resin to 2 heat and 
the fiber of foams makes them useful as core materials for sandwich 
constructions. whose structure is gases from the 
chemical interaction of its constituents. 

Binder. A resinous material used in 

on the metallic foil 

Gel Coat. A 

the 

Fibers. A group of carbon fibers with a carbon content of 99 and 
modulus values than 20 GPa or 3 million 

on a foil 
sheet of matrix 

Loom state has received no 

Hand successive of prepreg in on a 

11-4 



of unif<)rm 

of 

To resin onto fibers or fabr:.cs one of several processes: hot solution 

or 

UV.UUULH!; or HAIC'vAHAAHv•:.u A<Au~vH-UAf> 

continuous structure. 

lnterlaminar. A 

lntralaminar. A to a location within a lamina without 

reference to any a'a.l:acjmt laminae. 

within the material 

Kevlar. T:rade name for Aramid from DuPont. 

lamina. A or 

laminae. Plural of lamina. 

laminate. A obtained two or more laminae of the same material 

or of different materials. 

A fabrication process of 
the 

Mandrel. A form fixture or a iS a in the or 

filament 

Matrix. in which fiber of 

material is imbedded. 

Matrix Chl!SS. The or ceramic. 

Mold Reh~ase A lubricant to :he mold surface to facilitate the release of the 

molded article. 

The process of a Jr a C<VJLHL'v"'~"' into a mass 

the of pressure and heat. 

three of elastic 

Peel A 

from precu~sor and not as strong as the low-modulus PAN 

nn:>c1~ssea to increase their HRIUU!u" vA'vvAH/.Ll~ for 
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which is solid in its finished statePlastic. An substance of 
can be flow.at some its manufacture or its 

transition 

Plied Yam. An yarns. 

A or the uu."''"''"' 

number of ret)ea.tinl!! When two or more nomomers are 

is called a 

A distribution of gas, or vacuum within 

of the total nonsolid volume to the total volume 

Postcure. After the initial cure, an additional elevated ~"'""'"' exposure, above the 

and without preSSUre, to final nrAn.ort the cure. In certain 
exposure of the cured 

The of time that a resin retains 

to be used in 

Precursor. material from which carbon fibers are via 

trile 

A lamina in the "raw material" as furnished 
in relative to all or of the 

matrix include green and 

consolidated 

laminate. A laminate that 

Reinforced Plastics. a matrix and a modulus that is 

less than 20 GPa (3 million 

material which has an indefinite and often 

to has a or 

of two or more without a twist. 

Sandwich Construction. A structural form of two 

of to and a 

core. 
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Scrim Cloth called prepreg fabric woven into an open 

mesh used in the or any other B-staged to 

of t NO or more the 

process of adhesive vv'""'"l'" 

adhesive itself. 

Shelf lifE~. The be stored under environmental 

conditions and meet all 

function. 

Chemical create a 

bond between the uuuu•~H'·"· 

Strand. A bundle of untwisted filamerts. 

laminate. A laminate in which t1e and 

fiber orientation Rre about the laminate 

Tack. "'~'"v"-'"'~"" of a prepreg or an adhesive. 

Narrow fabric or material that ranges in width from 1/4 to 12 inches. 

Th~~·-"'""''"'"''*'"' Material. A material that is softened an increase 
and hardened a decrease in the -.-o..-nn.u..-·e~ chemical 

ThermcH>~~t MateriaL A material which beco infusible and insoluble 

cured of or means. 

Tow. A 

,..,.,.,"'"~,.,." valwl is the average value. No statistical assurance 

Unidirectional laminate. A with no awoven prepreg up in theJUH.HH•U.""' are 

same direction. 

A proces:; in which the is under pressure 

the space between the and a flexible sheet that is over 

Verifilm. A nonadhesive used ch~ck the bond line thickness of 
to adhesive uvJ.1u1a~. 

Void. A within a material or 

Volatiles. Materials in the or the resin 'ormulation in a prepreg which are released as 
at near or above room 
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Whisker diameters range from 1 to 25 with 
hol-"T£>On 100 and 

X-Axis. The axis in the of a laminate which is used as the 0 reference for 

""'" 1:>H<<~ui 5 the fiber orientation of a lamina. 

that is to the 

Y-Axis. The axis in the 

Yarn. A yarn is either strands of fiber or continuous filaments 

in a form suitable fi:>r 

Z-Axis. The reference axis normal to the of the laminate. 
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A 

AND 

This section n-r,oNnH f-'HCLLlVH of chemical and mechanical of fiber-reinforced 
materials. on the Defense 

Plastics and 

abstracts were are shown in for review and 

obtained into database files condensed 
into tabular form~,. 
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Sources and Abstracts 

KEYWORD(S) 

CHEMICALJMECHANICAL 
PROPERTIES -

THERMOSETTING RESINS 
THERMOPLASTIC RESINS 
FIBERS 
EPOXY RESINS 

CHEMICALJMECHANICAL 
PROPERTIES -

FIBER REINFORCED 
COMPOSITES 

EPOXY/GRAPHITE 

PEEK/GRAPHITE 

BISMALEIMIDE/GRAPHITE 

FIBER REINFORCED COMPOSITES -
MULTI-PLY LAMINATES 

Literature Search of 

SOURCE(S) 

OTIC 

OTIC, PLASTICS 
CENTER DATABASE 

NASA 

NASA 

NASA 

OTIC 

TOTAL 

and Plastics Center 

21 

103 

598 

86 

28 

3 

839 
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COMMERCIAL IJLT. TENSILE ELASTIC ELONGATION FIBER GENERIC 
NAME STRENGTH ·MODULUS DENSITY TYPE 

I) ; I) 

Calion 550 340 162 0.064 C PM Fiber + Epoxy Sizing 
G30-500 

Calion 185 0.064 C Pan Fiber + Epoxy Sizing 
GJ0.-{300 

Calion 43.5 1 43 0062 C PM Fiber + Epoxy Sizing 
G40-600 

Gel ion 72Q 43 5 166 0064 C Pan Fiber -1 Epoxy Sizing 
G40-700 

Gel ion 470 1 4 0.064 High Strength C Fiber for 

830-400 Weaving 

Gel ion 52 07 0.064 High Modulus Carbon Fiber 
GS0.300 

CAl Iron :no 75 0.36 0.071 Ultra High Modulus C Fiber 
GY-70 Unidirectional Tape 

Celion 270 75 0.36 0071 Ultra Hrgh Modulus C Fiber 

GY-70SE Tow 

Celion 270 83 032 0071 Ultra High Modulus C Fiber 
GY-80 Unidrrectional l ape 

Cellon 270 83 0.32 0.071 Ultra High Modulus C Fiber 

GY-B-OSE Tow 

Calion 6-S 550 3-35 1.64 0.064 &zed. Chopped High Strength 
C Fiber 

Amoco 1024 42 2.47 0066 High S1rength High Modulus 

11000 C Fiber 

Amoco 731 41 5 0064 Low Strength Intermediate 

1550/42 Modulus C Fiber 

Kevlar 49 17.5 2.5 ll051 High Tensile Modulus Organic 
Fiber 

Magnamite 450 33 1.32 0065 Continuous PAN fiber, high 
AS1 wength, wrta~ treated 

Magna mite 1.53 0065 Continuous PAN fiber, high 

AS4 11trength, wr!a~ treated 

A-:3 



Tab/eA-3. of 

ManufKturer l'roducl Numl:x!r 

AMERICAN CYANAMID CYCCM 
CYCCM 
CYCCM 005/CEUON 
CYCCM 985/CEUON 
CYCCM OOS(T-300 
CYCCM 985(T-300 
CYCCM 980(T·300 
CYCCM OOO(T-300 

CISA-GEIGY Re2UB 
R.AC8350 
A6378 

FERRO CCRPOR.ATION CE-!l000-1(T-300 
CE-oooo-2 
CE-!l000-9/T-300 
CE -343/CELION 6000 
CE-3201 (T-300 
CE-!l000-9(P-75S 
CE-339/HMS 
CE-339/GY· 70 
CE-339/T-300 
CE-324(T-300 
CE-324(T-300 

HERCULES 

HMS(3501-5A 
AS4(1008 
AS4/1008 
AS4(3502 
AS4/3501-6 
AS/3501~ 

AS4j3501-5A 
AS/3501-5A 
IG360·5H(3501 ~ 
AS4 OR IM?X/8551·7 
AS4(8551·7 
AS4/2220-3 
AS4/4502 
AS4/1919 
HMS4(3501·5A 
HMS4/3501~ 

IM6(3501~ 

A' 1 85-CSW /350 1·5A 
A•185-CSW/3501~ 

A'185-CSW/3502 
A"370.5H/3502 
A'370.8H/3502 
A'193-P/3502 
A'200-5H/3501-5A 
A '280-5!-1 /3501 ~ 
A'200-5H/3502 

HEXCEL T-300/F263 
T-300/F250 
T·300/F263 
T-300/F183 
T·300/F183 
T6T1 00/F584 
HA145/F584 
T5A145/F584 
T5A100/F584 
T6U145/F584 
TM145/F584 

HITCC EM-7125A 
E767HM 
E767 

UNIDIRECTIONAl 
F-134 WEAVE 
UNIDIRECTIONAL TAPE 145 
7 Mil PlAIN WEAVE 
UNIDIRECTIONAL TAPE 
F-134 WEAVE 
YARN F-134 WEAVE 
UNIDIRECTIONAl TAPE 

UNIDIRECTIONAL 

2424 8H SATIN WEAVE 
2424 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
UNIDIRECTIONAL 

UNIDIRECTIONAL 

UNIDIRECTIONAL 
UNIDIRECTIONAL 
2424 

5H WEAVE 
5H WEAVE 
8H WEAVE 
BHWEAVE 
PLAIN WEAVE 
PlAIN WEAVE 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
UNIDIRECTIONAL W /0 GlASS SCRIM 
UNIDIRECTIONAL/100 GlASS SCRIM 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
UNIDIRECTIONAL 
5H SATIN WEAVE 
TAPE 
TAPE & FABRIC 
UNIDIRECTIONAl TAPE 
UNIDIRECTIONAL TAPE 
UNIDIRECTIONAL TAPE 
UNIDIRECTIONAL TAPE 
UNIDIRECTIONAL TAPE 
UNIDIRECTIONAL TAPE 
CROWS-FOOT SATIN WEAVE 
CROWS-FOOT SATIN WEAVE 
CROWS-FOOT SATIN WEAVE 
5HWEAVE 
8HWEAVE 
PLAIN WEAVE 
5HWEAVE 
5MWEAVE 
5HWEAVE 

UNIDIRECTIONAL 3000 TOW 
UNIDIRECTIONAL 3000 TOW 
BIDIRECTIONAL WOVEN 3000 TOW 
UNIDIRECTIONAL 3000 TOW 
UNIDIRECTIONAL 3000 TOW 
T-300 6K 
ASS 12K 
IM612K 
IM812K 
T-700 6K 
AS4 12K 

CHOPPED STRAND MOLDING CMPD 
UNIDIRECTIONAL TAPE 
3K PlAIN WEAVE 

Propreg Cur® Aaoln Conlenl (%) 

40 _:t_ 3 
45 + 2 

37!> 
40.:!:. 2 
37.:!:. 3 
42 2 
42 
37.:!:. 3 

40.:!:. 2 
43 .:!:_3 
35 

3 
40 3 
39.:!:. 3 
40 
39 

41.3 
3$.6 
39.:!:. 4 
39.:!:. 4 
40.:!:. 3 

42 + 3, 35 + 3 
42 +3, 35 +3 
42 :I 3, 35 :I 3 
42.:!:. 3, 35.:!:. 3 
42 + 3, 35 + 3 
42 :I 3, 35 :I 3 
36.:!:. 3 
42 .:!:_3 
42.:!:. 3 
36.:!:. 3 
38 + 3 
42 I 3, 35.:!:. 3 
42 + 3, 35 + 3 
42 +3, 35 +3 
42 +3, 35 +3 
42 -3,35 :I 3 
32 
32.42 
33.46 
37 3 
42.:!:. 35.:!:. 3 
38.:!:. 3 
42.:!:. 3, 35.:!:. 3 
42 3, 35.:!:. 3 
32. 
42.:!:. 3, 35 3 
42.:!:. 3, 35.:!:. 
42.:!:. 3, 35.:!:. 3 
42 + 3, 35 + 3 
42 :I 3, 35 :I 3 
42.:!:. 3, 35.:!:. 3 
42.:!:. 3, 35 3 
42.:!:. 3, 35 
42.:!:. 3, 35 3 

42.:!:. 3 
42.:!:. 3 
43.:!:. 3 

OVEN CURE 33.:!:_3 
AUTOCLAVE 3 

26-30 
32-3$ 
32-3$ 
32-3$ 
27-30 

37-43 
36 
40 
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Tab/eA-3. of 2of 

l'ib<tr Ar ..l Shot! Ulo Out Time 

Rem!n (%) Volatllo Conlon• ("-) T,..;k 1\lolght (gfm2) (monlllo <>~ 0 f) (d•y• 011 77 f) Ool Timo (min) 

15 :!;_ 5 
12..:... 5 

(~ PSI/3~ F) 
PSI/2~ F) 

1 
1.5 

6 
6 

[70 F) 

24 + 7 PSI/500 F) 20 
18:.!.: 7 
18.!. 6 
18.!. 6 
15.!. 6 
15.!. 6 

(~ F) 
(50 F) 
(50 PSI/350 F) 
(50 PSI/350 F) 
(50 PSI/350 F) 

2.0 
1.0 
1.0 
1.0 
1.0 

6 
8 
6 
6 

15.!. 3 
15.!. 3 
15 .!._ 3 
15.1_ 3 

(350 F) 
(350 F) 
(350 F) 
(350 F) 

5- 19 (50 PSI/275 F) 
15.!. 5 (50 F) 
15:!;_5 (100 F) 

2 
2 
1.5 

6 
6 

(40 F) 
14 
14 
21 

3. 14 (275 F) 

18.1_5 (350F) 

20.!. 4 
17.!. 5 

(10 
(15 

PSI/325 F) 
F) 

2 
2 (10 MIN/325 F) 
1 (10 M1Nj350 F) 
2 (250 
1.5 (10 
1.1 (15 MIN/275 
0.1 (10 MIN/250 
0.9 (10 MIN/250 
1.5 (10 MIN/275 
1.5 (10 MIN/275 
2 (10 MIN/250 

MEDIUM 

MEDIUM 

MEDIUM 

- 13 (325 F) 
4- 10 (350 F) 
10. 18 (350 F) 
13 (250 F) 
• -20 (325 F) 
10.25 (350 F) 
7.66 (250 F) 
12.8 (250 F) 

20 (275 F) 
4-20 (275 F) 
8 (250 F) 

1.5 370.!. 14 12 10 3- 7 (350 F) 

1.5 l70.!. 14 12 10 6- 12 (350 F) 

1.5 370.!. 14 12 10 3- 7 (350 F) 

1.5 
1.5 
1.5 
1.5 

370.!. 14 
193.!. 8 
193.!. 8 
146 
146 

12 
12 
12 
12 
12 

10 
10 
10 
14 
10 

6- 12 (350 F) 
3-7 (350 F) 
e- 12 (350 F) 
7. 14 (250 F) 
6- 12 (350 F) 

146 12 10 3- 7 (350 F) 

1.5 146 12 14 7- 14 (250 F) 

1.5 146 12 14 7- 14 (250 F) 
164 10 12-32 (350 F) 

150 12 10 6- 12 (350 F) 
150 12 10 6. 12 (350 F) 
150 12 10 3-7 (350 F) 

150 12 10 3- 7 (350 F) 

1.5 
1.5 
1.5 
1.0 
1 
1.5 

'5 200 
l55. 385 
150 
150 
145 
150 

12 
12 

12 
12 
12 

10 
7 
7 
14 
17 
14 
10 

6- 12 
8 -20 (350 F) 
8-20 (350 F) 
2.5 (350 F) 
19 (350 F) 
5- 12 (250 F) 
3-7 (350 F) 

146 12 10 6- 12 (350 F) 

150 12 10 6. 12 (350 F) 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

8 
.!_8 

185.!. 8 
370.!. 14 
370.!. 14 
193 8 

10 
10 
10 

12 
12 
12 
12 
12 
12 
12 
12 

10 
10 
10 
10 
10 
10 
10 
10 
10 

3-7 (350 F) 
6- 12 (350 F) 
12.32 (350 F) 
12-32 (350 F) 
12.32 (350 F) 
12-32 (3.')() F) 
3-7 (350 F) 
6 12 (350 F) 
12.32 (350 F) 

22.1_ 
22.!. 4 
20.!. 4 
10.!. 4 
17.!. 4 
5- 15 
5. 15 
5- 15 
5- 15 
5- 15 

- 15 

(100 PSij350 
(100 PSI/250 
(100 PSI/350 
(15 PSI/350 
{50 PSI/350 

PSI/350 
PSI/350 
PSI/350 
PSI/350 
PSI/350 
PS1j350 

2 
2 
2 
2 
2 
1-4 (350 F) 
1. 4 (350 F) 
1 - 4 (350 F) 
I- 4 (350 F) 
1- (350 F) 
1 4 (350 F) 

GOOD 
GOOD 
GOOD 
GOOD 
GOOD 

GOOD 
GOOD 
GOOD 

100 
145 
145 
100 
145 
145 

1-6 (350 F) 
-10 (250 F) 

I· 6 (350 F) 
6. 10 (350 F) 
6-10 (350 F) 

0.5 12 00 

2.0 145 
193 
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Table A-4. 

Msnul.octurer Proouctllluml>er 

AMERICAN CYANAMID CYCCM5143 
CYCCM 5105 
CYTRON5104 
CYTRON 5104 
CYTRON 5104 
CYTRON 5104 
CYTRON 5104 
CYTRON5104 

CYTRON5104 
CYTRON5104 
CYTRON5104 
CYTRON5104 
CYTRON 51508 
CYTON51508 
CYTRON 51508 
CYTRON 51508 
CYTRON 51508 
CYCCM 985/E-GLASS 
CYCCM 980/E-GLASS 
CYCCM 5102/E-GLASS 
CYCCM 5134 

CIBA-GEIGY R1604 
R2520 
RAC 7350 
R7373 

FERRO CCRPORATION CE-9019A 
CE-9000-1 
CE-9000-2 
CE-9000-2 
CE-3330 
CE-3201 

GLASS 

CE-339 
CE-339 
CE-324 
CE-308 
E-293 
CE -9000 I M PC-4 
CE-9000/VOL A 
CE-9000/MPC-5 
CE-307HM 
CE-307HM 
CE-307HM 
CE-307 
CE-3201 fVOLAN A 
CE-9000/S-2 GLASS 
E-9300 
EF-2/&-901 
EF-2/S-2 

FiBERITE MXB-7018 
MXB-7203 
MXB-7701 

HITCC EM-7205A 
EM-7302UD 
EM-7302-XUD 
EM-7302 
E719LT/1583 

REGULAR GEL-GRADE 
REGULAR GEL-GRADE 
REGULAR GEL-GRADE 
REGULAR GEL-GRADE 
REGULAR GEL-GRADE 
MEDIUM GEL-GRADE 
MEDIUM GEL-GRADE 
MEDIUM GEL-GRADE 
MEDIUM GEL-GRADE 
MEDIUM GEL-GRADE 
104 
100 
112 
113 
116 
7781 !l-1-1 SATIN 
7781 A1100 
7581 
7581 

7781 
7781 
120 
7781 
7781 
7781 
456 UNIDIRECTIONAL 
7781 
7781 
120 
7781 
7781 
7781 
7781 
1543 
7576 
7544 
1582 
76281 
7781 
112 
6581 
7781 
ROVING 
ROVING 

181 
7581 
1581 

1 

Re"in Contenl (%) ResinA""'(%) 

20 4 (50 PSI/325 F) 

50.±. 7 (200 PSI/340 F) 
44 .±. 7 (200 PSI/340 F) 
40 7 (200 PSI/340 F) 

7 (200 PSI/340 F) 
(200 PSI/340 F) 
(200 PSI/340 F) 

7 (200 PSI/340 F) 
7 (200 PSI/340 F) 
7 (200 PSI/340 F) 
7 (200 PSI/340 F) 
5 (200 PSI/340 F) 

(200 PSI/340 F) 
(200 PSI/340 F) 
(200 PSI/340 F) 
(200 PSI/340 F) 
(50 PSI/350 F) 
(50 PSI/350 F) 
(50 PSI/325 F) 

38 .±.2 13.±. 7 (77 F) 

35.±_2 1:l 
38 18 (50 PSI/260 F) 
30 15 .±. 5 (50 PSI/350 F) 
35.±_3 10 .±. 5 (15 PSI/325 F) 

36 17 MIN/50 PSI/350 F) 
36.2 (10 MIN/15 PSI/325 F) 
43-53 15- 30 (15 PSI/325 F) 
35.9 15.3 (10 MIN/15 PSI/325 F) 
38.0 14.7 (15 PSI/250 F) 
36-44 10 • 20 (10 MIN/15 PSI/325 F) 
35-42 28 .±. 4 (10 MIN/50 PSI/325 F) 
38.7 9.0 (15 PSI/250 F) 
35.1 8.1 (15 PSI/250 F) 
49.4 19.3 PSI/250 F) 
37 + 3 (10 MIN/15 PSI/250 F) 
381:2 (50 PSI/275 F) 
40 .±.3 15. (5 MIN/15 PSI/325 F) 
35-39 9 15 (10 MIN/15 PSI/325 F) 
32-36 10 • 18 (10 MIN/15 PSI/325 F) 
32 36 10- 16 (10 MIN/15 PSI/325 F) 
34.3 5.0 (15 PSI/250 F) 
32.2 3.0 (15 PSI/250 F) 
52.7 21.5 (15 PSI/250 F) 
46.0 22.0 (15 PSI/250 F) 
45.3 15 (15 PSI) 
36.8 20.2 (50 PSI/325 F) 
33.4 8.65 
17-23 5-12 (325F) 
17-23 5-12 (10 MIN/325 F) 

32 14 (100 PSI/325 F) 
41.0 22.0 (50 PSI/250 F) 
38 16 (50 PSI/275 F) 

34 3 5 ·20 
41-
41.47 
33-39 
35 
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Table A-4. of 2 

V<>llltile Content(%.) Ta<:k 0<&1"' Sheil U!e (d"YII) Out Time (<lays ..t 77 F) Gel Time (minutes) 

6-9 (325F) 10-14 1- 1.66 (325 F) 
1.5 00 (40 F) 
0.75 3.66 (340 F) 
0.75 3.66 (340 F) 
0.75 3.66 .:!:. 0.3 (340 F) 
0.75 3.66.:!:. 0.3 (340 F) 
0.75 0.3 (340 F) 
0.75 (340 F) 
0.75 0.3 (340 F) 
0.75 0.3 (340 F) 
0.75 0.3 (340 F) 
0.75 0.3 (340 F) 
0.75 0.5 (340 F) 
0.75 (340 F) 
0.75 (340 F) 
0.75 4 (340 F) 
0.75 4 .:!:. 0.5 (340 F) 
2.0 
1.0 180 (C 12.:!:_ 4 (350 F) 
3 (325 F) 90 (4C 
1.5 90 (0 

2.2 180 (<OF) 30 
2 180 (40F) 10 3-6 (275 F) 
2 180 (40 F) 14 

180 14 6.:!:_2 (325 F) 

1.5 (10 MIN/350 F) 
0.8 (10 MIN/325 fl 

10 (8C F) 
10 (8C F) 

3 (10 MIN/325 F) 
0.4 (10 MIN/325 fl 

MEDIUM MEDIUM 
10 (BC F) 12 

1.4 (10 MIN/325 f~ MEDIUM EXCELLENT 30 (8(• F) 3.9 (280 F) 
3 (1 0 MIN/325 F) 
1.5 (20 MIN/325 fl MEDIUM MEDIUM 

14 (8( F) 
10 (BC• F) 31.:!:_2 (300FJ 

0.8 (1 0 MIN /250 F) MEDIUM 30 (8(• F) 4 (250 F) 
0.4 (250 F) 60 (8C• F) 6.25 (250 F) 
0.3 (250 F) 60 (8(• F) 5.33 (250 F) 
2 (10 MIN/250 F) 60 (8CI F) 8 (250 F) 
1.5 (375 F) 30 (8(1 F) 2-10 (250 
2- 6 (10 MIN/325 F) LIGHT 1.5-2.5 F) 
2 (15 MIN /325 F) 
2 (10 MIN/15 PSI/325 F) 
2 (10 MIN/325 F) 
0.3 (250 F) MEDIUM MEDIUM 12.5 (250 F) 
0.3 (250 F) MEDIUM MEDIUM 12.5 (250 F) 
0.3 (250 F) MEDIUM MEDIUM 12.25 (250 F) 
0.28 142 12.5 (250 F) 
0.7 (10 MIN/325 i') 15.5 (325 F) 
0.8 (15 MIN/3251') 11.6 (325 F) 
1.06 30 0.933 

1 - 3.5 (325 F) 
3.0 (10 1-4 (325F) 

1.2 
1.2 9 (250 F) 

4 (275 F) 

2.0 
0.5 
0.5 
0.5 
1.5 



Table A-5. 

Manufa<;tur~Dr Prooucl Numoor 

AMERICAN CYANAMID CYCCM 5118L/KEVLAR 49 
CYCOM 51058/KEVLAR 49 
CYCOM 950/KEVLAR 49 
CYCCM 950/KEVLAR 49 
CYCCM 985/KEVLAR 48 
CYCCM 985 /KEVLAR 49 
CYCCM 980/KEVLAR 49 
CYCOM 5102/KEVLAR 49 

CIBA-GEIGY R9256--1 
R9255-2 
R9257 
R9269 
R9269 
RAC9350 
RAC9350 
R9369 
R9369 
H9521 

FERRO CORPORATION CE-9010A 
CE-9010 
CE-9010 
CE-9000-2/KEVLAR 49 
CE-9000 jKEVLAR 49 
CE-345/KEVLAR 49 
CE-345/KEVLAR 49 
CE-345 fKEVLAH 49 
CE-3-!3 /KEVLAR 
CE-306 
CE-306 
CE-321R 
CE-324/KEVLAH 49 

FIBERITE MXM-7880/KEVLAR 49 
MXM-7880/KEVLAR 49 
MXM-7976 /KEVLAR 49 
MXM-7976/KEVLAR 49 
MXM-7669 /KEVLAR 49 
MXM-7764 /KEVLAR 49 
MXM--1064/KEVLAR 49 
MXIVI-7714/KEVLAR 49 
MXM-7714/KEVLAR 49 
MXM-72!;1 /KEVLAR 48 

181 
"181 
281 
UNIDIRECTIONAL 
K-285 
281 
281 
181 

285 
·120 CROWFOOT 
181 
285 
120 
281' 285 
120 
285 
120 
181,285 

181 
181 
120 
285 
181 
281 
181 
UNIDIRECTIONAL TAPE 
4550 UNIDIRECTIONAL TAPE 
281 
281 
4560 UNIDIRECTIONAL TAPE 
285 

120 
285 
120 
285 
285 
181,285 
181,285 
120 
285 
285 

1 

Resin Content(%) 

50-55 
50-55 

55 ;<:_3 
63 ;<:. 3 
51 .!_3 
o2 3 
57 
50;<:_3 
60 ;<:_3 
50~ 3 
5~ ;<:_3 
54;<:. 3 

54.1 
52 
55 
45-55 
49.5 
53 
52.3 
57.7 
38.1 
53;<:_2 
47.4 
45 ;<:. 3 
52 

55 
52 
51 
49 
49.1 
51-57 
51-57 
54-00 
49-55 
55 

Resin flow(%) 

17-25 
27-35 (15 MIN/325 F) 
18 ;<:. 7 (50 PSI/250 F) 

10 (50 PSI/250 F] 
(50 PSI /350 F) 

7 (50 PSI/350 F) 
(50 PSI /350 F) 

(10 PSI/350 F) 

10-40 (50 PSI/250 F) 
10-40 (50 PSI/250 F) 
17-37 (50 PSI/250 F) 
15-30 (50 PSI/275 F] 
15-30 (50 PSI/275 F) 
20;<:_5 
20 + 5 
33:;:: 6 (50 PSI/325 F) 
30 ;<:. 6 (50 PSI/325 F) 
15-35 (50 PSI/275 F) 

28.4 (1 0 MIN/50 PSI/325 F) 
22.5 (10 MIN/15 PSI/325 F) 
25 (10 MIN/15 PSI/325 F) 
20-35 (15 PSI/325 F) 
17.9 (15 PSI/325 F) 
25.2 (15 PSI/250 F) 
25.2 (15 PSI/250 F) 
28.1 (15 PSI/250 F) 
9.4 (50 PSI /250 F) 
30 ;<:_ 5 (50 PSI /260 F) 
19.5 
15 ;<:. 6 (50 PSI/250 F) 
23 (50 PSI /250 F) 

26.6 (50 PSI/325 F) 
28.9 (50 PSI/325 F) 
24 (100 PSI/350 F) 
30 (100 PSI/350 F) 
29 (50 PSI/325 F) 
15-35 (50 PSI/275 F] 
2-7 (50 PSI/275 F) 
20-30 (50 PSI/250 F] 
20-30 (50 PSI/250 F) 
30 (50 PSI/250 F) 
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TableA-6. of 1 of 2) 

Manufacturer Proouct Number 

AMERICAN CYANAMID CYCOM 3001 
CYCCM 3001 
CYCOM3001 
CYCOM3002 
CYCOM2507 
CYCCM3002 
CYCOM 3003 

CIBA-GEIGY R7451 

FERRO CORPORATION CPI-2274 
CPI-2272 
CPI-2248 
CPI-2249 
CPI-2237 
CPI-2214 

FIBERfTE MXB-5004 

HEXCEL F174 

112 
120 
143 
100 
104 
7781 
A1100 E GLASS/7781 

7781 
7781 
7781 
7781 
7781 
7781 

1SH50 

U.mlnm" Cur" Reo in Content(%) 

VACUUM BAG 
HIGH PRESSURE 

50-55 (8 
35-40 (8 
35-40 (8 

27-33 
32-38 

3<3.:!:_2 

40.1 
37.0 
46-50 
42-44 
35 3 

F) 
F) 
F) 

28.8 

25-45 

A-10 



Resin Flow(%) 

35-45 (5 
20-25 (5 
25-35 (5 
52 2. 7 (5 
332._4 (5 
20-29 (15 
32-38 

19 (85 PSI/350 F) 

20.2 (10 MIN/Hi PSI/350 F) 
20-30 (10 MIN/15 PSI/350 F) 
11-17 (10 MIN/15 PSI/350 F) 
NOT APPUCABlE 
17.5 (10 MIN/2{JO PSI/370 F) 

12_1 (10 MIN/115 PSI/350 F) 

Table A-6. of 2of 

1/ol"!lleConlenl(%) 
S helllile 
( nonlho Ill 411 f) 

Ou!Time 
(<layslll17 f) Gel Time (min) 

9-12 (8 MIN/325 F) 
8-9 (8 MIN /325 F) 
6-9 (8 MIN/325 F) 
31 2._ 3 (2_5 MIN/750 F) 
33 2._ 4 (2_5 MIN/750 F) 
17-23 (2.5 MIN/750 F) 
16-21 (2.5 MIN/750 F) 

3-4 

3-4 

(350 F) 
(350 F) 
(350 F) 

8 (325 F) 14 (350 F) 

8.7 (5 MIN/600 F) 

12-16 (10 MIN/350 F) 
8-8.5 (10 MIN/350 F) 
9 2._ 3 (5 MIN/600 F) 
0.37 (10 MIN/370 F) 

~, 

10 
7 
7-10 
7-10 
10 
00 

30 (300 F) 

9 (10 MIN/325 F) 

9-15 ·' 
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Table A-7. of Laminates 1 
UFS UFS UTS 

Laminate Laminate Type/ Trans 
Manufacturer Product Number Fiber Resin Cure Orientation (ksi) 

AMERICAN CYANAMID CYCOM 907{f-300 THORNEL300 UN!OIRECTJONAL 203 13.7 
CYCOM 919/T-300 THORNEL300 107 85 

CYCOM985 CEUON/E,.,32 MSI CYCOM985 UN1D!RJGRADE 145 250 

CYCOM985 CEUON/E -32 MSI CYCOM985 3K70 PLAIN WEAVE 95 
CYCOM 985/T-300 THORNEL 300 CYCOM985 UNIDIRECTIONAL 265 215 
CYCOM 985/T-300 THORNEL300 CYCOM985 95 63 
CYCOM 980JT -300 THORNEL300 CYCOMOOO UNIDIRECTIONAL 159 88 
CYCOM 980fT -300 THORNEL300/F134 CYCOMBBO FABRIC STYLE F134 100 56 

CIBA-GE!GY RAC6350 AS 240 200 
RAC 6350 HMS 165 135 
RAC 6350 AS/104 GLASS 240 196 
RAC 6350 HTS 265 215 
R6376 HERCULES AS-6 TAPE 282 390 
R6378 HERCULES lM6 TAPE 272 391 

FERRO CORPORATION CE-0000--1 THORNEL 300/2424 CE-aooo-1 FABRIC 104 80 
CE-9000-2 2424 CE-0000..2 FABRIC 121.6 W9.1 82.3 
CE-9(;()0-9/T-300 THORNEL300 CE-0000-9 UNIDIRECTIONAL 280 13 240 
CE-343/CEUON 6000 CEUON 6000 CE-343 245 240 
CE-3201/T-300 THORNEL300 CE-3201 UNIDIRECTIONAL 237 
CE-0000-9/P-758 CE-9000--a 00.3 110.3 
CE-3.39/HMS HMS CE-339 153 142 
CE-339/GY-70 GY-70 CE-339 109,5 95,8 
CE-339/T-300 THORNEL 300 CE-339 UNIDIRECTIONAL 229.3 

CE-324/T-300 
CE-324/2424 

THORNEL 300/8K 
THORNEL 300/242.4 

CE-324 UNIDIRECTIONAL 
FABRIC 

247 
119 109 84 

FIBEAITE HY·E 1534 GY-70 934 UNIDIRECTIONAL 134 85 

HY·E 1334A HM-S 934 UNIDIRECTIONAL 100 120 

HY·E 13348 KT-S 934 UNIDIRECTIONAL 230 205 

HY-E 1334C A-S 934 UNIDIRECTIONAL 280 255 

HY-E 1034C THORNEL300/3K 934 UNIDIRECTIONAL 270 230 

HY·E 1076C TtiORNEL 300/3K 976 UNIDIRECTIONAL 200 233 

HY·E 1076E THORNEL 300/BK 976 UNIDIRECTIONAL 287 215 
HY-E 1034C THORNEL 300/3K 934 CROSS-PLY TAPE 120 98 
HMF-133/34 FABRIC 100 00 
HMF 330Cj34 OUASJ-ISOTROP!C 88.7 

QUASI-ISOTROPIC 71,7 

THORNEL 300/1000 5H SATIN 00 
THORNEL 300/3000 PLAIN WEAVE 80 

THORNEL 300/6000 PLAIN WEAVE 200 
CEUON/3000 8H SATIN 00 
THORNEL 300/3000 8H SATlN B5 

CEUON/3000 8H SAllN 80 
THORNEL 300/3000 BH SATIN 80 

HERCULES A37G-5H/'J501-5A A370--5H 3501-5A 5H SATIN 15Q 100 

A370-8Hf3501-5A A37G-8H 3105-5A SH SATIN 130 00 

A193·P/3501-5A 
HMS/1008 

A193-P 
HMS 

3501-5A 
Hl08 

PLAIN WEAVE 
TAPE 185 

100 
190 

HMS/350H3 HMS 350Hl TAPE 180 180 

HMS/3501·5A HMS 350i+5A TAPE 168 198 

AS4jt908 
AS4/1008 
AS4f3502 

AS4 W/0 SCRIM 
AS4 W/108 SCRIM 
AS4 

1008 
1008 
3502 

TAPE 
TAPE 
TAPE 

240 
210 
280 

20<l 
220 
280 

AS4/3501-6 
AS/3501-8 

AS4 
AS 

3501-6 
3501-6 

TAPE 
TAPE 

280 
260 

310 
230 

AS4/350 1-5A AS4 3501·5A TAPE 25Q 310 

AS/3501-5A AS 3501-5.1\ TAPE 280 250 

STYLE A370-5H 
STYLE A370-8H 
STYLE A1B3-P 

AS4j6K 
AS4/3K 
AS4/3K 

5H SAllN 
8H SATIN 
PLAIN 

150 
130 

100 
00 
100 

TYPE HMS TYPE HMS/10K 188 198 

IYPE AS1 
TYPE AS4 

IYPE AS1/10K 
TYPE AS4 

250 
260 

280 
315 

A37Q-.5H/3501-G 
A370-5Hf3502 

A37G-5H: 
A37Q-5H 

350Hl 
3502 

5H SADN 
5H SAnN 

150 
150 

100 
100 

A370~8Hf3501-6 A37o-BH 350H3 130 00 

A370-8H/3502 
Ai93-P/3501-8 
IG300-5H /3501-8 
AS4f855l-7 

A370-8H 
A193-P 
IG300-5H 
AS4 

3502 
3501-8 
3501-8 
8551-7 

PLAJN 
5H FABRIC 

130 00 
100 

315 

!M7/8551-7 
!MS/8551-7 
AS4/8552 
IM7 /8552 
!M8f8552 

IM7 
IM8 
AS4 
IM7 
IM8 

8551-7 
8551-7 
8552 
8552 
8552 

400 
400 
305 
385 
375 

IM?/3501·6 IM? 3501-6 370 

IMS/3501-6 IM8 3501-8 300 

AS4j2220-3 AS4 2220-3 UNIDIRECTIONAL 260 310 

AS4/4502 AS4 4502 UNID!RECnONAL 280 270 

AS4/1919 AS4 1919 UNIDIRECTIONAL 230 320 

HMS4/3501·5A HMS4 3501-5A UNIDIRECllONAL 168 198 

HMS4/3501-8 HMS4 3501-8 UNIDIRECTIONAL 160 180 

IMB/3501--6 IM6 3501-8 UN!DIRECT!ONAL 200 370 

A"185-CSW/3501·5A N'185-CSW 350~-5A CSWFABRIC 120 

A"'185-CSW/3501-B A"'i85-CSW 350Hl CSWFABRIC 120 

N-185-CSW/3502 A"'185-CSW 3502 CSWFABR!C 129 
A"193-P/3501·5A N'193--P 3501-M P FABRIC 100 
A"193·P/350H3 A"'193-p 3501-8 P FABRIC 100 

N193·P/3502 A"'193-P 3502 P FABRIC 100 
N'280-5Hj3501·5A A"'280-5H 3501·5A 5H FABRIC 150 100 
A"280-5Hj3501-8 A*280-5H 3501-<l 5H FABRIC 150 100 

A"28Q-.5Hj3502 A"'280-5H 3502 5H FABRIC 150 100 

HEXCEL THORNEL300/F263 
fHORNEL 300/F250 

T-300/3000 TOW 
T-300/3000 TOW 

F263 
F250 

UNIDIRECTIONAL 
UNIDIRECTIONAL 

280 
200 = = 

THORNEL300fF263 T·300/3000 TOW F263 S!OIR. FABRIC 120 80 

THORNEl300fF163 
THORNEL 300jF163 

T-300/3000 TOW 
T-300/3000 TOW 
T6T190 

F163 
F163 
F584 

VACCUM 
AUTOCLAVE 

UNIOIRECT!ONAL 
UNIDIRECTIONAL 
TAPE 

226 
251 

100 
210 
210 

T4A145 F584 TAPE 285 404 

T5Ai45 F584 TAPE 265 414 

T5A100 F584 TAPE 445 

T6U145 F584 TAPE 242 340 

T8A145 F584 TAPE 341 

HITCO EM 7125A 
EM 7125A 

1/'Z' CHOP LENGTH 
1" CHOP LENGTI-i 

MOLDING CMPD 
MOLDING CMPD 

50 
75 

25 
35 

E"!B7HM UNIDIRECTIONAL 190 

E767 /3K PLAJN WEAVE 104 68 
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FM Flexural Modulus TFS- Tens1le Failure StrainUSS- Ultimate Shear Strength 
CFS- CompressiW! Failuf® Stram UFS- Ultimate Flexural Strength 

ISS - lnterlammar Shear Strength TM - Tensile Modulus 
CM- Compressive Modulus SFS- Shee.r Failure Strain

UTS- Ultimate Tensile Strength 
UCS- UIHrr ate Cornpress1va Strength 

SM - Shear Modulus 

UTS 
Tnms 
(kel) 

5.8 

12.1 
10.6 

63.4 
7.5 

5.5 

61 

00 

90 
80 
10 
00 
85 
BO 
80 

76 

6.34 
9.14 

ucs 
Long 
(kB!) 

101 
57 
180 
103 

62 
71 
70 

125 

228 
234 

72 
80 
100 

00.3 

00.7 
74 

62 
65.4 

100 
100 
ll5 

100 
100 
95 

100 
100 
100 
100 

95 
130 
230 
21.5 
240 
220 

245 
270 
280 

229 
115 
115 
115 
95 
95 
95 
100 
100 
100 

230 
200 
85 
190 
215 
189 
200 
251 
274 
200 
278 

190 
75 

ucs 
Trans 
(ksi) 

72.5 

85 

uss 

{ks!) 

14.5 HORIZONTAL 
10.5 SBS 
17.0 SBS 
11 SBS 
17.7 SBS 
8.7 SBS 
10.5 SBS 
8.9 SBS 

16.0 HORIZONTAL 
8.8 HORIZONTAL 
16 HORIZONTAl 
15.9 HORIZONTAl 
18.3 SBS 
19 SBS 

9.8 HORIZONTAL 
6.9 SBS 
16 SBS 
15 SBS 
12.4 SBS 
8.1 SBS 
9.48 888 
8.8 SBS 
9.39 
12.8 SBS 
9.9 HORIZONTAL 

7.5 

12 
17.5 
17 
17 
14 
8 SBS 
8 SBS 

8.5 SBS 
8.5 WARP, 8500 FILL 
11 WARP, 3 FlU. SBS 
10883 
9.5 SBS 
8.5 SBS 
8SBS 

9.1 SBS 
8.5 ses 
8.5 SBS 
8.75 SBS 
8.0 
7.8SBS 
13 SBS 
12 SBS 
17.5 SBS 
18.5 SBS 
17.5 
18.5 SBS 
18.5 SBS 
9.1 SBS 
9888 
9.5 SBS 
7.8 
19 
18 
B.1 SBS 
9.1 SBS 
8.5 SBS 
9.5SBS 
9.5 SBS 
10.5 WARP, 10.2 FlU. 
15.5 SBS 
14.5SBS 

19.2 SBS 

19800 
17.5 SBS 
19.0 
17.0 SBS 
15.3 SBS 
13.0 SBS 
7.8 SBS 
8.0 SBS 
18.0 sss 
12.3 SBS 
12.3 SBS 
12.3 SBS 
9.5 sss 
9.5 SBS 
9.5 SBS 
10.0 SBS 
10.0 sss 
10.0 SBS 

18 

9.3 
11 
13 
16.2 
18.8 
18.2 
16.5 
15.2 
19.2 

12 SBS 
9.1 SBS 

Laminates 2of 
ISS FM fM TM TM CM CM SM Major TFS 

Long Trans. Long Tran$ Long Trans Poluan Long 
(kill!) (kal) (ksi) (ksl} (kal) (kml) (k$1) (ksJ) Ratio (!nj!n) 

16800 18100 
7600 9100 9300 

18500 1200 17900 
8600 8800 

19000 21800 
8000 9800 8500 
11300 9900 11000 0.009135 
8700 8800 11600 0.00077 

18000 19500 
27300 13000 30000 
17200 19200 
20800 21600 
19800 19700 1380 0.0182 
22500 25000 1380 0.0156 

9200 10500 9200 
7310 8010 10000 7240 0010 
10500 1200 10000 1700 10000 
18500 19000 
24000 
33100 46400 
24000 23500 
39000 39800 780 35400 
17000 
22400 15400 
10000 9700 11100 11100 8800 

38000 40000 
30000 32000 
21000 23000 
19000 21000 
20000 22000 
21500 21500 
20000 20000 

11500 0.8 

10500 10500 0.69 

8000 7.5 
7800 7 
10000 10000 
9500 9800 
20500 1500 
10500 10500 
10000 10000 
8000 8000 
8000 8000 

10000 10500 10200 0.0085 

9500 10000 8900 0.0088 

10000 8900 0.0103 

26700 29000 
20000 30000 
20000 30000 
19000 20000 
13200 15500 
18500 21500 
18500 21500 
17500 20000 0.0095 
19500 21500 0.0088 
17500 19500 0.0103 

10000 10500 10200 
9500 10000 8900 

10000 8000 
20000 30000 
18000 20000 0.0095 

19000 21000 0.0095 

10000 10500 10200 0.0088 

10000 10500 10200 0.0088 

9500 10000 8900 0.0103 

9500 10000 8900 
10000 8900 

14000 11500 
21000 20000 0.014 
23000 21500 0.0162 
28500 22700 0.0146 
20500 17500 0.0153 
25000 0.0153 
28000 23000 0.0135 
24000 22000 0.0143 
27000 22500 0.0125 

18100 20000 
18000 20000 0.0133 
19000 20000 
20000 30000 
26000 30000 
21(100 24000 21700 0.0144 

10500 0.0103 
10500 0.0103 
10500 0.0103 
10000 8000 0.0103 
10000 8000 0.0103 
10000 8900 0.0103 

10000 10500 8000 0.0095 
10000 10500 8900 0.0095 
10000 10500 8000 0.0095 

19000 20000 20000 
17500 20500 20000 
8100 10000 9500 10000 9500 
18000 17000 17000 0.01110 
20000 10000 10000 0.0189 

18400 17800 0.016-<t 

20500 21900 22700 0.01!)4 
22400 25600 1210 0.0162 

28800 1310 28400 0.0168 
18200 21100 

10000 17200 

0.011 

7600 7500 
17800 16800 
8100 6800 

7500 7400 

TFS 
Trana 
(mj!n} 

0.0085 
0.0078 

0.0106 

0.0110 
0.0110 
0.0110 
0.010 
0.010 
0.010 

CFS 
Long 
{!njin) 

O.QJ 
0.0113 
0.0110 

0.01 
0.0113 
0.0110 

0.01 
0.01 
0.0113 
O.D113 
0.0110 
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Table A-8. of Laminates 1 

ur-s UFS UTS UTS 
Trant~ Long Tnms 

Manufacturer Product Number Fiber Resin Laminate CuH1 {ka!) (ko!) {l<s!) 

AMERICAN CYANAMID CYCOM 5143 7581 CYCOM5143 95 65 

CYCOM 5105 CYCOM5105 250 F 80 55 

CYCOM5105 CYCOM 5105 350 F 00 72 

CYCOM985 
CYCOM980 
CYCOM 5134 

SHSATIN/7781 
E GLASS/7781 
7581 

CYCOM985 
CYCOM900 
CYCOM5134 

102 
78.0 

66 
60 
85.0 

CIBA-GEIGY R1604/1581 
R2520j7781 
R2520/120 
RAC 7350 UNIDIR. 

1581 
7781 
120 
463 S-2 GLASS 

R1804 
R2520 
R2520 
RAC7350 

73 
n 
65.9 
2'25 

60 
58 
44.6 
200 

RAC 7350 UNlD!R. 456 E GLASS RAG 7350 201 158 

R7373 ns1 R7373 110 79 

FERRO CORPORATION CE-0010Aj7781 7781 CE-0010A 00.1 65.5 70.3 60 

CE-9000-1/7781 
CE-9QOO..tj7781 
CE-9000-2/120 
CE-9000-2/7781 
CE-3.330/7781 
CE-3201/7781 
CE-347 UNJOIR. 

ns1 
7781 
120 
7781 
7781 
7781 
456 E GLASS 

CE·9000-1 
CE-90()0..1 
CE-9000-2 
CE-9000-2 
CE-3330 
CE-320i 
CE-347 

1 HR/350 F/VACUUM BAG 
1 HR/350 F/200 PSI/AUTOCLAVE 

00 
83 
88.8 
93.1 
88.2 
90 
155 

73.9 

74 
64 
65 
86.8 
58.3 
58 
140 

54.3 

CE-345/7781 7781 CE-345 AUTOCLAVE 77.7 60.3 

CE-345/7781 
CE-345/7781 
CE-339/7781 
CE-339/120 
CE-324/7781 
CE-306/7781 
CE-300/7781 
E-293/7781 
E-'2.:93{7781 

7781 
7781 
7781 
120 
7781 

7781 

CE·345 
CE<345 
CE-339 
CE-339 
CE-324 
CE-300 
CE-306 
E-293 
E-293 

160 FJVACUUM BAG 
250 F JVACUUM BAG 

AUTOCLAVE 
VACUUM BAG 
PRESS CURED 
AUTOCLAVE 

106 
S9.6 
73.9 
78.88 
98 

59.0 
63.6 
71.1 
63 
83.4 
52.9 
51.64 
68 

E-293/7781 
CE-8000/7781 

7781 E-293 
CE-0000 

VACUUM BAG 
50 PSI/AUTOCLAVE 

92.7 
95.5 71 

CE-9000/7781 CE-9000 35 PS!/VACUUMJAUTOCLAVE 97.5 71.3 

CE·0000/1581 CE·BOOO 35 PSI/VACUUM/AUTOCLAVE 86.5 56 

CE-&000/7781 CE-9000 60 MIN/350 F/15 PSI/PRESSED 60.6 55.1 

CE-9000/7781 CE-0000 60 MIN/350 FJVACUUM 82.1 52.5 

CE-9000{1543 CE-0000 144.6 

CE·B000/7578 CE-9000 !91.4 147.5 

CE-0000/581 CE-0000 95.5 74.9 
CE-307HM/7544 7544 CE-307HM 85.4 67.1 

CE-307HM/1582 1582 CE-307HM 77.9 64.9 
CE-307HMj76281 76281 CE-307HM 98.9 81.7 
CE-307HMj7B281 762BJP1GMENTED CE-307HM 00 59.8 

CE-307/7781 7781 CE-307 75.2 78.8 

CE-3201/112 112VOLANA CE-3201 63.8 
CE·0000/6581 6581/S-2 CE·BOOO 119.2 94 
E-9300/7781 7781 E-9300 B2.2 63.6 
EF·2/S·001 8·901 ROVING EF-2 160.0 20.0 
EF-2/3-2 S-2 ROVING EF-2 

FIB.ERITt:": MXB-7016/181 161 94.4 68.0 
MXB-7203/7'::.81 7581 PF\ESS CURE 73.1 54,4 

MXB-7200/75-81 7581 VACUUM BAG 56.9 43.4 
MXB-7701/1~1 i5-81 67.1 
HY·E OOJ48 S-O LASS UNID!R. 934 ;;70 235 

HEXCEL F16!/S·004 
F161/S-2 
F161/S-2 

S-004 
S-2/482 PREFINISH 
S-2/PREF!NISH 

F161 

F161 
F161 

105 
91 
1l0 

95

••75 
F255f7781 7781 F255 95 75 
f-255/1581 1581 F255 85 57 
F258/7781 "1781 F258 VACUUM OVEN 72 50 
F258j7781 7781 F258 ALJTOCLAVE 1\3 "" F250/7781 7781 F250 98 64 
F164/7781 7781 F1B4 B4 58 
F184/1581 1581 F184 76 60 

Fl00/15-81 1581 F100 87 55 
F1~8/7781 7781 F159 00 70 
F158/1-S-81 1581 F158 78 58 
Fi5-8/7781 7781 F158 VACUUM OVEN 71 55 
F15Bj7781 7781 F158 AUTOCLAVE 82 84 

F157/7781 7781 F157 70 54 
F15Bf7781 7781 F158 VACUUM 87 89 
F1~/7781 ne1 F158 AUTOClAVE B5 71 
F156/1581 1581 F158 76 58 
TEF 7/F155 TEF7 F155 28 
TSF181/F155 F155 41.2 
TSF181 /1 !.'.>81 /F 155 TSF!Bl/1581 1:1 F108 47.4 
ME.TAFILGJF550 METAFIL G F550 82 54.6 
METAF!l G/S-2jF550 METAFILGJS-2 1:1 F550 126 110 
METAFIL G/S·2jF550 Mt:TA~!L G/8-2 1:1 F550 '"" 132 
s-2 GLASS/F5W 5-2 F550 162 100 

HITCO EM-7205A S-2/6581 E·OOO 115 98 
EM-7302LD 22 11 
EM-7302- XLD 16 6.5 
EM-7302 65 25 
E773jS-2 &-2 ROVING En3 290 6.9 
E719LT/1583 18 62 

UFS • Uttimate Flexural S1rength FM Flexural Modulus 
UfS • Ult1mate Tensile S1rength 
UCS • Ul11mate Comple&sive Strength 

TM Tensile Modulug 
Modulus 

USS- Ultima!& Shear Strength 
ISS • lnter!e.mlntv Shear Strength 
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Table A-8. of Laminates 2of 

ucs ucs USf, ISS fM FM TM n.o 
Long Tranm long Trans long Trane 
{k!l!!) (<ol) (ks!) (kml) (kol) (ka!) (kol) 

72 7 7 3800 
00 3800 3800 

"'.. 10.6 
3700 

3700 
84 11.8 fiOAIZONTAL 4500 
75.0 90 4.8 3300 3000 

48 
45 3.4 3000 
45.6 3.3 2500 

11 .5 HORIZONTN... 6400 7000 
14.t> HOAIZONTAl 5900 6200 

86 3.5 4200 4500 

85.1 3800 3870 

"' 8.00 3800 
70 9.0€ 3200 
90.4 3840 3440 3300 
88.2 3600 3050 
64.3 
55 3700 

12.3 5370 6020 
62.4 3800 3700 
51.4 

3700 
8.31 
B.M 

82 9.8 4400 
68.3 3700 
57.1 3.8 3100 2810 
57.54 3300 
60 4.2 4080 

4000 

84 32 4500 4000 
75 3800 4100 
75 3700 3500 

60.2 3870 :mo 
85.6 3970 3310 

110.4 5900 5700 

66.4 3270 3140 

58.8 3500 3500 

60.4 3700 3600 

67.6 3800 3700 

58.4 3800 3400 

75.7 3800 3480 

54.7 2980 
81.1 
68.8 3990 

120.0 35.0 6700 
10.~' !10RIZONTAL 

51.4 3750 
3400 3200 

44.9 2800 2800 
73.5 5.8 3300 

14 8500 8500 

68 4800 4900 

83 4000 4200 

62 4000 4200 
65 3.8 3400 4000 

74 4.5 3300 3300 
58 3.2 3000 3300 

63 3.5 3300 3500 
88 4000 4100 
68 1.8 3500 3400 
55 2.0 3400 3300 
57 2900 3000 
60 3.6 3400 4400 

70 42 3200 3200 
48 2.8 3300 3400 
57 2.8 3300 3400 
55 3100 2000 
58 3.0 3400 3000 
62 33 4000 3400 
60 3.5 3700 3200 
61.5 3010 

62.5 3350 
65.9 3460 
79.6 6.7:: 3860 3620 
140 7.2: 4610 4900 
182 7.54 4950 5230 

175 8.5 5400 6200 

91 10 5100 6200 
27 
22 1800 

40.5 4100 3000 
176 33.2 11 7500 1800 

9.0 3700 

CM 

4000 

3700 

4400 

4230 

3800 
3700 

4400 
4800 

7800 
3430 
3400 
3500 
3700 
3400 
4500 

3200 
3000 
3500 

5400 
4400 
4600 
4000 
3400 
3400 
3000 
4400 

3400 
3200 
3100 
4000 
3400 
4000 
4000 
3000 
3100 
3400 
3200 
3140 
3870 

3810 
4010 
4850 
3400 
6100 

5700 

CM 
Trans 
(kol) 

4200 

SM 

(k•l) 

3810 

0.16 

2000 0.28 

2200 
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Table A-9. Laminates 1 of 

UFS 

Manufacturer Product Number floor Resin 
uminat® T'fP"/ 
Orientation laminate Cur® 

AMERICAN CYANAMID 5·118l KEVLAR 49/181 5118L 47.6 

5·1058 KEVLAR 49/181 51058 64.0 

950 KEVLAR 49/281 950 FABRIC 50 PSI/250 F/1 HR 

8'50 KEVLAR 49/281 950 FABRIC 14.7 PSI/250 F/1 HR 

8•50 KEVLAR49 950 UNIDIRECTIONAL 50 PSI/250 F/1 HR 

850 KEVLAR 49 950 UNIDIRECTIONAL 100 PSI/250 F/1 HR 

985 KEVLAR49 CYCOM985 K-285/FABRIC 
985 KEVLAR49 CYCOM 985 281/FABRIC 
985 KEVLAR49 CYCOM 985 181/FABRIC 63 
E•80 KEVLAR49 CYCOM980 STYLE281 
5102 KEVLAR49 CYCOM 5102 181/FABRIC 
5·134 KEVLAR 49 CYCOM 5134 181/FABRIC 
5·134 KEVLAR49 CYCOM 5134 120/FABRIG 
5134 KEVLAR49 CYGOM 5134 281/FABRIC 

CIBA-GEIGY Fl9256·1 KEVLAR FABRIC 
Fl9257 KEVLAR/181 FABRIC 
F19269 KEVLAR/285 
Fl9269 KEVLAR/120 
FlAG 9350 KEVLAR/120 63.3 
FIAC 9350 KEVLAR/281 68.0 
FlAG 9350 KEVLAR/285 55.0 
Fl9369 KEVLAR/285 
F19369 KEVLAR/120 
F19521 KEVLAR/181 8H FABRIC 52 
Fl8521 KEVLAR/285 CROWFOOT FABRIC 52 

DUPONT KEVLAR48 STYLE243 45.2 
KEVLAR 48 STYLE 281 45.1 
KEVLAR49 S1YLE 285 50.6 
KEVLAR49 STYLE 328 20.3 
KEVLAR49 STYLE 1050X 43.9 
KEVLAR49 STYLE 1033X 34.6 

FERRO CORPORATION CE-9010Af181 STYLE 181 CE-0010A FABRIC 51.2 
C:E-0010/181 STYLE 181 GE-0010 FABRIC 45.6 
C:E-0010/120 STYLE 120 CE-0010 FABRIC 47.7 
C:E-0000-2/285 KEVLAR 49/285 CE-0000·2 FABRIC 55.4 
C:E-0000/181 KEVLAR 49/181 C:E-0000 FABRIC 62 
C:E-345/281 KEVLAR 49/281 CE-345 12 PLY FABRIC AUTOCLAVE 62 
CE-345/281 KEVLAR 49/281 CE-345 12PLYFABRIC VACUUM BAG 55 
CE-345/KEVLAR 49 KEVLAR49 CE-345 UNIDIRECTIONAL 73.5 
CE-343/4560 4550 CE-343 UNIDIRECTIONAL 91.1 
CE-306/281 STYLE 281 CE-306 53.7 
CE-321R/KEVLAR 4560 KEVLAR4550 CE-321R UNIDIR. TAPE 92.5 
GE-324/KEVLAR 49 KEVLAR 49/285 CE-324 62.6 
CE-9000 / KEVLAR CE-0000 STYLE 181 13 PLY/50 PSI/350 F/1 HR 58.9 
CE-9000/KEVLAR CE-oooo STYLE 181 12 PLY /35 PSI/350 Fj1.5 HR 62.0 

FIBERITE NIXM-7880/KEVLAR 49 KEVLAR 49 MXM-7880 STYLE 285 
MXM-7976 jKEVLAR 49 KEVLAR 49 MXM-7976 STYLE 120 61.0 
MXM-7978/KEVLAR 49 KEVLAR 49 MXM-7976 S1YLE 285 65.0 
MXM-7669/KEVLAR 49 KEVLAR49 MXM-7669 60.13 
MXM-7764 jKEVLAR 49 KEVLAR49 MXM-7764 STYLE 181 57.0 
MXM-7764/KEVLAR 49 KEVLAR 49 MXM-7764 STYLE 285 56.0 
MXM-7064/KEVLAR 49 KEVLAR 49 MXM-7004 STYLE 181 58.0 
MXM-7064/KEVLAR 49 KEVLAR49 MXM-7064 STYLE 285 57.0 
MXM-7714/KEVLAR 49 KEVLAR49 MXM-7714 STYLE 120 
MXM-7714/KEVLAR 49 KEVLAR49 MXM-7714 S1YLE 285 
MXM-7251/KEVLAR 49 KEVLAR49 MXM-7251 STYLE 285 
1'734A KEVLAR 49 934 UNIDIR. TAPE 100 

UFS- Ul!lmate Flexural Slrength USS - Ultimate Shear Strength FM - Flexural Modulus Long - Longitudinal
UTS - Ultimate Tensile Slrangth ISS - lnterlamlnar Shear Strength TM- Tensile Modulus Trans~ Transverse 
UCS - Ultimate Compressive Slrength CM • Compressive Modulus 
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TableA-9. Laminates 2of 

UFS UTS UTS, ucs ucs uss ISS FM fM TM TM CM CM 
Trans Trans Trans Trans Trans Trans 
(ksl) (ksl) (kai) (kal) (koi1 (ksi) (ksl) (ksi) 

71.0 17.2 3300 
67.0 29.0 5.0 SBS 2.4 4000 4100 4200 
72 26 5.1 SBS 4500 4500 
64 21 5.3 SBS 4000 4100 
140 33 8.6 SBS 10000 8800 
120 38 11 SBS 10000 10000 
85 31 5.4 SBS 4300 4200 
74 24 4.3 SBS 4700 4200 
78 26 4.1 SBS 4100 4700 
73 24 4.7 HORIZONTAL 4600 4600 
78.0 23.5 5100 4400 
70.0 25.7 7.0 SBS 4400 4400 
70.0 20.0 4500 

65.0 20.0 4500 

60 17 3300 3300 
75 23 4000 3500 
70 25 7.4 3600 4400 
87 23 7.7 3700 4700 
49.5 4.2 4110 4400 
48.0 6.0 SBS 4200 4300 
49.0 5.2 3400 4400 
87 26 4.8 2.3 3500 3700 
70 23 5.4 2.7 3900 3600 
81 27 3000 4200 3700 
75 24 2800 4100 3500 

81.4 5.2·1 4350 5920 
72.4 5.1:' 3930 3760 
72.6 4.4:' 3460 3960 
53.7 2.9fi 2320 2950 
74.4 4.6' 3290 3710 
54.3 4.2 2770 3540 

45 75.7 64.2 19.1 3960 3800 4360 3700 
44.2 67 61 2 22.3 3400 3000 3800 3800 
46.8 59.5 51 7 26.8 3300 3200 3500 3200 
53.3 67.2 603 25.3 24 4.4 SBS 2930 2480 4800 4730 3810 3630 

72 25 4150 5100 3700 
82 32 5.8 SBS 4000 
67.7 23 4.7 SBS 3500 
117.2 8.96 SBS 5300 6600 
180.2 1.~)3 39.5 8.2 SBS 9410 9960 610 
75.9 26.2 2630 4000 
188.2 39.6 8.4 9200 9800 
78.9 24.8 6.5 SBS 3800 4900 4800 
52.1 33.3 3190 3500 3100 
72.0 25.0 4150 5100 3700 

62 24 4.7 SBS 1.5!18 3500 3800 
76.0 28.0 4.2 SBS 3400 5100 4000 
76.0 26.0 4.0 SBS 3100 4300 3700 
76.53 24.7 4.3 SBS 3100 4300 4100 
86.0 26.0 3200 4900 4400 
85.0 23.0 1800 5200 4200 
76.0 25.0 3400 4800 3700 
72.0 22.0 2300 4400 4900 
64 6<· 24 6.8 SBS 3800 4000 3500 
67 26 6.0 SBS 3500 3500 
87.3 20.0 3800 3800 
190 5SBS 10500 11000 
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Tab/eA-10. 1 of 

Manulactur"r 

AMERICAN CYANAMID 

CIBA-GEIGY 

FERRO CCRPORATION 

FIBERrTE 

HEXCEL 

UFS - Ultlmale Flexural Strength 
UTS • Ultimate Tensile Strength 
UCS • Ultimate Compressive Strength 

Pr<:><!uct Numb"r 

CYCCM 3002 
CYCCM3003 

R7451 
R7451 

CPI-227 4/7781 
CPI-2272/7781 
CPI-2249 /7781 
CPI-2249/7781 
CPI-2237/7781 
CPI-2214/7781 

Pl-750 
Pl-740 
Pl-730 
MXB-5004 

F174 
F174 

USS • Ultimate Shear Strength 
ISS - lnlerlamlnar Shear Strength 

Fll><!r Ruin 

3002 
EGLASS 3003 

R7451 (BMI) 
QUARTZ R7451 (BMI) 

CPI-2274 
CPI-2272 
CPI-2249 
CPI-2249 
CPI-2237 
CPI-2214 

GLASS P1·750CMPD 
GLASS Pl-740 CMPD 
FORM PI-730CMPD 

EGLASS 

F174 
F174 

FM • Flexural Modulus 
TM ·Tensile Modulus 
CM- Compressive Modulus 

Laminate Typ<>/ 
Orientation 

7781 FABRIC 
A11Q0-7781 FABRIC 

7781 FABRIC 
581 FABRIC 

7781 FABRIC 
7781 FABRIC 
7781 FABRIC 
7781 FABRIC 
7781 FABRIC 
7781 FABRIC 

MOLDED 
MOLDED 
MOLDED 
181-150 FABRIC 

7781 FABRIC 
7781 FABRIC 

Long · Longitudinal 
Trans- Transverse 
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Table A-10. of Laminates 2of 

UFS UTS ucs uss ISS FM TM CM 

Laminate Cure (Its!) (ksl) 

VACUUM BAG 65.0 
85.0 

53.0 
65.0 

55.0 
70.0 

5.4 SBS 
8.0 SBS 

3500 
3500 2000 4000 

61.4 
84.1 84.2 

73.8 
53.9 5.26 SBS 3180 

3900 4100 
3910 

HIGH PRESSURE 
VACUUM BAG 

98.9 
84.2 
85.0 
83.5 
103 
84.0 

63.4 
57.0 
50.0 
82.0 

70.7 

76.4 
79.8 

7,55 
5.07 

1:1.6 
3.11 

4370 
3200 
2800 
4230 
3610 

3920 4230 

4450 
3940 

COMPRESSION MOLDED 
TRANSFER MOLDED 
INJECTION MOLDED 

36.0 
36.0 
10.0 
76.2 

21.0 
15.0 
8.0 
64.6 

32.0 
34.0 
35.0 

3100 
2800 
2000 
3500 3700 

VACUUM CURE 
AUTOCLAVE 

79.2 
81.8 

80.9 
61.2 

59.8 
63.1 

1 J.61 HORIZONTAL 
1 J.68 HORIZONTAL 

3.65 
3.15 

3350 
3500 

3300 
4040 

4470 
4670 
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TableA-11. 

Manufacturer l'roduct!llumber 

BOEiNG PMR-15 

CIBA-GEIGY R6451 

FERRO CORPORATION CPI-2237/HTS-11 
CPI-2237/CEUON 3000 
CPI-2237 

GENERAL DYNAMICS NR15082 
NR15082S5X 

HEXCEL F178/T-300 
F650/T300 
FB50/T500 
F650/T300 

HITCO USPMR-15 
USPMR-15 

U.S. POLYMERIC V-378A/T-300 
V-378A/T-300 
V-378AJT-300 
V-378A/PW-70 

of 

Flb"r 

T-3000 

HTS-11 
CELION3000 
T-300 

T-300HMG 
T300 
T500 
T300 

CEUON 
CELlON 

T-300 
T-300HMG 
T-300HMG 
PW-70HMG 

UFS ·· Ultimate Flexural Strength USS • Uttimate Shear Strength 
UTS - Ultlmat<> Tensile Strenstth ISS • lnterlamlnar Shear Strength 
UCS - Ultimate Compraoolw Strength 

~'~""'" 

CPI-2237 
CPI-2237 
CPI-2237 

F178 
F650 
F650 
F650 

USPMR-15 
USPMR-15 

V-378A 
V-378A 
V-378A 
V-378A 

Laminates 

lllmin"l" Type/ 
Orienll.itlon 

UNIDIRECTIONAL 

UNIDIRECTIONAL 

UNIDIRECTIONAL 
2424WOVEN 
2424WOVEN 

UNIDIRECTIONAL 
UNIDIRECTIONAL 

3K UNIDIRECTIONAL 
FABRIC 
FABRIC 
TAPE 

TAPE 
FABRIC 

6K UNIDIRECTIONAL 
6KTAPE 
6K 
BIDIRECTIONAL FABRIC 

FM - Flexural Modulu• 
TM- Tenoll<t Modulus 
CM - Compressive Modulus 

1 

!JFS !JFS UTS 
Tr.,ns 
(ksi) 

269 

278 15.0 206.0 

210 100 
133 121.5 97 
128.5 

284 
284 

260 220 
134 91 
161 97 
266 17.8 251 

235 210 
117 112 

249.3 
285.0 228.9 
286 
99.8 

TFS- Tensile Failure Strain 
Long - longitudinal 
Trans~ Transverse 
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Table A-11. of Laminates 2of 

IJTS UC!l tiCS uss ISS filii fM Tilll TM CM TFS 
Trans Tra:nm Trans Trans 
{ks!) ('l<si) {i<s!) (ksi) (bi) (ksi) 

14.5 

8.2 16.3 SBS 20000( 8800 181000 

10 135 34 14 1800 2200 1.1 
84.6 5.6 SBS 8560 8300 1)630 0020 
83 5.88 SBS 9900 11800 

12.1 SBS 
7.5 

210 16.5 SBS 19000 20200 20000 
100 8.8 SBS 9100 10100 0.0093 
112 10.0 SBS 9000 10200 0.0095 
238 20.2SBS 18400 1500 21500 

19100 20500 
79 5.8C 8800 10400 9800 

17.9 HORIZONTAL 
9.0 18.3 HORIZONTAL 18800 21800 1400 0.01047 

16.8 HORIZONTAL 19500 
58.8 7.0 HORIZONTAL 0000 8100 



TableA-12. 1 

Type/ 
Manufacturer Product Number Resin Conlenl (%) Resin flow (%) 

FERRO CORPORATION CA-2204 PHENOLIC/SILICA 27-33 6-12 (10 MIN/325 F/150 PSI} 
CA-2221 PHENOLIC/SILICA 26-32 6-12 (325 F/150 PSI) 
CA-2221 MC PHENOLIC /SILICA 27-32 10 
CA-2230 PHENOLIC/SILICA 28-32 6-12 (10 MIN/325 F/150 PSI) 
CA-2230MC PHENOLIC/SILICA 26-32 3-11 (60 MIN/300 F/1000 PSI) 
CA-2212 PHENOLIC/ ASBESTOS 40-50 14-22 (10 MIN/325 F/15 PSI) 
CA-2226 PHENOLIC/ ASBESTOS 40-50 14-22 (10 MIN/325 F/15 PSI) 
CA-2248 PHENOLIC/ ASBESTOS 37-46 2-12 (10 MIN/325 F/15 PSI) 
CA-8207 PHENOLIC /CARBON 34-40 2-8 (10 MIN/325 F/15 PSI) 
CA-8208 
CA-8214 

PHENOLIC /CARBON 
PHENOLIC/CARBON 

36-40 
32-40 

5-11 
1-8 

(10 MIN/325 F/15 PSI) 

CA-8217 
CA-8220 

PHENOLIC /CARBON 
PHENOLIC /CARBON 

31-36 
31-36 

3-11 
3-11 

(10 MIN/325 F/150 PSI) 
(10 MIN/325 F/15 PSI) 

CA-8203 
CA-2270 

PHENOLIC /CARBON 
PHENOLIC /QUARTZ 

32-38 
27-33 

5-7 
7-13 

(10 MIN/325 F/15 PSI) 
(10 MIN/325 F/15 PSI) 

CA-2227 PHENOLIC/QUARTZ 581 28-32 6-11 (10 MIN/325 F/150 PSI) 

HIT CO FM-5503 PHENOLIC /SILICA 24-30 1.0-12.0 (150 PSI) 

A-22 



2of 

Shell Ule Out Time 
Volatile Conlenl (%) Tack Drape (months •Ill f) (days at 71 f) GeiTime(mln) 

6.0 (10 MIN/325 F) 3 (40 F) 30 
4 (10 MIN/325 F) 3 (40 F) 30 
4 3 (40 F) 30 
6 (10 MIN/325 F) 3 (40 F) 30 
4 (15 MIN/325 F) 3 (40 F) 30 
7-13 (10 MIN/325 F) 3 (40 F) 30 
6-13 (10 MIN/325 F) 3 (40 F) 30 
5 (10 MIN/325 F) 3 (40 F) 30 
2-6 (10 MIN/325 F) 3 (40 F) 30 
2-6 (10 MIN/325 F) 3 (40 F) 30 
9.0 3 (40 F) 30 
4-7 (1 0 MIN/325 F) 3 (40 F) 30 
4-7 (10 MIN/325 F) 3 (40 F) 30 
2-7 (10 MIN/325 F) 3 (40 F) 30 
6 (10 MIN/325 F) 3 (40 F) 30 
5 (10 MIN/325 F) 3 (40 F) 

6.0-9.0 
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Tab/eA-13. 

Manufacturer Fiber/Resin System 

FERRO CORPORATION SILICA/PHENOLIC 
SILICA/PHENOLIC 
SILICA/PHENOLIC 
SILICA/PHENOLIC 
SiLICA/PHENOLIC 
ASBESTOS/PHENOLIC 
ASBESTOS/PHENOLIC 
ASBESTOS/PHENOLIC 
GRAPHITE/PHENOLIC 
GRAPHITE/PHENOLIC 
CARBON/PHENOLIC 
CARBON/PHENOLIC 
CARBON/PHENOLIC 
QUARTZ/PHENOLIC 
QUARTZ/PHENOLIC 
CARBON/PHENOLIC 

HITCO SILICA/PHENOLIC 

Product Number 

CA-2204 
CA-2221 
CA-2221 MC 
CA-2230 
CA-2230MC 
CA-2212 
CA-2226 
CA-2248 
CA-8207 
CA-8208 
CA-8214 
CA-8220 
CA-8203 
CA-2270 
CA-2227/581 
CA-8217 

FM-5503 

Laminates 1 

Fiber 
laminate Type/ 
Orientation 

48 
48 
48 
48 
48 
RPD 40 RAYBESTOS-MANHATTAN 
RPD 40 RAYBESTOS-MANHATTAN 
RPD 40 RAYBESTOS-MANHATTAN 

FABRIC 
FABRIC 
FABRIC 
FABRIC 
FABRIC 

FABRIC 
FABRIC 

ASTROQUARTZ 570 

FABRIC 
FABRIC 
FABRIC 
FABRIC 
FABRIC 

FABRIC 
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Tab/eA-13. Laminates 2of 

UFS UFS 
Trans 
(ksi) 

UTS UTS 
Trans 
(ksi) 

ucs 'JCS 
<frans 
ksi) 

ISS 

(ksi) 

FM TM 

28.0 
26.5 
13.0 
27.0 
12.0 
37.0 
37.0 
36.5 
23.0 
26.0 
15.6 
36.0 
38.6 
60.0 
104.1 
35.0 

15.4 

16.0 
14.8 
5.0 
15.0 
4.5 
34.0 
34.0 
29.0 
18.5 
18.0 
23.4 
17.0 
19.0 
54.0 
68.0 
18.0 

14.1 

25.0 
28.0 
31.0 
26.0 
29.5 

20.0 

18.0 
13.0 

38.0 
49.4 

42.0 

1.45 

3.56 

2900 
3100 
2750 
2900 
2700 
3100 
3100 
3000 
1950 
1680 

2700 

2900 

2000 

3500 
4150 

34.2 19.7 3.5 
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Tab/eA-14. of Laminates 1 of 

Manufacturer i>ro<lucl Number 

AMERICAN CYANAMID 6101-2 
6102 

CIBA-GEIGY R7273 
R7273 

FERRO CORPORATION AC 
AC 
CPH-2209 /7781 
CPH-2224 /7781 
CPH-2251 /120 
CPH-2251/7781 
CPH-2280/7781 

FIBERITE MXB-6032 
MXB-6001 
MXB-6032 
MXB-6032 

HITCO FM-5042 

Fiber Resin 
Laminate Type/ 
Orientation Laminate Cure 

UfS 

7581 
181 

(A1100 FINISH) CYCOM 6101-2 
CYCOM 6102 

FABRIC 
FABRIC 

73.0 
73.0 

120 
7781 

WOVEN PREPREG 
WOVEN PREPREG 

7781 
7781 
120 
7781 
7781 

CPH-2209 
CPH-2224 
CPH-2251 
CPH-2251 
CPH-2280 

FABRIC 
FABRIC 

VACUUM BAG 
PRESS MOLDED 

70.5 
78.8 
71.0 

73.4 
74.9 
88.2 

1581 
181 
181-150S 
1581 

FABRIC 
FABRIC 
FABRIC 
FABRIC 

66.3 
87.2 
66.3 
66.3 

181 (A1100 FINISH) FABRIC 75 
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Table A-14. of Laminates 2 

UFS 
Tr&nf:: 
(ksi) 

UTS UTS 
Trans 
(l<si) 

ucs ss 

ksi) 

I'M TM CM 

52.0 
52.0 

59.0 
59.0 

3700 
4100 3900 3600 

47 
44.5 

36.1 
37.3 

2400 
2500 

2400 
2500 

56.1 
51.96 
48.0 
52.2 
56.7 
59.4 
58.5 

36.0 EDGEWISE 
47.3 EDGEWISE 
50.0 
67.0 
51.4 
44.1 
69.3 1.1 

3300 
3660 
3200 

3300 
3840 
4100 

3560 

2850 
4500 

4610 

5100 

43.0 
57.2 
43.0 
43.0 

51.7 EDGEWISE 
65.7 

51.7 EDGEWISE 

3700 
4600 
3700 
3700 

60 45 3500 3300 3000 
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TaMeA-15. 

Manufacturer 

AMERICAN CYANAMID 

FERRO CORPORATION 

Product-Number 

CYCOM 4104 
CYCOM 4104(581 QUARTZ 
CYCOM 4102(1543 
4102 
4101 

CP-1304(7781 
CP-1301/7781 
PE-285(7781 
PE-285(7781 
UVFR/7781 
IFRR/7781 
IFRR/7781 
H-200C(7781 
H-200C(7781 
OS/7781 

fiber 

GLASS 
581 QUARTZ 
1543 FIBERGLASS 
7581 FIBERGLASS 

7781 FIBERGLASS 
7781 
7781 
7781 
7781 
7781 
7781 
7781 
7781 
7781 

1 

Laminate Type/ 
Resin Orientation 

CP-1304 FABRIC 
CP-1301 FABRIC 
PE-285 
PE-285 
UVFR 
IFRR 
IFRR 
H-200C 
H-200C 
OS 
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TableA-15. of Laminates 2 

UfS UTS ucs ISS Filii 

Laminate Cure (ksi) 

66.0 54.0 44.0 3000 
65.0 70.0 35.0 

85.0 70.0 
68.0 54.4 56.0 3800 
68.0 64.0 45.0 

85.0 47.0 48.0 3300 
70.0 47.0 40.0 3800 

VACUUM BAG MOLDED 65.48 44.62 46.08 EDGEWISE 2750 
PRESS MOLD (30 psi) 79.4 52.4 52.3 EDGEWISE 3420 

86.7 83.7 50.5 EDGEWISE 3.82 3050 
VACUUM BAG 65.4 64.0 41.1 EDGEWISE 3320 
PRESS MOLD 80.7 52.0 52.6 3400 
VACUUM BAG 96.0 71.0 60.0 EDGEWISE 3800 
AUTOCLAVE CURED 116.0 72.4 68.9 EDGEWISE 4060 

58.8 41.2 57.3 EDGEWISE 2700 
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B 

This lists a of chemical and mechanical of materials 

compiled Boeing under Air Force Contract F33615-81)-C-5071. 
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Table B-1. Mechanical of Hercules Fibers 

A$1 AS2 A54 A56 IM6 !M7 

451 
3105 

401 
2760 

551 
3795 

601 
4140 

636 
4382 

684 
4713 

33 
228 

33 
228 

34 
235 

35 
242 

40 
276 

41 
283 

% 132 1.20 .53 1.65 1.50 1.60 

92 94 94 94 94 

180 UlO 1.1B 1.73 178 

AS1 AS2 AS4 AS6 IM6 IM7 

280 
1932 

290 
2001 

342 
2353 

373 
2567 

395 
2719 

424 
2922 

20 
138 

21 
145 

22 
151 

25 
175 

250 
1725 

240 
1656 

260 
1794 

272 
1877 

250 
1725 

237 
1635 

18 
124 

18 
124 

19 
131 

20 
139 

22 
150 

24 
166 

19 
131 

18 
124 

18 
124 

19 
129 

18 
124 

19 
129 

62 62 62 62 62 62 
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300 GPa 
(696 7 ksi } 
4800 MPa 

(43 5 msi) 

..---
Strength 

4600 
(667 6} 

;-~Modulus 

4400 - 280 
(6386) (40 6) 

,.........-

4200 
(609 6) 

.---
260 

(580 6) 
4000 

(37 7) 

Tensile 3800 
Tensilestrength (551 5) 

modulus.---
3600 - 240 

(522 5) (34 8) 

-
3400 

(493 5) r--, .... -..., 
! I I 

I 
I 

I I I 

3200 I I I I 220 
I I I(464 4) I (31 9)
I I I 

I I 
I 
1--1 

I I 
I I3000 I I 

(435 .4) I I 
I I 
I I 
I I 
I I 200 

2800 .. _ ,.-(29 0) 
(406 4} H 

A$1 AS2 A54 AS6 IM6 IM7 
(180} (180) (1 80) (1.!\3) (1.73} (1.78) 

Fiber type 
(F1ber density, 

at Room 
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--

--

3000 MPa 190 GPa 
(435 4 ksi} (27 6 msi) 

...---
Strength 

2800 180 
(4064) 1- r--, Modulus (26 1)

I I 

-
2600 I 

I 170 
(3774) -

! (24.7) 

,..............Tensile Tensile 
2400 modulus160 

(348 3) (23 2) 

2200 -- 150 
(319.3) - (218) 

·-
2000 

F1 
~ - 140 

(2903) -- ·-- (20 3) 

..... .... ...r-1800 130 
(261.2) (18 9) 

AS1 A52 A54 AS6 IM6 IM7 

Fiber type (62% fiber volume) 

B-2. 

Table B-2. of 

Tensile strength Young's modulus Dens1ty 
Fiber Poisson'soo oo90° 90°type"' ratio 

gtcm3 lbtm3MPa ksi MPa ksi GPa msi GPa ms1 

E-Giass 1020 150 40 7 45 6.5 12 1.8 0.28 2.08 0.075 

5-Giass 1620 230 40 7 55 8.0 16 2.3 0.28 202 0.073 

Boron 1240 180 70 10 ;no 30.0 19 2.7 0.25 2.02 0 073 

Kevlar49 1240 180 280 40 76 11.0 5.5 0.8 0.34 1.39 0.050 

"Fiber volume, Vf = 60% 
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12.0 

10.0 

8.0 

oo 
Strength-to-dens1ty 

rat10 

6.0 

4.0 

2.0 

0 

:ompos1te type 

B-3. 0° Ratio of 

250 
(]6 3) 

0 
Boron/ep Jxy 

150 
(;! 1 8) 

oo 
Tensile 

modulus 100 
('14 5) 

50 GPa 
(73 msi) 

0 
E-glass!epoxy 

0 
Kevlar LH/epoxy 0 

5-glass!epoxy 

0 

1000 MPa 
(145 1 ksl) 

1200 1400 
(174 2) (203 2) 

0° Tensdl' strength 

1600 
{2322) 

8-4. 0 ° Tensile of 
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Table 8-3« rvrnn&J.Y"f'!O~ of From Fiberite 

Type 

Ult1mate 
ens1le strength 

MPa ksi 

Tensile 
modulus 

GPa ms1 

Poisson's 
rat1o 

Ultimate 
com press1ve 

strength 

MPa ks1 

Compressnte 
modulus 

GPa msi 

Transverse 
shear 

strength 

MPa ksi 

Shear 
modulus 

GPa ms1 

lnterlaminar 
shear 

strength 

MPa Ksl 

Specific 
grav1tl, 
g/cm 

Cured 
ply 

range 

pm mils 

Standard bidirectional 
graphite/epoxy 586 85 68.9 10 0 0.09 565 82 62.1 9.0 93.1 135 4.8 0.7 67.6 9.8 1.59 127-381 5-15 

1.5%-stram 
bidirectional 
graphite/epoxy 

690 100 68.9 100 0 09 586 I 85 62.1 9.0 93.1 13.5 48 0.7 66.2 9.6 1.60 178-381 7-15 

b:i 
' m 

H1dh-modulus 
b1 1rect1onal 
graph1teiepoxy 

.~R 
u•v '"''-''V 
graph ite/epolly 

345 

345 

50 

50 

117 0 

152.0 

17.0 

22.0 

0.09 

0 09 

152 

152 

22 

22 

110 0 

152 0 

16 0 

220 

345 

34.5 

50 

5.0 

4.8 

4.8 

0.7 

0.7 

310 

34.5 

4.5 

5.0 

1 80 

1.80 

203-381 

152-330 

B-15 

6-13 

Standard woven 
umd~rect1onal 

.,., '1 

1310 190 129.0 18.7 0.25 1105 160 124.0 18.0 62. 9.0 4.1 0.6 82.7 12.0 1.60 178-254 7-10 

Standard bidirectiOnal 
graph1te/S-2 483 70 51.7 7.5 0.09 565 82 118.3 7.0 34.5 5.0 4.1 0.6 65.5 9.5 1.80 2511-381 10-15 

Standard bidirectional 

:a9"fJ"""'/ 448 65 51.0 7.4 0 09 276 40 41.4 60 - - - - 34.5 5.0 1 55 10-15 



(4) 
I!) 

140 
(20 3) 

(5) 
I!) 

120 
(174) 

(3) 
I!) 

Tens1le 
modulus 

100 
(14 5) 

80 
(11 6) 

(1) 
0 

(2) 
0 

60 GPa 
(8 7 ms1) 

200 MPa 
(29 0 ks;) 

(7) 
LID 

400 
(58 1) 

(6) 
I!) 

600 
(87 1) 

J 

800 
( 116 1) 

Tensile strength 

l 

1000 
(145 1) 

I l 

1200 
(174 2) 

1400 
(203 2) 

(1) 

(2) 

(3) 

(4) 

Standard b1d1rect10nal 
graphite/epoxy 

graphite/epoxy 

H1gh-rnodulus 
b1d1rect10nal 
graphite/epoxy 

Ultrahigh-modulus 
b1d1rect10nal 
graphite/epo)(y 

(5) 

(6) 

(7) 

Standard woven 
un1direct10'lal 
graphite/epoxy 

Standard bidirectiOnal 
hybrid glass 

Standard bidirectional 

8-5. Tensile of Fabric 
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Property Un1ts 

lbfm3
Dens1ty 

mSI
Modulus GPa 

Glass trans1t1on oc 
OFtemperature (dry) 

Po1sson's rat1o 

Thermal expans1on coefficient 1Q-6 in /m oF 

Mo1sture expansion coeff1c1ent m./m.m 

t::Jj 

Oo Tensile strength 
ksi 

MPa 

hi
Com press1on strength 

MPa 

Ksl
Shear strength MPa 

=Low 
IMLS = Intermediate modulus low strength 
IMHS = Intermediate modulus h1gh strength 
HM = H1gh modulus 

LM 

0 042 
1 16 

0 32 
2 20 

177 
350 

0 43 

57 

0 33 

8 
55 1 

15 
03 11 

8 
55 

Table B-4. 

IMLS 

0.046 
1.27 

0 50 
3 45 

216 
420 

0 41 

57 
I 

0.33 

7 
48 2 

21 
144.7 

7 
48 23 

of Matrices 

IMHS 

0 044 
1.22 

0 50 
3 45 

216 
420 

0.35 

36 

0.33 

15 
103 4 

35 
241.2 

13 
89.57 

HM 

0.045 
125 

0 75 
5 17 

216 
420 

0.35 

40 

0.33 

20 
137.8 

50 
344.5 

15 
103.4 

Polyi 

0.044 
1.22 

0.50 
3.45 

371 
700 

0 35 

20 

0.33 

15 
103.4 

30 
206.7 

13 
89.57 

PMR 

0.044 
1.22 

0 47 
3 24 

371 
700 

0 36 

28 

0.33 

8 
55 1 

16 
110.2 

I 



0 

6.0 
(0 87) ..---------------------------------, 

IM 

4.0 
(()58) 

0 0 

IMLS 0 
IMHS 

Tensile PMR 
modulus 

02.0GPa 
(0 29 ms1) LM 

o I 
"40 MPa 60 80 100 120 140 

(58 kSI) (8 7) (11 6) (14 5) (17 4) (20 3) 

Tensile strength 

Legend. 
LM = Low modulus 
IMLS = l~termed,ate modulus low strength 
IMHS = lntermed1ate modulus h1gh strength 
HM = H1gh modulus 

B-6. Tensile of Matrices 



120 

10.0 c-

~ 
e. 

"' :;) "' 
-' 3 

8.0 ]~ 
.s::.., ..--- E ....--
0'1 
c::

Strength-to-Density Ill :::!: ¥: 
Ratio ~ "' ~ 

(Normal1zed) .s::~ ...,.Q 
0> l

60 :>"' c:: 
3 ~ ...,
'0 
0 
E 
<lJ 

j 
+' 
Ill "'::> 
'0 3<!I 
E -o 

0..--- (i; E --40 ..., 
£ ...,!!J 

IX:~ It! ~.::::. 'i5 0....., ,-
!!J 

2 E 
:> Q:;'0 ...,
0 £E 
3:20 0 
-' 

Matr1xtype 

B-7. ofMatrices 

Table B-5. Table of Neat Resin 

Tensile modulus. GPa 
Res1n Type grav1ty (msi) 

Epoxy Thermoset 1.1- 1.4 2.1-55(03-0.8) 40- 85 (6- 12) 

2.7-4.1 (04-0.6) 35-60 (5-9)Phenolic Thermoset 1.2-1.4 

1.1 -1.4 U-4.1 {02-06) 40- 85 (6- 12)Polyester Thermoset 

Acetal Thermoplastic 1.4 3.5 (05) 70(10) 

Nylon Thermoplastic 1.1 u- 3.5 (0.2 -0 5) 55 -90(8-13) 

Polyca rbonate Thermoplastic 1.2 2.1 - 3 5 (0 3-0 5) 55-70(8-10) 

Polyethylene Thermoplastic 0.9-1 0.7- .4(01-02) 20- 35 (3- 5) 

Polyester Thermoplastic 1.3- 1.4 2.1-2.8(03-04) 55-60 (8- 9) 
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100 
(14 5) 

90 
(13 1) 

80 
(11 6) 

70 
(10 2) 

60 
(8 7) 

Tensile 
strength 

50 
(7 3) 

40 
(58) 

30 
(4 4) 

20 
(2 9) 

10MPa 
(1.5 kSI) 

I· 
I 
I 
I 
I 
I 

'---' 

8-8. Neat Resin 

Strength 

~--;Modulus 

,--..., 
' I 
I 
I 
I 

.--
1 
I 
I 
I 
'---' 

I 
I 
I 
I 
I I 
L .. .J 

I I 
'---' 

at Room 

90 
(1 3) 

8 
(1 

7.0 
(1 0) 

6.0 
(0 87) 

50 
(0 73) 

Tenslie 
modulus 

40 
(0 58) 

3.0 
(0 44) 

2.0 
(0 29) 

1 0 
(0 15) 

OGPa 
(0 ms1) 

B-11 



I" II Ill IV 

Stress 

Stram 

* Four stages of deformat1on of f1bers, matr1x, and 
compos1te: 

Stage I - elastic deformat10n of both f1bers 
and matnx. 

Stage II - elast1c deformat1on of f1bers; plast1c 
deformat1on of matr:x. 

Stage 111 - plast1c deformat1on of both f1bers 
and matflx. 

Stage IV - failure of both fibers and matflx 

B-9. Deformation 

Table B-6. of Fibers 

H1gh strength H1gh modulus 

Spec1f1C grav1ty, y Ul 1.9 

Modulus, E, ms1 34 53 
(GPa) (230) (370) 

Tensile 360 260(~s~a) (2480) 790) 

Tensile 1ngat1 "% 1.1 0.5 

Spec1f1c modulus, ms1 19 20 
(130) (190) 

Spec1f1c strength •, ksi 200 137 
(1380) (940) 

Long1tudmal CTE, 1Q-6 ..()2 -0.3 
m/m°C) (-0 4) (-0 5) 

• In a typ1cal com pos1te 

Ultra-h1gh 
modulus 

2 0-2 1 

75-90 
(520- 620) 

150-190 
{1030-1310) 

0.2 

-45 
- 310) 

75-90 
{520- 620) 

est. 
(- .1, est) 
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Table B-7. 

Propert1es E-glass S-g lass Kevlar 29 Kevlar 49 

Spec1f1c grav1ty, y 2.60 2.5 1.44 1.44 
-

Modulus. E. ms1 10.5 12.6 12"* 18 

(GPa) (72) (87) (83) (124) 

Tensile strength~. o. ks1 250 360 330 330 

(MPa) {1,720) (2,530) (2,270) (2,270) 

Tensile elongat1on". 'Vo 24 2.9 2.8 1.8 

Spec1f1c modulus, Ely ms1 41 5.1 !U 12.5 
(GPa) (28) (35) (57) (86) 

Soec1flc strength", Of''( ks1 96 145 230 230 

(MPa) (661) (1,000) (1,580) (1 ,580) 

Long1tud<nal, CT E , 1 0·61nlin °F 2.8 3.1 -1 1 

(1Q-6mim 0
() (50) (56) (-2) 

In a typ1ca' compos1te 

Table B-8. Tens!'le ofNeat Resins 

23°( (73 4°F) arc (179 6°F) 1 1°( (249 8°F) 

Neat Res1n ~)ystem Dry Wet Dry Wet Dry Wet 

MPa ks1 MPa KSI MPa kSI MPa ksi MPa ks1MPa_ ~ 
Hercules 3502- epoxy 41 6.0 36 5.2 42 6.1 25 3.6 54 7.8 15 2.2 

i 

F1bredux 914- epoxy 28 4.0 48 7.0 32 4.6 32 4.6 ,9 2.8 8 1.2 

Hercules 2220-1- epoxy 43 6.3 68 9.9 73 10.6 46 6.7 60 87 23 3.4 

Hercules 2220-3- epoxy 46 6.7 67 9.7 70 10.2 44 6.4 62 90 21 3.0 

Hexce! 1504 epoxy 77 11.2 51 7.4 71 10.3 48 6.9 62 90 16 2.3 

Narmco 5245C 81smale1m1de 74 10.7 47 68 62 9.0 57 8.2 76 11 0 28 4.0 

Amer1can Cyanam1d <::YCOM 907- 86 12.5 59 84 67 9.7 2 0.3 1 0 1 - -
multi phase epoxy, formerly 8P907 

-
Un1on Carb1de 4901 tl.- epoxy cured 109 15 8 79 11 .5 57 8.2 3 0.4 10 1 4 -

MDA (Methylened'a'1ai1ne) 
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Table B-9. Modulus of Neat Resins 

23°( (73 4°F) 82°( ( 1 79 6°F) 121°( (249 8°F) 

Neat Resm System Dry Wet Dry Wet Dry Wet 

GPa msi GPa msi a msi GPa mSi GPa mSi GPa mSI 

Hercules 3502- epoxy 3.8 0.55 3.5 0.51 3.1 0.45 2.6 0.37 2.8 0 40 1.9 0 28 

Fibredux 914- epoxy 4.0 0.58 3.1 0.45 3.2 0.46 2.1 0.31 0.7 0.10 0.3 0 04 

Hercules 2220-1 - epo:<y 3.0 0.43 3.1 0.45 2.1 0.30 2.2 0 32 1.0 0 5 ~ 
Hercules 2220-3- epoxy 3.0 0.44 3 1 0 45 2.5 0.36 2.1 0.31 2.1 0.31 0.9 013 

Hexce! 1504- epoxy 3.9 0.57 3.5 0.51 3.3 0.48 2_8 0.40 2.7 0.39 0.9 013 

Narmco 5245( Bismalelmide 3.7 0.54 4.0 0.58 3.4 0.50 3 1 0.45 3 1 45 0.9 0 13 

Amer1can Cyanam1d CYCOM 907- 3 2 0.47 2 9 0.42 2.8 0.40 0.01 2.6 0.38 - -

mult1phase epoxy, formerly BP907 

Union Carbide 4901 A- epoxy, cured 48 0.70 3.6 0.52 2.8 0.41 0 1 0.01 0.5 0 07 - -

w1th MDA (methylened,a'>a!,ne) 
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Table 8- Unidirectional 

POISSOn's ply 
Type rat10 range 

MPa Ksl MPa mSI MPa MPa MPa KSI llm mils 

Standard 
graphite/epoxy 

515 220 1 3 1310 190 131 19 0 66 9.5 4 1 10 Hi.O 58 51-254 2-10 

1 5%-stram 
graphite/epoxy 

1895 275 34 19 4 0 3 1585 230 131 
9 o I 66 9.5 4 0.6 110 16.0 1.60 102-203 4-8 

1.8%-stram 
graphite/epoxy 2585 375 138 20.0 0.3 1585 230 134 19.5 69 10.0 1 0.6 110 16.0 1.61 102-203 4 8 

Inter med iate-modu Ius 
graphite/epoxy 2760 400 165 24 0 0 3 1380 200 1451 

I 
21 0 66 95 4.1 110 16.0 1.60 102-203 4-8 

I?,_. 
High-modulus 
graph1teiepoxy 

780 113 239 34 7 0 3 345 50 228 
33 0 I 34 50 4.8 35 5 1 UlO 64-254 2 5-10 

--:1 

760 
10 I 31 

I
I 45 I 0 3 

I 
' 338 

I 
3 b 9 37 ' 5.4 4 s ' 66 ' 1.83 64-254 2 5-10 

P1tch-1 00/epoxy 1035 150 421 61 0 3 255 37 310 45 0 34 5.0 0.7 31 4.5 1.83 64-127 2.5-5 

Kevlar 491epoxy 1365 98 116 6 7 0 3 207 30 41 60 59 85 03 52 7 5 1 45 127-254 5-10 

E -glass/epoxy 1035 150 111 60 0 3 827 120 111 60 76 11.0 1.90 102-305 4-12 

S-2 glass/epoxy 1690 245 52 7 6 0 3 827 120 60 8.7 76 110 2 02 102-305 4-12 



Table 8-11. 

Fiber 
d1ameter Dens1ty 

Tensile 
strength 

Tensile 
modulus 

j,!m mils glcml lb!in3 IVIPa ksi GPa ms1 

IVIagnam,te ~~51 8.00 0.315 1.80 0.065 3100 450 230 33 

IVIagnam1te ~~$4 8.00 0.315 1.80 0.065 3590 520 235 34 

1V1agnam1te ~~56 - - 1 82 0 066 4140 600 243 35 

1V1agnam1te IIVI6 - - 1.74 0.063 4380 635 279 40 

Cel1on GY-70 8.38 0.330 1.91-1.97 0 069-0 071 1520 220 485 70 

Cel1on 3000 7.11 0.280 1.77 0.064 3790 550 231 34 

Thorne! T-300 6.93 0.273 1.77 0.064 3240 470 231 34 

(72 

0 
Celion 
GY-70 

400 
(58 1) 

300 
(43 5) 

Cel1on 

200 GPa 
(29 0 ms1) 

1000 IVIPa 3000 5000 
(145 1 ks1} (435 4) {725 7) 

Tensile strength 

B-18 



1.2.0 .....----------------------------·-. 

\D 
:::;: 

.<.::" 
VI "' <:( E 

Ill 
G) c 

.<.:: 01 0 

E :::;:"' 0 
0 

"' "' cc 
01 Q 

:::;:"' "iiirat10 u 
(norrnal1zed) 

6.0 

Ftber type 

B- Commercial Carbon Fibers 

B-19 



Table B-12. Constituent Data of Fibers 

Kevlar 29 Kevlar 49 E-glass S-glass carbon frber carbon frber carbon frbers 

Specrfrc gravrty 1 44 1 44 2 60 2.50 1.8 1 9 2 0-21 

Modulus, msr 12*• 18 10 5 12 6 34 53 75-90 
(GPa) (83) (124) (72) (87) (230) (370) (520-620) 

Tensile strenoth, ks1 330* 330" 250" 360. 360. 260° 150-190* 
(MPa) (2270) (2270) (1720) (2530) (2480) (1790) (1030-1310) 

Tensile 2.8" 1.8• 2.4• 2 9. 1 ,. o s• or 
SpecrfiC modulus, msr 8 12 5 4 1 51 19 28 3 8-45 

(GPa) (57) (86) (28) (35) (130) {190) (260-310) 
I 

I Specrfrc ks1 
t:O 
~ 
0 

composrte 
mcreases w1th stress lmt1al value reported 
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	proven intermediate decision 
	2. 
	2. 
	2. 
	Non destructive 

	3. 
	3. 
	Evaluation of the 

	4. 
	4. 
	Detailed Ha.""'"" 

	5. 
	5. 
	Mechanical 


	An 
	such as 
	m the 
	NO
	NO
	IS HISTOHY AS ANTICIPATED? 

	NO YES 
	YES 
	3-1. Framework 
	L-P-378 PlASTIC SHEET AND M!L-T-22085, TYPE II TAPE PACKAGING OF NON-FIRE-DAMAGED COMPONENTS 
	MtL-C-16173, GRADE 4 FIXANT AND PJHL-B-131, C!...ASS3 
	BARRIER 
	PACKAGING 
	MATERIAL AND TAPE 
	STORAGf!SCRAPIAEPAIR 
	3-2. Detailed Framework 1 of 2) 
	3-4 
	'I 
	STRESS 
	ANALYSIS 
	REQUIRED 
	NO 
	,, 
	~RA(TURE YES ADfQUAT(LY EXPLAINED 
	'I 
	THERE 
	A(RAO: PROPAGATION 
	A.NQMALY ·~ 
	1 

	ADHESIVE v1 COHESIVE fAILURE 
	' 
	* FAS HNI Fl. HOLE DAMAGE 
	o SAO: SURFACE DELAMINATION 41-NOT< HED &ORE 
	& EXCESSIVE COUNTERSINK 
	o MANUF.\(TURING DEFECTS 
	SAW(UT 
	*' 

	o FOR{ 1GN08JECT INCLUSION & CON "AMINATION 
	• VOICS 
	o PARl DIMENSION AND TOLERANCE 
	<& MAHRIAL STRUCTURE Dl}(t)NTINUITY e PI Y DROPQ~ ~ <!! LI\PIGAP 
	e •NSE:RVI<E MAINTENANCE DAMAGE e IMF't (T ot tNVIltONMENT AL EHECS 
	• (iEM!CALAiTA(K 
	<~~ T MPERATUfiE EXTREMES s REPt 1!11 DAMAGE e QTH OR 
	3-2. Detailed 2 of 2) 
	3-5 
	Figure
	Figure
	Figure
	4 
	FIElD 
	Administration 
	4.1 AVIONICS HAZARDS 
	4.1 AVIONICS HAZARDS 
	Fibers released in aircraft crashes materials can cause in circuits can short out power 
	4.2 HEAlTH AND SAFETY ISSUES 
	4.2 HEAlTH AND SAFETY ISSUES 
	a health hazard. release 
	L-P-378 Plastic Sheet and MIL-T-22085, Type II Tape Packaging ol 
	Non-Fire-Damaged Components Documentation 
	Tags/Labels on Debris 
	MIL-C-16173, Grade 4 Fixant and 
	Transportation of Debris Cleaning of MIL-B-131, Class 3 Fracture Barrier Packaging Material and Tape 
	of Fracture Packaging for Transport to F/A Lab 
	Accident Investigation >--+l Storage/Scrap/Repair Board 
	T90-3118/A 
	Network for Parts 



	4.3 SAFETY GUIDELINES 
	4.3 SAFETY GUIDELINES 
	The '-'-"""""o" are recommended as minimum 
	incidents: 
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	Evaluation Plan 
	Nondest;~uctive evaluations can be ua.u•ccl';'=' as well as areas of fracture not examination. Nondestructive evaluation is of because of their to invisible internal de,aminations within or h<>i"'"'"'n 
	visible 

	1. 2. 3. 4. 5. 
	NONV:SIBLE DAMAGE SUSPECTED 
	PLAN VIEW IDENTIFICATION AND DOCUMENTATION OF DAMAGE 
	TTU 
	NO 
	TH RU-TH ICKNESS IDENTIFICATION AND DOCUMENTATION OF DAMAGE 
	ID 
	<& <& Tomography 
	5-1. Nondestructive Evaluation Sub-FALN 
	6. Fastener hole 
	7. 
	NDE 
	a for more detailed evaluation 
	The two 
	Table 5-1. Failure -Nondestructive Evaluation 
	TECHNIQUE" 
	Thrutransm ission ultrasonic (TTU) ~~> C-Scan 
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	Pulse ultrasonic 
	11111 
	B-Scan 
	11111 
	C-Scan 
	Reasonance bond testers 
	<II 
	Neutron radiography 
	current 
	DESCRIPTION 
	Measures ultrasonic sound attenuation 
	11111 
	C-Scan
	-

	transmission view 
	Measures mechanical caused or CRT 
	Measures attenuation view presentation 
	Measures neutron attenuation plan view presentation 
	Measure conditions which interrupt the flow of eddy current induced in the part 
	Measure conditions which interrupt the flow of eddy current induced in the part 
	both a plan and thru­thickness view 

	Determines size and 
	location of nor visible 
	damage 
	<111 Determines size and location of translamin<lr fractures 
	and locatio, determined with radio-opaq :.~e penetrant 
	11111 
	Thru-thickr ess position determmed by stereo­radiography or X-ray tomography 
	® Determine!; size and location of translaminar fractures a11d neutron opaque defects-plan view presentation 
	<111 Delamination size and locat1ons determined with neutron-0~ aque penetrant 
	11111 Used often where metal structure overlays composite material-neutrons are not as attenuatec by metal as X-ray, ar dare relatively sr?nsitive for polymers with hydrogen 
	Determines differences between pain·: scratches and cracks in Gr/E structures 
	VAlUE 
	11111 Plan view offailure 
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	Plan view assessment part quality e Planning analyses 
	11111 
	Plan view assessment of quality 
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	Thru-thickness of part quality <111 Planning 
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	~ Plan-view @ Plan view assessment defects <111 Planning 
	• Plan-view documentation of failure ~ Plan view assessment of part quality and 
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	<111 Plan view documentation of fracture with single-side access ~ Planning analyses 
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	Initial Plan View 
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	are 
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	not as 
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	exhibit much contrast or 
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	delaminations, cracks, voids, matrix rich and changes in thickness. For 
	simple. The anJtSO't:rom 

	<>H··a,..t.n on the material to be 
	The variables 

	factors that affect the include of the
	T"HTIPrl lP'-' 
	condition of the affect transmission are of the material such as stiffness determines the directions and energy breakdown of the ultrasonic beam the features such as resin orientation affect the 
	errors in the assessment of materials such as comt)mauls effects 
	constructive manner construction of 
	5.1.1 
	an ultrasonic transducer is on one side of the material and emits an acoustic travels the material and is received a second transducer on material. These transducers are so that their common to surface of With this the amount of energy IJV'HL.lVH 
	""'""'''" the material is maximized and can be monitored of 

	when the entire 
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	limits the TTU inspections to 

	either 
	either 

	failures, surface uu....L'"-" 
	failures, surface uu....L'"-" 
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	conditions. The 

	is that away from front or back surface can be HR'"'"'" can be alleviated between these 
	several flaws as a single large one. 
	in a water 
	sp1~cune:n. The water serves as the and levels at each time or The C-scan 
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	field or initial "'"'f'""~'v""' a cathode ray tube for 
	without a NDE mv•es1;Ig<tticms in 
	method of transverse This ~"'"'""'''-l 
	Specimen 
	Sotmd beam-
	Transducer 
	B-scan 
	Simulated Laminates defect 
	Delamination 
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	transducer. With this detection. Because the to 
	the the laminate 
	RADIOGRAPHY 
	may themselves evaluation. In the structure of the differences in construction such as stiffeners and core. Water in the core, if "A''"H"!V can 
	also be detected. For failure the use of is most often considered as a "''"'"V'""'" vcuua;;<;<;>> when faced with located 
	5.2.1 Classicc:11 
	and less film 
	form a latent The film is pr<)cesse'o to form a visible a is then evaluated for information the extent and nature of the defect vV,,H.U~L 
	The conventional ones in that an 
	was enhancement chemical that has proven nontoxic and was used with an alcohol carrier solution. 
	are as follows: 
	MEK 
	Zinc Iodide -60 grams Zinc Iodide -60 grams 
	Water -10 milliliters MEK-250ml 
	Kodak -lml 
	about 30 minutes after the end of 
	GUILl.''"'" to 
	material. 
	effects have not surfaces. 
	R 
	be 
	Delamination 
	soft are re(;onam size in the range of 1.5 with an inherent filtration l.O mm or less. The onHlULCHI!r a minimum of 20 kV at 2 mA. The low <a11HJ1a<.c IJH'~'u>ul,., which the 
	resolution of structural detalls within the 

	emission is recommended. The from which can be made. These exposure times are shorter It be noted that it is difficult to obtain 
	methods and therefore 
	artifacts from actual ~~'""'"bv· affects the 
	matrix or translaminar delaminations is e at the and the least at the 
	a visible of the from the free ...u,:u•~;"' in grey level holds true at the extreme ends of the the situation the central is such that the hold the 
	toward the crack 

	This condition results in a central that does not and often 
	U.H'ULULHU.I',v'U. 
	and 

	Another modification stereo view of the internal can be examined. The standard ""'"""'& two films of an from different 
	small 
	(usually about 7 to 15 degrees). The 
	(usually about 7 to 15 degrees). The 
	(usually about 7 to 15 degrees). The 
	is then allowed to remain at the center of the 

	X-rays and is also centered in the 
	X-rays and is also centered in the 
	The 
	of the 
	can then be 
	and 

	overlaying damage that 
	overlaying damage that 
	be •uc'""'"'u 
	fiel'entiai;ed. With the aid of a 

	the defects nearest the 
	the defects nearest the 
	source have the 
	and the 

	U<OJl<Ov'C;:t are 
	U<OJl<Ov'C;:t are 
	least U1i>jJWLvV'Uo 


	5.3 EDDY CURRENT 
	satisfactory results for fabric 
	variances such as fastener holes surface that an current test instrument coil. This 
	vv••a'"'"H'f'; current a current in '"'L'""'"'"""''"' field with the test instrument varies as the internal flaws 
	The use of this instrument is limited to laminates that are and have pe:rmeaiOHJlLY. This of the carbon fiber which a to detect 
	5.4 EDGE REPLIICATION 
	in transmission with acetate 
	5-8. 
	to 
	5-15 
	Figure
	Figure
	Figure
	6 
	Errors in the the 
	carbon 
	selected 
	Verification of thr3 and sequence in the laminate 
	2. 
	2. 
	2. 
	and void volume fraction determinations 

	3. 
	3. 
	Material identification: Verification and t1n,a-<>rn•"inhn of the for both and prep:reg 


	Determination and extent of :reaction 
	Comamination of of contaminants. 
	the examination of should be considered a :rm1tine necessary for the cause. These u,:;,u'-'''IJ""'""" effect on material ""''""'£'>'1-' or the of local stresses within the items of concern include: 
	examinations should any gross 

	Incorrect materials Resin content and fiber content 
	3. Undercure Moisture content 
	5. 
	5. 
	5. 
	sequence, Pl2lceml3nt and orientation errors 

	6. 
	6. 
	Incorrect of details such as holes and radii etc. 


	8. content 
	effort to is a 
	these In many cases, identification of a 'VA1ncuu the cause of the rationale 
	IS HISTORY AS ANTICIPATED7 
	? 
	YES 
	DEFINE 
	e 
	e 
	e 
	ORIGIN 

	e 
	e 
	MODE 

	® 
	® 
	ENVIRONMENT 

	e 
	e 
	CONTAMINANTS 


	o DEFECTS @ DAMAGE 
	RETURN TO EARLIER STAGE OF ANALYSIS AND CONTINUE INVESTIGATION OR DEVELOP SPECIAL TESTS AS NECESSARY 
	6-1. 
	DESSICANT DRY AND RETEST Tg 
	II YES MORE NO 
	ANALYS!S 
	NEEDED> 
	UNCURED PREPREG ANALYSIS 
	YES
	..

	• HPLC IS 
	PREP REG
	• IR 
	AVAlLASLf1
	• DSC 
	• DSC 
	fluorsec®nce 

	NO 
	For 
	but an 
	6-3 
	Table 6-1. Failure for Materials Characterization 
	TECHNIQUE 
	Thermomechanical Analysis (TMA) 
	Differential 
	Analysis 
	111 Observes mechanical <~> Indication of undercured condition 
	Infrared Measures IR spectrum Distinguishes between Indicates amount of unreacted spectroscopy reacted and unreacted groups to determine functional groups cure 
	Solvent extraction Exposure to an organic Removes unreacted Indication of the degree of cure solvent material reacted network 
	High-Pressure Produces liquid Formulation verification Liquid chromatograms of any ;;; Chromatography soluble liquid 
	·tg~(H~P~L~C~)--------~~-------------------~------------------~------------------------4 
	~ -~ Infrared Measures IR spectra Identifies functional groups Formulation verification :::!! .!:! spectroscopy attached to carbon ~~ backbone 
	e~ r-----------·-----i----------------------r----------------------+------------------------~
	i3 _g: Differential Performs enthalpy Determines heat of Formulation verificationmeasurements reaction 
	:3 -

	Determines sulfur content Hardener content 
	Qualitative and Formulation/impurity verification quantitative analysis of cured epoxy 
	Formulation/impurity verification 
	Infrared Measures IR spectra Functional group analysis Formulation verification spectroscopy 
	X-ray fluoresce,nce Measures Determines sulfur content Hardener content fluorescence 
	Thermomechanical Measures material Determines glass transition Identify general resin system Analysis thermal-mechanical {TMA) response 
	Hl<:u,...HF; these it is to 
	insufficient of cure was 

	1Tnn-r<Ync,-,. 
	keep in mind that one of which may be an 

	Alterations in the prepreg formulation can reduce reaction rates a sufficient out on the 
	more recent resin 
	to 
	6.1 lAMINATE: lAYUP AND PlY ORIENTATION AI\I.AlYSES 
	COJ::UJJIOSlte materials are fabricated thin gage woven or unidirectional For structures made from "''"'''!'."'~"' that and hence the ""'""'""'''nr 
	Errors in can ties considered a:; of n-r.r.n.>rtv 
	such 

	1. 2. 
	3. Notch 4. 
	5. Internal stress or residual stress conditions Alterations in environmental 
	Some of most common errors in 
	2. 3. 
	selection of areas for examination constitutes the critical internal material characteristics. For most t:x<:uuu!(uH.>u::s should be carried out in all areas of the with attached 
	Determination of and 
	most desirable since available. If 
	are the same as for 
	direction of wheel rotation. 
	due to distinct smrrouncllrtg matrix may be necessary to ~::wu<:UR:~:: 
	111''"''"''11"' up the section of interest from 50X to 400X. At the 
	reference are in reference circular and will allow measurement of norr.inal fiber diameter . 
	. 2 Determination of 
	waviness can structures in which fiber tow movement occurs. One evaluation of material or 
	Either or no·,......,,.,..n-,or< accurate determination of can made. 
	void content can be 

	90 deg -45 deg +45 deg 0 deg 
	6-3. Cross Section ofa Laminate With 6-4. Identification Fiber End 
	6.1.3 Determination of 
	A nondestructive view of orientations can be determined. This involves the use of opaque tracer yarns, such that detect fiber For prepregs, the tracer yarns are 
	to the fiber orientation. For the yarns are most often in the warp direction. This is most useful for thin number of and orientation can be determined. Thick laminates make it the number of 
	anomalous orientation shift and are detected. Figure 6-6 presents a 
	6.2 DETERMINA.TION OF A.ND MOISTURE CONTENT 
	The detern1ination of the laminate is as as 
	of information the microstructure which in turn can be of the overall laminate. For shift in the to 
	lll as 50 TU>l"PIYrlT 
	interlaminar tension and shear concentrate between 
	45 
	Plane of cross ,;ection 
	6-5. Polished Cross Section at the Thickness ofthe Part 
	6-6. in Which the Tracer Yams Are Evident for Determination ofthe Orientation in 
	6.2.1 Fiber and Matrix Content 
	of laminates are determined fibers and constitutive uc•...n·•u• and matrix. The volume can be determined by three methods: and (3) 
	known constants. 
	The chemical matrix nitric acid and the amount of fibers and resin can be uw.uri'J-" and from the known densities of the constituents. 
	determined from the oe,gnm1ng 

	In the number of fibers in a area of cross-section are counted and the volume fractions are determined as the area fractions of each constituent. Both area methods and line can be used with an to determine fiber volume fractions. 
	The first two methods must use many 
	hundredth of a square millimeter. It 
	hundredth of a square millimeter. It 
	hundredth of a square millimeter. It 
	an accurate view of 
	fiber-matrix distribution 

	and void content. The first two 
	and void content. The first two 
	can result in erroneous data 

	with 
	with 

	6.2.2 
	6.2.2 
	Void Content 


	section in the of the laminate can be examined to determine void content As indicated a can be to determine void content more 
	6.2.3 Moisture Content 
	Moisture content of cured laminates can be thermal or with a The difference the two methods is that the moisture v"'"·""'o" which escape from the 
	MATERIAl IDENTIFICATION 
	may be necessary to determine the are suitable or 
	tion of the exact resin to the extensive 
	6.3.1 Uncured Material Identification 
	uncured material identification ~.<o::t;IHJl!'4!.!t» 
	the prepreg materials used to fabricate the 
	size or 
	an and instrument l:Ul.WH:U and 
	Sample 
	Pump Injector Detectors
	Column 
	Mobile phase 
	Instrument parameters 
	Column: microbondapak C 8 waters Mobile phase: premixed 63% CH3CN/37% H20 Flow rate: 1.5 mllmin Injection volume: 10 j..LL Detection: UV 220 nm Attenuation: 0.2 AUFS Chart speed: 1 em/min (0.5 in/min) 
	6-7. HPLC Test Schematic and 
	I 
	Detector response 
	DDS 
	MY 720 
	5 10 15 Elution •ime, min. 
	6-8. ofNarmco Resin Matrix Peak 
	A~jf~A~ sensitive to 
	tool which is 

	uw.LHJIL IR measures the of UA,,L~'vUC This is well suited for 
	Because IR is able to a formulation it is used as a control tool to assure that lot-to-lot variations do not exceed certain limits. IR would also be useful to determine the manufacturer of the material when material is The 
	that the resin is extracted from the prepreg with is then allowed to for IR 
	""'""""!'>"'"' '""'u"·"'"'" in the relative 6-9. If a deviation from :oiLi:l.HUi::U and are considered below. 
	tO 

	80I:t---+-~~-4·---+~+--+---t---4---+--+--+-4
	-

	70H---+-~H-~---,_--t---+-~--+-~~-+--+~ 
	WH---+---m-~·---+--~--+---~~---+--~--+---~ 
	c 

	·u;
	0 

	.!!2 50 l:t--+--1-"----+---+-+--+--t---4---+-+-+---t-­
	E 
	(/) 
	ffi 40H---+---t--~---+--~--,_--+-~~-+--~--,_--+-~ 
	-

	30H---,_--+---I---+---+--+--+---~-+----+--+--+--
	-

	·+---l--+---~-+--+--+---+---1---+---J-
	20 H--t-
	-

	aU--L--L-J_
	aU--L--L-J_
	aU--L--L-J_
	_L __ L_J__L__L_J__L__L
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	3800 
	3800 
	3800 
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	2800 
	2800 
	2400 
	2200 
	2000 
	1900 
	1800 1700 
	1600 
	1500 
	1400 
	1300 
	1200 
	1100 
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	900 
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	TR
	Wavelength 

	TR
	T00-31/11/A 

	TR
	6-9. 
	Standard IR 
	Resin Formulation 


	method for det.errmnmg been the 3501 resin 
	concentrations in solution versus IR absorbence for the followed of the concentration of in an epoxy prepreg extract. An alternate the relative in the ratio between 
	Differential .,.,...,,...,,..., which measures heat 
	into or out of a necessary to at the same epoxy DSC measures the heat released cure reactions as the 
	DSC can be used to or characteriu uncured prepreg. The cure of aerospace epoxy consists of several reactions with reaction rates and activation which cause certain cure reactions to be favored over certain t-"""'"'"'"""'hn·o ranges. The reaction 
	in a DSC can used 
	A pan and reference pan are in the is then introdcced into test chamber. Heat is transferred to the pans and heat flow is monitored prep reg 
	uAJlHl<"-~"''Y 10 mg are used for DSC 
	Heat flow versus time at constant An interface with a ,,vuu"w""' or and data accuracy and more information from each "'"'""'Y''""' 
	Dynamic sample chamber Sample pan 
	Thermal radiation shiE>Id 
	Heater 
	Fairing-
	Fairing-
	Fairing-

	Rubber 0-ring-
	Rubber 0-ring-
	Chrome! wire 

	TR
	Purge gas coolant vacuum 
	DSC cell cross section 
	Heating block 


	6-10. Cross-Sectional of th.=; DSC Cell Used DuPont DSC Module 
	A DSC for Hercules 3501-6 resin system is shown in 
	are observed at two ternner3ttures 
	to the 
	reactions. The total heat of reaction and baseline T1 to 
	the and resin constituents. to a 
	1 
	Exotherm 
	0 (.32) 50 (122) 100 (212) 150 (302) 200 (392) 250 (482) 300 (572) (Ref. 3) 
	6-11. DSC for 3501-6 Resin 
	The of DSC verification are the small ~~· ..v··~ ease. The disadvantage is the need for standard and information 
	the boron concentration. A range of concentrations for 
	the boron concentration. A range of concentrations for 
	the boron concentration. A range of concentrations for 

	TR
	can epoxy prepreg initiated when a on an of 

	., Plot normalized to Fiberite 934 at 
	., Plot normalized to Fiberite 934 at 
	I00% peak height 


	Relative sulfur 
	percentage 
	NARMCO 5208 HERCULES 3501 FIBERITE 934 
	6-·12. of Various Fluorescence 
	6.3.2 Cured Material Identification 
	of reaction 
	is used to determine epoxy matrix chemical formulation. of matrix resin under which 
	is 6-13 for two commercial epoxy to a reference 
	CT\>PPfl"fYm<>•f<>l' 
	into maSS 

	6-14 for DDS hardener. Identification of resin formulation can be PGC/MS. 
	pv•vuA>vHlS;~.nn.vh>n+ 
	Infrared 

	in establish if any environmental 
	off a resin rich area and is then mixed 
	are and may prove to be useful in a failure where a database of uncured and cured resin has been 
	Diffuse Reflectance Infrared 
	direct measurement of the infrared ""'""rrmrn ::;;:Uuute. 
	Infrared the 

	"NARMCO 5208 345°F AT 5°F/min 
	CONCENTRATION 
	2 
	2 
	2 
	3 
	4 
	5 
	6 
	Tlfi/E, min 

	TR
	<>FIBERITE 934 345°F AT 5°F/min 

	CONCENTRATION 
	CONCENTRATION 

	6.4 the 
	6.4 the 
	6-13. DEGREE OF CURE ANALYSIS 
	TI~IE, min of Two Difficult Resin 
	environments. cure 
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	uu 0 
	II(\ z
	I 
	I 

	00 
	I I 
	u u 
	302 
	282 
	20 
	-

	400 
	Elution time 
	6-14. Gas Sulfone 
	the correct heat treat condition on considered routine in metals 
	"'"-"\,Lll>OH 6, 
	As 

	the state of cure of a fractured of materials 
	In most cases, evaluation of tunn-"t"'<"" process. In the first 
	etE~rn1mat1on of the extent of unreacted material n<>·rtAl"'rrl 
	-Can be 

	"v'"""~H'-" of Here it be noted that a low pr~:>cE~ssJmg or resin formulation errors, as well as the of a 350°F 
	(a) Uncured Resin 
	(b) Cured Resin 
	6-15. 1R of Resin 
	in the 
	6.4.1 Glass Transition 
	to a 
	same occurs. A which The most common are thermal such as 
	Relative Absorbance 
	Relative Absorbance 
	25,000 hrs/ 

	10°C (50°F) 
	Unaged 
	2000 1800 1600 1400 1200 1000 
	(787.4) (708 2) (630 0) (556 2) (4724) (393 7) 
	Wavenumbers. cm-1 (>n -1) {Ref. 4) 
	6-16. DRIFTS Before andAfter 
	~~0""'"v~ to measure in contact with the »cuu~-'"'' 
	variations can be used to available on most instruments include: 
	is 
	is 
	is 
	the direction of fiber 

	orientation does not l"PTH'A'-'<>TlT 
	orientation does not l"PTH'A'-'<>TlT 
	relative dimensional 

	measurements are 
	measurements are 
	on 
	fibers 


	the
	instead of the epoxy resin may interfere with 
	movement ofthe are characterized. The on a scale. 
	P·obe d'splace­rr,ent 
	Penetration specimen 
	Tg 
	Penetration Method 
	Temperature -
	-

	Gl:~ss Transition 6-18. Glass Transition Df~termination -Determination Penetration Test Penetration Test Measurement 
	6-17. 

	Flexure. In this test to 4 
	tornn,<>r<> 
	cure 

	surfaces which have had surface prep fabric such as 
	This test is run in much the same manner as 
	T\l'<P,r<>nt n<>n<>1<r<>tH1,n into at 
	Flexure Method 
	Sample tube 
	Sample tube 
	Slope intercept 

	Quartz 
	Probe
	flexure 
	displace­
	probe 
	ment 
	Tg
	specimen 
	Flexure Temperature--support 
	-

	6-19. Glass Transition 6-20. Glass Transition Determination -Determination Test TestA1easurement 
	-

	Of the three method is more distinct inflections and a very """'~'""'"""v" methods are used often of the interference of with accurate determination. 
	Mechanical "'"""r'""n"' matrices exhibit a means of nature of epoxy matrices. The can be 
	DMA or flexural strain 
	C>CW.UiJ'''-' and UH;U,H.U 
	a 

	rates vary in terms of of loss modulus to 
	DMA data are shown transition can be determined as the teinper:'ltttre transition in delta or loss modulus or as the of 
	DMA is not 
	more ofDMA 
	90 
	Tg transition po1nt 
	85 
	80 Expansion Penetration ---c,...,--u 
	75 
	t 

	70 
	Relative 
	probe 55 displacement 
	-

	60 55 50 
	107 
	107 
	107 

	120 
	120 
	160 
	200 
	240 
	-100 
	-20 
	60 
	140 
	220 
	300 

	Temperature, OC 
	Temperature, OC 
	Temperature, OC 


	6-21. 6-22. '""''"·"'' DMA Plot for Cured Glass Determination 
	measurement. Since to diminish the viscoelastic transition should be tested in a 
	Para-1-<>rnn.<>r<'~ 5 mg are per minute 
	transition 

	6-23. The transition will t<>rnn'"""' uu.u...,,cu due to additional reaction test. 
	transition 
	DSC is sometimes 

	6.4.2 Extent of Unreacted Material 
	6.4.2 Extent of Unreacted Material 
	6.4.2 Extent of Unreacted Material 
	condition may transition 
	"iS"""u"'iS of this section. Before u""'~"'n.a should be rerun on a oe:sw,cat;eo "'"''""a'""' to eliminate m(ns1cm·e 
	most residual heat of reaction 
	3.6 
	3.2 
	2.8 
	Heat 
	Heat 
	Heat 

	flow, 
	flow, 
	2.4 

	mW 
	mW 

	2.0 
	2.0 

	1.6 
	1.6 

	1.2 
	1.2 

	160 
	160 
	180 
	200 
	220 
	240 
	260 

	TR
	Temperature, 0 c 

	6-23. 
	6-23. 
	DSC Plot for Cured 

	TR
	with or 
	to 

	indicate extent 
	indicate extent 
	of unreacted 
	these 


	DSC can be used to measure the heat of residual reaction in a at of >JC'v~.lVU used on baseline drawn from the reaction onset as 
	in 6-~23. The presence of measurable heat of residual reaction indicates some undercure. 
	The extent heat of reaction total of reaction of the prepreg. 
	Mechanical 
	auav•vu of cured laminates. t-<>n,0'<>11t-delta and loss an initial loss with 6-24. The initial 
	laminate will exhibit a double 

	is attributed to the 
	Pa (lbilin 2) 
	1.4x1o7 (2031) 
	Legend: 
	Undercured • • • • • -25% hardener -·-+25% hardener Fully cured 
	1x1o? ( 1L51) 
	G" 
	',_,' 
	' 
	.

	1x106 (·45) 
	..1QQ 0 
	1DC 200 300 
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	-200 
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	TR
	Temperature 

	Frequency: 1 Hz 
	Frequency: 1 Hz 

	6-24. 
	6-24. 
	DMA Loss Modulus Versus 
	Resin 


	can be used to remove low •.u,.~."'~u.u:u cured matrix. A solvent such as 
	uno"u.uu 

	in the IR The extent of reaction can be to standard prepreg 
	6.5 CURED MATERIAL CONTAMINATION ANALYSIS 
	contamination 
	contaminant affects the 
	The essence of a successful material co:nt<tmm2ttHm fracture exactly identifying the artifact of specimen ua.uu•u•~ inservice 
	(6) t>V<l.iU<l.lCHi~ of the contaminant as initiation. 
	"'A,.fl;n~ material defects lead to lower fracture morphology. Contamination is initiated when anomalous crack vn:>ml~ro.tlo•n material inclusions are detected on the fracture surface the course of the FALN execution. While 
	~;n~-~~n·n~n examination of the fracture allows the "'""·"'"'" the contamination as either a ""'''1:/"Lw<l': the overall failure 
	electron 
	is crucial to 

	to due to no;st-tmiur exposure to contamination sources. The contamination 
	6.5.1 Particulate Contamination 
	inclusion on the 
	with their fiber reinforced construction are less sensitive to small to initiate failure. An if act as a crack initiation site with corrE~spondirtg 
	6.5.2 Weak Contamination 
	The surfaces account for the of crack initiation and contamination. The weak uvuu•uct! acts as a to 
	1. 
	1. 
	1. 
	Adjacent 

	2. 
	2. 
	materials or microconstituents such as and resin or core 

	3. 
	3. 
	as and skin. 


	sites of crack initiation. As a Particulate contamination the oet·rm·mcmce. 
	ofa Teflcn-Contaminated Tension 
	........., Mechanically inducr~d crack direction 
	Dry 
	ofa Frekote Release Contaminated Tension 
	ofa Frekote Release Contaminated Tension 
	ofa Fracture 
	Particle Inclusions the Characteristic Fracture Fracture Lines 
	surface debris on the fracture the surface debris will not initiate the fracture surface has had a exposure or has conditions. Caution should also be exercised when extensive mechanical was from the failed 
	the 
	the 
	the 
	can lead to identification 
	the contamination source 
	the 

	TR
	fibers 
	source 
	be 

	Another concern in ex:'lmlimmg may have intentional characteristics. If 
	Another concern in ex:'lmlimmg may have intentional characteristics. If 
	on the fracture surface is examination as a reference fracture su
	way, rface. 

	TR
	sequence 
	of 


	instruments selection of more "'"'"<ll-''"'-' 
	information monitor the 
	WHf'>"l"t><:<f'•Anu> 
	feature of 
	from sodium to uranium can detect elements there are a number of aiJ d bromine occur at 1.48 
	fracture and related areas to show location and extent of contamination 
	many minutes to scan even a to use for by EDS and WDS is given in Table 6-2. A SEM 6-32. The SEM elements 
	In using or WDS several concerns should be V'-"'-''-'C"-' into an instrument vacuum chamber at pressure 
	the contaminant under 
	the contaminant under 
	the contaminant under 
	is 

	that 
	that 
	information will 

	TR
	as 
	to 


	Weak boundary 
	layer Smooth mating fracture Lacks deformation features 
	., Usually along interface 
	., Low percentage design limit strength 
	Foreign particulate .. Inhomogeneous resin fracture .. Radiating fracture lines 
	.. Significant cross­sectional area or critical location 
	Yes Optical and SEM examination of fracture morphology 
	Which contamination type? 
	<~>X-ray
	Energy dispersiv•1
	-

	spectroscopy photoelectron Wavelength spectroscopy dispersive e. Infrared 
	spectroscopy spectroscopy FTIR 
	• Attenuated total reflectance 
	<~> Secondary ion Yes 
	mass spectroscopy 
	Infrared spectroscopy "'FTIR "' Diffuse reflectance 
	Further surface 
	sensitivity of light >-------~--------. 
	<

	element detection needed 
	Surface analysis:
	? 
	~~>X-ray
	No 
	photoelectron spectroscopy ~~> Auger electron spectroscopy 
	"' Secondary ion mass spectroscopy 
	Return to FALN 
	6-31. Network for Material Contamination ofa Freicture Surface 
	which is reduced vapor a very thin 5 nanometer film of or noble metal may mask elements of it is sometimes useful to coat these surfaces with '"'A"'"''"'"'u and will not be detected in the EDS There is 
	the electron and thermal effects can be minimized and low should be 
	Table 6-2. Emission Partial 
	Table 6-2. Emission Partial 
	Table 6-2. Emission Partial 

	WDS 
	WDS 
	X-ray wavelengths (Kad. nm 
	EDS 
	X-ray energies, keV Ka1 Ks 

	B 
	B 
	6.76 
	Na 
	1.04 
	1.07 

	c 
	c 
	4.47 
	Mg 
	1.25 
	1 .30 

	N 
	N 
	3.16 
	AI 
	1.49 
	1.56 

	0 
	0 
	2.36 
	Sl 
	1.74 
	1.84 

	F 
	F 
	1.83 
	p 
	2.01 
	2.13 

	TR
	s 
	2.31 
	2.46 

	TR
	Cl 
	2.62 
	2.81 

	TR
	(Ref. 5) 


	(A) 
	2000 
	2000 
	2000 

	Si 
	Si 

	(B) 
	(B) 
	Counts 
	1500 1000 
	Mg Au 
	Au 
	(A) SEM micrograph illustrating the particulate morphology (B) EDS spectrum showing the elemental composition of the talc particles Note: Gold and pailadium are from the conductive SEM coating. 

	TR
	S L + Pd 

	TR
	500 
	Fe 

	TR
	Cr 

	TR
	0 0 
	6-32. 
	2 3 4 5 Energy. keV Talc Powder Contamination 
	6 
	7 8 a Bond Line 
	9 
	10 


	6.5.4 Plhotoeiectron 
	electron emission when a 1s 
	to~~lecti·on emission causes each element to emit helium can be detected this latest of 
	instruments has a small 
	""""'""~• in XPS will make it features arise from the of XPS arises from the very short distance that low energy electron can its the detected electrons must travel to the detector 
	this short from the surface. in solids are 5 nanometers. 
	r.ro,.,.nw 

	The energy. The atom 
	BE= hv-KE -0-V 1) 
	where: 
	energy of source 
	v 
	elements are listed in Table 6-3. 6-33 is a epoxy resin where the elements oxygen, and sulfur are ex:amtinilng a fracture surface for a of the resin fracture surface wili "'""'"'"',;, of contamination. 
	Element x atom% 2) 
	where: relative 
	s 

	Ix observed intensities 
	each element 
	Table 6-3. 
	Element 
	Boron Carbon 
	Fluorine Sodium Silicon 
	Sulfur 
	Chlorine 
	Bromine 
	Bromine 
	energy 

	195 285 399 531 689 1072 102 
	151 
	135 
	189 165 
	229 199 264 69 
	Relative emission 
	section for aluminum 
	0.49 1.00 1.80 2.93 
	.43 8.52 0.82 0.96 1. 19 1.18 1.68 1.43 2.29 
	.69 2.34 
	on how the 
	c
	0 
	6-33. Resin With Elements Identified 
	nn1nn£>nris'~nnrl<>nt 
	to environment surface can be inferred from these energy shifts. 
	correction value to be careful. encountered vvith ""'nn'""'"n"' materials. 
	Table 6-4. Carbon Peak Shifts in XPS 
	Functional group 
	Hydrocarbon Ether or alcohol Ketone Ester 
	(Ref. 6) 
	,.,,..,m,..,,,..."'t-"" fracture surfaco for t:r.-.•a"'"" 
	on the of !>Vv<J,Lv>c:U v•JH<,CUJCL.UJlUH 
	on the of !>Vv<J,Lv>c:U v•JH<,CUJCL.UJlUH 
	on the of !>Vv<J,Lv>c:U v•JH<,CUJCL.UJlUH 

	are 
	are 
	6-5 summarizes a few rules 

	of 
	of 
	which be 

	contamination sour
	contamination sour
	c
	es are as follows: 

	1. 
	1. 

	2. 
	2. 
	~-»o ...r·m,,... 
	films and breather fabrics 

	3. 
	3. 
	..,.,.,~..,,.,,.,. 
	uwv""'-"F. papers and films 

	TR
	residues 

	5. 
	5. 
	Vacuum 
	pump oils 

	6. 
	6. 

	7. 
	7. 
	resin sweeps 

	8. 
	8. 
	Gloves 

	9. 
	9. 

	10. 
	10. 
	sealants. 


	6.5.5 Infrared 
	or chemical in is much less sensitive than XPS or more chemical information. have been to IR 
	Table 6-5. Rules of Thumb for XPS Identification of Release 
	~~> Hydrocarbon lib Excessively high carbon levels on the surface when compared with a cohesive resin fracture ~~>Confirm by FTIR analysis of the residue from a solvent rinse of the fracture surface 
	lib Fluorocarbon • Carbon-shifted peak In the range 288.0 to 292.0 eV: fluorine peak at 689.0 eV <11 Ascertain whether there is a fluorocarbon additive to the resin lib Compare with XPS spectrum of known fluorocarbon release agents or parting films used in 
	manufacturing the part 
	fi Silicone ~~>Silicon peak at 102.0 eV; silicon Auger parameter in the range 1708.5 to 1709.5 eV ~~>Where there are significant silicon levels, the carbon-to-oxygen ratio will exceed the resin value ~~> Because some inorganic minerals exhibit the same XPS shifts, verify that there are no inorganic 
	mineral particulates on the fracture surface with SEM/EDS fl> Ascertain whether there is a silicon additive to the resin @Confirm by FTIR analysis of the residue from a solvent rinse of the fracture surface @Compare with XPS spectrum of known silicon release agents used in manufacturing the 
	component 
	hmln<i<n·~r and the 'These methods are addressed 
	to the weak 

	in the discussion. 
	molecules infrared radiation at which relate the 
	within the molecule. The of this process can be attributed to a ""'"'"'"'-""'"·" where U~Uv.<v0 d00U>GiOL~~U with 
	vibrations within the """"''""'"'v. 
	an epoxy In a contamination is useful to compare the '"'''"1-.,....,m ""''"'"J·r<> 
	in an atlas or stored in a database. Infrared 
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	Aliphatic C-H stretch 
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	NH2 
	ester modifier
	ester modifier
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	NHz deformation 
	Para substitution on 
	benzene ring 
	benzene ring 
	benzene ring 
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	can be as transmttance or as shown in the Percent 1'ransmittance 
	I
	%T= --3) 
	where: 
	Io incident Absorbance 4) 
	A I detected radiation Io incident radiation 
	the chemical information If a amount of contamination can be can salt and then consolidated into a Often a can be obtained. 
	Reflectance methods are desirable in use of removal methods described above. The 
	""'""'"'"·""' on an FTIR instrument which uses an infrared refractive index. The IR radiation is then caused to 
	~a ~ ~ micrometers. The uuo~uvu smooth and surface to obtain a cornmtg back into use on the FTIR instmments. This method relies on the detection of 
	6.5.6 
	6.5.6 
	6.5.6 
	Difl'raction 

	TR
	diffraction 
	are 
	used 
	for 
	a 
	structure 

	determinations. In 
	determinations. In 
	XRD is 
	material 


	which can be isolated from a fracture surface. The 
	which can be isolated from a fracture surface. The 
	which can be isolated from a fracture surface. The 

	TR
	(} 
	5) 

	e d 
	e d 
	beam of diffracted beam strike a film 
	from 
	which 
	the 
	diffraction 
	theta 1s 

	6.5.7 ion mass ""'''nt·rn" the surface and near surface weak IVVlLWlHJWl based on .,.,..,.,.,,,"'~·"' 
	6.5.7 ion mass ""'''nt·rn" the surface and near surface weak IVVlLWlHJWl based on .,.,..,.,.,,,"'~·"' 
	about of 


	which can be 
	and XPS with the same 
	a variation of the static 
	<..;Ht:;HH<Ji:U UH!I_IHHJ!;t:Ht:lUI~~ 
	and map 

	(AES) is 
	(AES) is 
	(AES) is 
	a 
	surface 
	based 
	on 
	electron beam 

	characteristic energy for 
	characteristic energy for 
	escape from the surface in 

	TR
	instruments are 
	to 
	AES 

	Since 
	Since 


	at the fiber matrix interface or in resin. The the fiber the may 6-35. Usually 
	holder. 
	6.5.9 Contamination 
	uuJlrut;u con:LPCISH.e structure was returned from service after visual "'"'""-"'" skin surface. The construction had a laminated was a FM -300 When 
	An the FM -300 adhesive 
	fracture features or resin deJt'orm~tti()ll, "'''"""'-'ol'"l"> surface followed the of 
	The XPS of the debonded surfaces shown in '"~·"'"'"-''u'~ amount and carbon in addition to the exr>ee·ted of the adhesive. XPS shifts chemical functional groups. The next 
	.,v,u.uJ,,., from the surfaces to "''"''~"'""',_,~.oils were identified in the 
	was to rinse and allow the 
	-

	construction ensure that no se1COIH1ElrY which 
	"-~"'r>,ni-r"i for a O>HH..oLIHt residues the surface did not the contamination is very minute. 
	contaminant is silicon ''lith the 
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	6-36. in Cross Section ()fa Laminate Skin to Core 
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	Figure
	Figure
	Figure
	1 
	'n"'""'''t mechanical tests are create fracture surfaces in are: 
	'<.ll""''-'--' Mode I Tension II 
	Translaminar Tension 4. 
	6. 
	INTERLAMINAR 
	INTERLAI\JIINAR 
	7-1. Double-Cantilever Beam 
	LOAD (P) 
	..,____ FEP CRACK STARTER .,------i BETWEEN CENTER 
	13 in MINI MUM ---------4 
	1--------

	7-2. Double-Cantilever Beam 
	~GR 
	7-3. Doub/e-Cantile,rer Beam Fixture 
	7-4. End-Notched Flexural 
	extension of the crack the of the test span sevenJ increments of of the direction of those 
	7-3 
	""-"''"'""'"'" is observed in a direction away from the FEP crack starter fixture. 
	7.3 TRANSLAMINAR TENSION 
	Conditions of controlled translaminar tension are in Figure 7-5. The """'""''".,.., an:slaJmnlar tension are >vt..a~"''U transverse to the beam's surface. 
	7.4 TRANSLAMINAR 
	The conditlions for this test are similar to the translaminar tension the translaminar is with notch 
	7.5 RAIL SHEAR TESTS 
	on coupons in test ""'nf't,,,..,,o;, specimen are ciamr>ea u'"'P""'""o'uHou" of one rail to another. This mode of testing results in a •vt..au'""''-' HI"'""'""' shear condition 
	7-6. Notched-Bend-Bar 
	COMPRESSION ON LOAD 
	~ 
	0°, ±45° 
	STRAIN ROSETTE LOCATED 
	FIBER DIRECTION
	CENTRALLY ON SPECIMEN 
	'-----1.7 
	'-----1.7 
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	0.60 
	0.060 -0.12 THICK IN SYMMETRICAL LAY-UP 

	L---1-----3.00 
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	COMPRESSION ON LOAD 
	COMPRESSION ON LOAD 
	NOTE: 
	ALL DIMENSIONS IN INCHES 532.08 


	LOAD SPHERICAL HEAD 
	LOAD SPHERICAL HEAD 
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	SPECIMEN 
	SPECIMEN 
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	BAR 
	BAR 
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	7.6 
	7.6 
	7-8. COMPRESSION AFTER IMPACT 
	Raii-Sh ear Test 
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	7-9. Fixture 
	Figure
	Figure
	8 
	the science of 
	of the sequence of fracture events 
	identification of the state of stress "'"'"'"'""'u at the time of fracture 
	material or other material anomalies that may have 
	contributed to crack pn3sentE~a in the 
	contributed to crack pn3sentE~a in the 
	contributed to crack pn3sentE~a in the 
	and ultima:e failure 
	can 
	be 
	the tools 

	Due to their laminated construction and materials tend to mechanism. The 
	Due to their laminated construction and materials tend to mechanism. The 
	in 


	well macros copy 
	2. 
	4. Transmission 
	methods and data and 
	the other of the is to document the key features relevant to the determination of the cause of failure. This '" r<>rmn•p, extra effort 
	documentation for 
	r<>T'•r.ri

	are 
	are 
	are 

	1. 2. 3. 4. 5. fracture. The use of 
	1. 2. 3. 4. 5. fracture. The use of 
	on: state and modes of of metals Recent work has FALN illustrated in 
	or 

	the direction The recommended ~"'"uu.tu ""'"r"'.--rn·in"' the This 
	the direction The recommended ~"'"uu.tu ""'"r"'.--rn·in"' the This 
	in 


	sequence of out these examinations after the fracture a."'""'"'"'"" encountered. Table 8-1 Table 8-2 summarize the ~"'"'uu."1 
	FRACTURED SPECIMEN 
	TYPES 
	SURFACE CONTAMINANT ANALYSES ~ EDX 
	WDX ~ ESCA 111 FTIR/ATR 111 SIMS 
	YES 
	YES 
	YES 

	DETERMINE DIRECTION, MODE, ENVIRONMENT 111 Opt1cal m1croscop 
	DETERMINE DIRECTION, MODE, ENVIRONMENT 111 Opt1cal m1croscop 
	WORK BACK TO ORIGIN @ Opt1cal m1croscopy Ill SEM ® TEM 

	NO 
	NO 

	DAMAGE/DEFECT CONDITION ANALYSES @,> @ ~~~ SEM ® TEM 111 Chem1cal analyses as 
	DAMAGE/DEFECT CONDITION ANALYSES @,> @ ~~~ SEM ® TEM 111 Chem1cal analyses as 
	RETURN TO FALN 
	IS FRACTURE ADEQUATELY EXPLAINED' YES 

	TR
	CAUSE OF FAILURE IDENTIFIED 

	8-1. 
	8-1. 


	8-3 
	Table 8-1. Failure 
	of 
	111 Determination of liiiminate orientilltion and drawing compliillnU! 
	fr011cture surface fracture 
	Table 8-2. Failure -Fracture Surface Material and Chemical 
	Table 8-2. Failure -Fracture Surface Material and Chemical 
	Table 8-2. Failure -Fracture Surface Material and Chemical 

	TECHNiQUE 
	TECHNiQUE 
	DESCRIPTION 
	USE 
	VAlUE 

	SE M!m icroprobe 
	SE M!m icroprobe 
	e 
	Identification of metallic contam­

	energy X-ray 
	energy X-ray 
	inants (atomic number >1) 

	TR
	® 
	Particle size analyses 

	TR
	411 
	Identification of metallic contam­

	TR
	Inants 
	(atomic number >5) 

	TR
	® 
	Particle size analyses 

	TR
	liO 
	Identification of contammant 

	TR
	monolayers 

	TR
	e 
	Identification of adhesive fiililurli! 

	TR
	intediilces 

	TR
	® 
	Identification of contammant 

	TR
	monolayers 

	TR
	® 
	Identification of adhes1ve failure 

	TR
	mterfaces 

	TR
	surface chemical 
	® 
	Identification of contam1nant 

	TR
	analysis 
	surface monolayer 
	monolayers 

	TR
	atoms removed by ion 

	TR
	sputtering 


	which has ~u.u~<HH'-'1<"-~l'u.u, then further examinations 
	AND PROTECTION OF FRACTURE SURFACES 
	of most 
	maximum information can be the use of various 
	The care followed are based on that have nwcatwn to structures. These 
	on the fact that the fracture surface contains an enormous amount of that done to information may to the fracture. The can occur can be chemicaL 
	8.1.1 
	8.1.1 
	8.1.1 
	Mechanical 

	TR
	This 
	from several sources, 

	TR
	the fracture process itself 


	delamination surfaces to differentiate from delaminations 
	maintain 
	maintain 
	maintain 
	moisture and more '-'V·'"''""''"n.1 
	~w,+~.~+ the structure from contaminants. 

	If necessary; the fracture can be 
	If necessary; the fracture can be 
	cloth or cotton to the 
	as 

	TR
	is 
	not 


	the fracture with the contaminants on fracture may 
	of the most common sources of fracture surface ~~..·~"'"'~ two halves of a and in some to the fracture 
	8.1.2 
	nr'""''mt-<>rl in a number of ways, each common 
	of the surface from chemical contamination or Since the Hi(mt.ltH~atwn nr"'""''ot on a fracture surface may be critical in chemical 
	as fire retardant the most of clean water. 
	8.1.3 
	some sort of of fracture surface is T>"l"•P'-'!<HIT due to either the 
	and matrix are 

	each suited 
	1. 
	1. 
	1. 
	1. 
	alrblast: This H><>Hlvu canned air 

	for can often contain oils extreme care must be 

	2. 
	2. 
	This method can a>tt'"'"j-'"' mvest12'llitlOilS. A 

	3. 
	3. 
	Chemical solvents: Chemical do not remove the tenacious critical fracture surface 


	trial 
	duration 
	8.2 PHOTO MACROGRAPHV 
	an associated with a several of the of the fracture surface and associated the 
	uu~vu>.utu~''";e; a fractured a detailed and visual examination of the _rc>.r>onrc•rl COndition should be nortn,MYHHi This should determine features are 
	treatment is necessary. This ~.., ....~,,..,,., 
	The 

	stereo widefield 
	the entire surface of the fractured with several record the extent relative to the co:mriOlltents of and ""·""''"li to assess how the fracture characteristics can best be 
	sometimes test are too 35mm or 4-inch it should be 
	ue,c<:UJ::;, 
	necessary illumination of shadowed or fine 

	Where most of the details of fracture surfaces at While 8-inch 
	Low """'F>''u''""'~'V''" stereo macroscopes with attached cameras are often a of the fracture features at m<lgilm.cauon 
	8.3 OPTICAliVIICROSCOPV 
	proven itself as a most critical tool for examination of both fracture surfaces and cross sections. For cross sections, Lo;:;~.-.uun1 '"" available. The of cross sections 
	cause 
	8.3.1 
	from a the illumination mode used for relative to the location. of the as the fractures 
	8.3.2 Illumination 
	A of sources for filament is most often on observation and 
	are the most common. 
	"""5''u''""'"'v'" is increases contrast and field while rule of thumb for fracture maximum available of down the noticeable decrease in and then open it to eliminate most of the aberration. 
	8.3.4 Lens 
	valuable for examination of fracture surfaces with in the upper ranges of """-''"·'""' desirable features for examinations are lenses 
	5 

	\'H.UH>CQHLC 
	are and loaded lenses when contacted with 
	8.3.5 
	examinations 
	8.3.6 Fracture Surface 
	is delamination surfaces. Since the sn~3crmem and examination times are very an enormous amount of fracture surface As a a reliable and accurate 
	determination of the surface features is fashion. Translaminar are too fine for 
	as transverse resolution of the fine matrix resin fracture features. features are used to the direction of crack 
	river the fracture mode '""'u"''vu and indications of contamination and 
	fracture features are presented in Part 2, Volume are the eyepiece, are often too small to document with film.. In these situations where are the SEM is 
	8.3.7 Cross-SE~ction 
	the types of information: 
	1. Determination of the laminate 
	2. a. b. 
	c. count orientations 
	3. examinations 4. 
	5. 
	5. 
	5. 
	Crack versus 

	6. 
	6. 
	Extent of due to wear, thermal cycling, and 


	from at least two areas to most anomabus conditions are identified. These two areas at an area away from 
	illumination methods are available for cross-section Dark-field 
	8.4 SCANNING ELECTRON MICROSCOPY 
	its 
	instrument offers ""'~""V'"'~""' and clear 
	attached to the SEM, in favorable 
	ICUAH!JU;:)Jl,JVH from a is 
	do not go 
	of field is about 300 times that of the nri>V1r1'"'"' an excellent three-dimensional view of the of over 1000 microns at lOOX and 5 microns at can be tilted up to ap])ro,xirna1;el:y to the incident 
	•ucuu~a.'·"'"'5 focus over most of the surface. The ranges from 8mm to about surface (such as with to be examined. The The maximum size for the SEM 
	6 with limitations in tilt and at size. to 1.0 inch 
	methods such as 
	and a small amount of time. The 
	1. 
	1. 
	1. 
	selection: ~._;o,mtnon!:y areas of interest for 

	2. 
	2. 
	such as hand saws 


	3. 
	4. sp~3ClJmen to a stub to secure it and to 
	""'J"''·'"'" to the SEM chamber 5. 
	beam construction are are not followed. Because of in 
	SP•3crmEm to times are on "u'""""'u with the aid of a warm air In order to maintain proper with a is often recommended. 
	coat fo:r five minutes ucv~.n.Jt.HU.H!'; the vacuum chamber to 4.0 to 7.0 Pascal (30 to 50 UUJlHI-,.H with argon. 
	It should noted that a nondestructive method for SEM examination is available for situations where destructive examination is not or fracture surface may not be 
	removable from the structure. In these 
	removable from the structure. In these 
	removable from the structure. In these 
	a two 
	acetate 
	may 
	with 

	described for TEM 
	described for TEM 
	difference is t
	hat the sp«~ClJmen 

	TR
	cfvapor 
	gold or similar 


	8.4.2 SEM 
	The basic 8-2. This is a of ""'P""o'"'IS a narrow beam of electrons from 
	range from 
	more care and .,...,rnn1r<>rl vacuum, a diffusion pump ora 
	wa:rm-up 

	"""''""'"-"' ray is used to controls the current to the ""·":u"·'u''~'> "i-1'"-""'''-' lines. The H«J.t>''"'''-'"'"''-''H 
	Gun 
	Condenser 1 
	Condenser 2 
	electron detector 
	8-2. Basic Features of the SEM 
	the current in the deflection electrons return from the electron is for uuu5 .•u 5 
	the current in the deflection electrons return from the electron is for uuu5 .•u 5 
	the current in the deflection electrons return from the electron is for uuu5 .•u 5 
	The electron 
	and of 

	TR
	electrons and 
	other radiatit>l"7YlHl<D 
	ons the 

	TR
	of emissions The most common detection 
	the 


	of information is described below 
	and backscatter electrons are used for tr~'"'t'"O"l''" electrons are "'"'''+·,.,...,.."'·" source since offer better 
	of features or contrast in SDI~crmems 
	Incident 
	electron 
	beam 
	Zone of 
	secondary
	<X> 
	electron 
	Auger e-\ 
	z,ckscattered 
	Secondary ectron 
	electro~r ~X backscattered 
	etector 
	detect~ electron em
	Electron 
	and X-ray 
	excited XR X-ray 
	()
	fluorescence 
	detector 
	Zone of 
	'-----------characteristic X-ray generation 
	(a) Useful Signals Generated by an Electron Beam (b) Pattern of Zones in a Specimen That Are Sources of Signals Generated by an Incident Electron Beam 
	the atoms in the 
	energy are in the backscatter range. The features such as small variations in the surface the secondary are emitted from the the of emitted e1.ectron to the beam contacts the surface at an thus 
	<Yntn•~""' on the 
	As shown in Oa€~kscat;ter electrons are produced by single 
	atoms from 0.1 to 1.0 J..lm of the backscatter electrons of
	UHHHA\.> UUU<V<O< 
	the material. In a. similar manner, an accentuation of the 
	which have a very smooth ,_"'""'...,...., the electron with more than 50 eV. This '"'".""T"'n does not ''see" the use of backscatter, and ps,eu(10-back:scacttEn for the fracture surface. 
	enhance image for 
	""~"""'"'"'~'"'"' have their own 
	Backscatter electron detector increased contrast but lack clepth. 
	SEM provides Hexibility so that the can specimen investigation. Several commonly adjusted 
	1. 
	2. 
	2. 
	2. 
	distance 

	3. 
	3. 
	Beam characteristics as beam size 

	4. 
	4. 
	Detection or BE. 


	and be in 
	tilts is often for examination of fatigue striations are not visible until tilts a different as shown in 
	lnteriaminar Fractures. The fracture typllS and the for each are below: 
	1. 
	2. 
	detector. 
	3. or contamination: For areas of contamination or a thin with different atomic 
	the use of "'"''"''""'-"'~"' 
	T'PCH111rArl for this Uv'C<O\,•LW•H UH:;;CHV''-'• 
	Translami11ar Fractures. For these fractures which have a very of is 
	V>CCLh<O.::> 
	do not 
	0-deg tilt 
	0-deg tilt 
	0-deg tilt 
	5000X 

	8-5. 
	8-5. 
	S£M 1-'nJ-.rni'Y> 
	ofEffect of Tilt on Striation Resolution 

	TR
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	8-6. 
	unJ1v<'"'"'u"'u range is from 5X 
	electron emission is 

	is 
	MICROSCOPY 
	The use of transmission electron fracture surfaces. Since the av'"'"A'-~'va 
	The use of transmission electron fracture surfaces. Since the av'"'"A'-~'va 
	an enormous is most useful since it 

	For most 
	For most 
	For most 
	matrix material can withstand short 

	even 
	even 
	within their own functional chemical groups. 

	TR
	e>rrYI"'"'t·tn\0' and are 


	of the most common acetate film and 
	finest fracture details. be 
	that is used for 
	3. 
	matrix and are not tested in an area in the 
	of several clean in which the 
	Acetate tape 
	Specimen 
	Acetate Tape Application 
	Acetate ==~~~=;_:--Hlgh-Z
	r; shadow Carbon
	Shadowing the Acetale 
	shadow 
	gun, SO that the UU.UWCF,v action on the The cuts should be 
	'"'"'""'"' with very 
	pressure to 
	4. for this 
	acetone vapor. 
	The TEM in 8-8 contains an electrons into a vacuum chamber. The filament is held at anode it. The electrons pass 
	Gun 
	c Condenser 1 
	~ Condenser 2 
	8bjective 
	Intermediate 
	I \ I \ I \ 
	Screen 
	Resin fracture mlcroplanes 
	7050X 
	Fiber 
	Striations 
	Striations 
	13,500X 
	13,500X 
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	Note: 
	Note: 
	Striations are an indication of fatigue growth. 

	8-9. 
	8-9. 
	TEM 
	Striations 


	Fiber 
	Resin 
	Note the curved striations equally spaced along the fiber surface 
	ofStriation F1~atures From a Crack Shear 
	Figure
	Figure
	Figure
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	9.1 INTRODUCTION TO COMPOSITE ANALYSIS 
	The purpose of stress analysis in the context of this coJmJ;~en.m1un which may lead to del:Immg of analysis may 
	uH>tlt">hr 
	U<:UH·>~a 
	a 
	'-[ 

	Stress 
	reviewed in detail. While these writings by no means encompass the entire on the techniques for •·n•rrn"'"'H"' materials. Before ap];>lH~atllOn of these techniques, to re<~o!!niz:e the role of stress investigation. 
	are subjected the as-designed configuration, 
	fractures do occur in service. Common causes of such 
	1. 
	1. 
	1. 
	JV"'""" deficiencies, as insufficient a~;sessment of of <-V!HUUA<;;U effects of 
	or plies; also, 


	2. 
	2. 
	process discrepancies, such as """'"''"'~'-"~'u errors, fastener 

	3. 
	3. 
	Service damage, including foreign maintenance or 


	h"'''"r'""' in analyzing stress is to determine if the occurrence of a initial design can be and understood. While techniQtles the and it is stress the cause of failure. 
	The stress 
	.tuu.n.u<s the review of Assessment of the 
	2. Assessment 
	failure can be but from nvOI"\TP<1 Can be divided intO tWO discrete thUS two tasks are: 
	condition 
	in the stress "'""....."'V" has been done can be ~""·'-"'"'"·'HI'. from holes. 
	Table 9-1. Stress Methods 
	Table 9-1. Stress Methods 
	Table 9-1. Stress Methods 

	ANAL. TASK 
	ANAL. TASK 
	METHOD 
	DESCRIPTION 
	AUTHORS (ref. number) 
	COMMENTS 

	Laminate 
	Laminate 
	Laminate theory is used 
	• Chamis (10) 
	eValuable for simple prediction of ply 

	theory and 
	theory and 
	to identify two-dimension 
	<~> Craddoc:k (11) 
	failure 

	first ply failure 
	first ply failure 
	stresses; one of several failure criteria are applied 
	• McLau~1hlin (12) 
	• Laminate theory requires knowledge of local stresses 

	criteria 
	criteria 
	to define occurrence of 
	.. Tsal p:~) 
	<~> Laminate theory cannot handle edge 

	TR
	first ply failure 
	effects/complex geometries 

	TR
	<~>Jones (14) 
	• Predicted failure stresses vary widely 

	TR
	with criterion used 

	TR
	" 
	Failure criterion not accurate 

	TR
	<~> Does not predict catastrophic failure 

	-
	-

	Finite 
	Finite 
	Finite element analysis Is 
	e Crossman (15) 
	<~~Valuable 
	for simple prediction of ply 

	Assessment of as-fabricated strength 
	Assessment of as-fabricated strength 
	-
	-

	element analysis and first ply failure criteria 
	used to define stresses in three dimensions for edge effects/environments/bolted joint configurations; one of several criteria are applied to define occurrence of 
	"' Herakovich (16) eWu 
	failure • Finite element techniques can be used to define locat stresses • Method accounts for edge effects, environment, complex geometries OJ Predicted failure stresses vary widely 

	TR
	first ply failure 
	with criterion used 

	TR
	~~>Failure criterion not accurate 

	TR
	.. Does not predict full failure 

	Point or 
	Point or 
	A semlempirlcal method 
	<~> Mikul<:ll> (8) 
	• Valuable for prediction of strength with 

	average 
	average 
	for describing the 
	e~~ Wilson (18) 
	holes 

	failure stress criteria, 
	failure stress criteria, 
	strength of open or filled holes; failure occurs when point or average stress at 
	11 Daniel (7) • Aronsson (9) 
	• Requires knowledge of characteristic distances for material <~~ Requires knowledge of stress distribution 

	DZM 
	DZM 
	a characteristic distance 
	around hole 

	TR
	from hole equals material 

	TR
	strength 

	Point 
	Point 
	Adapted semiempirical 
	~& Mikulru; (8) 
	®Valuable for predicting residual strength 

	failure 
	failure 
	method from predicting 
	«~ StarneH (19) 
	with Impact of through-thickness cracks 

	stress criterion, 
	stress criterion, 
	strength with holes; failure occurs when stress at a 
	., Aronsson (9) 
	® Requires knowledge of characteristic distance for material 

	DZM 
	DZM 
	characteristic distance 
	<D Requires knowledge of stress distribution 

	TR
	from damage radius equals 
	around hole 

	TR
	material strength 
	<D Requires estimation of initial damage size 

	TR
	to predict strength 

	1 Kc fracture 
	1 Kc fracture 
	Fracture toughness method 
	<> Balhiru; (20) 
	®Valuable for predicting residual strength 

	1 toughness: 
	1 toughness: 
	commonly used with metals 
	® McGar:y (21) 
	with through-thickness cracks under 

	TR
	• Awerbuch (22) 
	tension loads 

	TR
	<D Requires knowledge of 
	for material 

	TR
	layup 

	TR
	• Requires estimation of Initial crack size 

	Assess-
	Assess-
	to predict strength 

	ment of residual strength 
	ment of residual strength 
	G strain energy release rate 
	Predicts onset of delamination instability based on c for material G level 
	• O'Brien (23) ~ Whitccmb (24) 411 Rothsc:hilds (25) 
	• Valuable for predicting delamination instability • Requires knowledge of G for material layup 

	TR
	generated by applled load 
	111 Requires calculation of buckle stability 

	TR
	for compression case 

	TR
	@At present, can handle only very simple 

	TR
	geometries 

	CODSTRAN 
	CODSTRAN 
	Integrated computer 
	111 Chamis (10) 
	111 Attempts to meld various techniques 

	TR
	program that Incorporates 
	discussed above 

	TR
	finite element model, first 
	111 Requires expert computer programmer 

	TR
	ply failure, and point or 
	111 Requires material data, as described 

	TR
	average failure criteria; 
	above 

	TR
	program Is Iterative, 
	~~D Inaccurate prediction of strength 

	TR
	allowing prediction of 

	TR
	failure sequence and 

	TR
	residual strength 


	the of stress necessary to cause failure that values for the characteristic 
	be known. The literature shows that 
	be known. The literature shows that 
	be known. The literature shows that 
	values have been measured for a 
	of 

	these characteristic 
	these characteristic 
	may vary with resin 
	and 

	calculation of residual .,,_,..,n.n 
	calculation of residual .,,_,..,n.n 

	Methods of 
	Methods of 

	last five years. To accompany 
	last five years. To accompany 

	pure Mode I or Mode II crack 
	pure Mode I or Mode II crack 


	Stress Network. 
	and stresses involved as a 
	At the initial initial .,.,,,.,,,.,.,,,.~,_ 
	with 

	location of fracture. This review 
	The next ImrestigatJon encompasses the most 
	and detailed strains area are defined. Since most to gross average strain the information from this ---... --··-detail to understand the cause of failure. For the finite-element upon 
	programs 
	INITIAl DESIG~ REVIEW iTIUSS ANALYSIS: STRUCTURAl lEVEl 
	ANALYSIS METHODS: 
	® Stat1cs, strength of matenals G> Dynam1c des1gn handbook 
	<>>>>>>>J 

	@ Fmite element (global model of structure) 
	~ Statistical methods (interactions of conditions) 
	RETURN TO EARLIER STAGE OF ANALYSIS AND CONTINUE INVESTIGATION 
	9-1. Stress Ar Sub-FALN 
	9-5 
	9.1.1 Relevance to Stress 
	NASTRAN 
	BOP 
	(Buckling of panels) 
	sos 
	STAGS 
	VIPASA 
	VIPASA 
	NASA SP-222 (01) 

	1972 
	NASA TND-7996 Oct. 1975 
	COSMIC file ISCL Doc.IDOO 17437 Jan. 1973 NASA TMX-73914 May 1976 
	6600 
	CDC 6600 
	CDC 6600 
	CDC 6600 
	their 
	Table is conducted at one or and economic a 
	APPIJCATION 
	Advanced composite analysis 
	An<!llysis <md resizing of complex structures 
	Graph1te-epoxy composite panels 
	Advanced composite analys1s 
	, Plotting of buckling mode shapes 
	loaded stiffened graphite-epoxy 
	the stress is to initial the location of 
	environmental conditions. This review establishes what and their 
	or errors affect the would the stress 
	If the cavse of has not been in terms of gross average stress This is often the case when failure may •cwuu,,a 
	have initiated at a detail such as a or other stress concentrator. At the 

	refined finite element meshes of failure to determine detailed three-dimensional strain meshes are 
	normal 
	different than that ofmetals for the 
	Lamina stiffness in the fiber direction is than 10 times the stiffness transverse to the fibers. 
	2. Lamina in the fiber than 30 times transverse to the fibers. 
	stiffness stresE,es. 
	4. The differences in the "'"'""'-·'""·'·vu coefficients between fiber and matrix within a 
	a:rd to stresses due to "u.:u•>;"'"' or moisture content. 
	Lamination without interlaminar stresses. Finite difference the scope of this text have been to that stresses exist in structures and that the resistance to is hundreds of times less than the resistance to rr«m~nm lJAUv'vCC<U that needed to an interlaminar 
	is 

	9.1.2 Overview of 
	The the failure with an overview of the ~"v""''"~ determine the stresses in laminated "'"mr,,...~,t~·" These tools vary accuracy of results. In is intended to familiarize the reader 
	and and other considerations which must 
	stress r<><'""''"t to the cause of failure. 
	9.1.3 
	9.1.4 
	9.1.4 
	9.1.4 
	Individual 
	Failure Criteria 

	At this the material drawn from the excellent 
	At this the material drawn from the excellent 
	and 26. 
	overview 
	m is 


	Maximum Stress and Maximum Strain maximum states that 
	fracture occurs when stress in any of the This cri':erion defines a failure 
	and Oz < Y" > 0and Ia2\ < Y" for al < 0 7) and 8) where: a1 stress the direction Oz stress transverse to fiber direction 
	012 
	xc tension and the direction 
	Y" tension and transverse to the fiber direction 
	s 
	For an off-axis the stresses can be Uat,>V<,"> belOW and then SUbstituted into criteria in the "'"''~'"''"' al = + + az = + 
	0'12 =-+ mnay + 
	where: 
	m co;; 
	n sin 
	Reference with the maximum s:ress 9-2 illustrates that shows there are theoretical This is since interactions between stress 
	Table
	TR
	0 
	15 
	30 
	45 
	60 
	75 
	90 

	TR
	e 

	TR
	Stress Failure 

	TR
	Tsai~Hm 
	on 
	von 
	Mises' 
	criterion 
	was 

	TR
	Hill 
	materials. 
	stress 

	TR
	lamina failure would occur 

	TR
	X 

	where: 
	where: 

	TR
	X 
	when a1 is 

	TR
	X 
	xc when a1 is 

	TR
	y 
	when az is 

	TR
	y 
	ycwhen az is 

	TR
	xc 
	tension and 
	the 
	direction 

	TR
	yc 
	tension and 
	transverse to the fiber 

	TR
	s 

	TR
	off-axis 
	is 

	TR
	into 
	criterion 


	9-3. Tsai-Ni/1 1 + + + It should be noted that the Tsai-Hill criterion 
	9-3. Tsai-Ni/1 1 + + + It should be noted that the Tsai-Hill criterion 
	9-3. Tsai-Ni/1 1 + + + It should be noted that the Tsai-Hill criterion 
	for interactions between stresses and 

	Tsai-Wu <luadratic Interaction Failure Criterion. 
	Tsai-Wu <luadratic Interaction Failure Criterion. 
	criterion reduces to the 

	TR
	2+ 
	2+ 
	2+ 
	+ 
	+ 
	+ 
	=1 

	1 x' 1 -yt 0 
	1 x' 1 -yt 0 
	1 :r 1 yc 

	9-11 
	9-11 


	1 X" 
	1 X" 
	1 X" 

	1 }''I yo 
	1 }''I yo 

	1 
	1 

	where xt, xc, ye s' which the a biaxial stress test. References 13 2:6 to use: 
	where xt, xc, ye s' which the a biaxial stress test. References 13 2:6 to use: 
	interaction test is ....al<>ti"<>liu "'"Hl'f"J'"""~"'"' 

	where: 
	where: 

	= 
	= 
	-0.5 

	lamina the failure 
	lamina the failure 

	1 2 
	1 2 
	< 
	< 
	1 2 

	for uniaxial •vauuJ<~; Tsai-Wu can be used to transform and 
	for uniaxial •vauuJ<~; Tsai-Wu can be used to transform and 
	is '"""'",.,_<,nt invaluable discussions strain criteria. 

	Christensen has a an effort to '"'"'"'h"·"' stresses that are "'"'·"'"''.,'" stresses in a laminate were Christensen that the from matrix could be Volume I, Lamina level 
	Christensen has a an effort to '"'"'"'h"·"' stresses that are "'"'·"'"''.,'" stresses in a laminate were Christensen that the from matrix could be Volume I, Lamina level 
	maximum 


	stress or strain criteria indicate the failure mode while the 
	200 
	200 
	200 

	150 
	150 

	100 50 
	100 50 
	Legend: -
	Tsai-Wu (F, 2 =-0.58x1o-10) Tsai-Wu (F, 2 = -4. 76x1o-10) Tsai-Hill ExperimE>ntal data 

	TR
	0 
	15 
	30 45 e 9-4. Tsai-Wu 
	60 rensor 
	75 
	90 
	the strain 

	This results from theories this ..,.,,..,_:.c..,..<>n 
	This results from theories this ..,.,,..,_:.c..,..<>n 
	in the next 

	.5 
	.5 
	Laminate' Level First Failure. 
	Criteria 
	group 

	as shown in for a multidirectional laminate :is the intersection of the failure in the laminate. This is shown m 9-6 on the criterion and data from 
	as shown in for a multidirectional laminate :is the intersection of the failure in the laminate. This is shown m 9-6 on the criterion and data from 

	Discount Methods. First 
	Discount Methods. First 


	multidirectional laminate is cracks the matrix of cracked can 
	1000 
	T300/5208 graphite-epoxy 0 [0/±8/90]
	5 

	• [0/901±8]
	• 
	5 
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	Strength, MPOi --..., 
	--
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	400 
	200 
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	() 
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	8, deg (Ref. 33) 
	~i-5. of Calculated Tensile With 
	of the laminate. the carry most laminate. 
	It should be noted that these methods are based on uu.uwlaucuu which does not account for the stress at also cause stress concentrations Two or is one of the 
	0 
	-0.01 
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	-0.03 
	-0.03 
	-0.03 

	-0.03 
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	0.01 

	TR
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	TR
	9-6. 
	Failure 


	Finite Element interlaminar stress concentra­tions with environmental in failure criteria. For the failure these works are necessary with structures. Both observed that "'~'>""''-'0·-" variations in 
	of these sig;mJtlc~mt stresses are those 
	stresses for 

	microscale with both Z and Y directions are increases. 
	vo.OH1.GI-H 
	and Herakovich 
	and conditions c.f moisture In of these stress~: s finite-element 
	g
	.. 
	a, 
	(JJ 
	0 
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	each ply mterface for t1ons along severa! ply 
	( + 45/-45/0/90 ·degree), 1nterfaces 1n ( + 45/-4510190 degrees)
	5 
	9-7. Stress Gradients From Effects 
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	TR
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	(Ref. 16) 

	TR
	9-8. 
	rHr••rru><'"' Tensor Laminates 
	Dislributions for 
	Stresses and Stresses at the 
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	9··9. Tensor Distributions the Interface of Laminates 
	made materials Within this program, a uv'"""'-'""" failure 
	What is 
	9.1.6 -Unnotched Laminate 

	than 
	than 
	interlaminar stress concentrations discount '"'"'-~'"Y'-'" with limited success. 
	It can seen from the discussions above that an role in the stress of of stiffness and the laminate discussed here have been References 26 and 
	9.2 INFLUENCE OF PLY 
	In the reduce laminate 
	group in situ strain to 
	ON TRANSVERSE CRACKING 
	and thickness and orientation on these reader with an introduction to 
	of an off-axis demonstrated that the group 60-or 
	9-10). The fact that the in situ"'"""".,.,,.,. of been attributed to u~,v~~~~''fl 39) used a fracture 
	1.2 r---------------------------------------------------------------, 
	Legend:
	1.0 0 Experimental data 0 20 shear lag \1 (90) 16 strain cutoff 
	0.8 
	Strain to cracking 
	0.6 
	0.4 '\]:.....-------------
	-

	groups 
	0.2 1 2 3 4 5 6 7 8 n (Ref. 39) 
	vn<>rint~Arlt':>lllf Derived In Situ Lamina Elastic Strains at Onset of Matrix Predictions for Laminate 
	With this be made more accurate. To oc~o,,uu.• ~.n •.,u in situ strain to 
	of the off-axis strains would used as the strain to failure transverse in the lamina level failure models. This an effort to the ,.,.,,,,.,,.,,."'"' of microstructural failure with gross laminate features. 
	9.3 STRENGTH !REDUCTIONS INCORPORATED INTO DESIGN 
	The described in Section 9 are laminate vrithout 
	Most of the residual 
	used with metal structures. These determination of an intrinsic related to when considered with the size and 
	The 
	The 
	The 
	Critical stress 

	factors 
	factors 
	used 
	the 

	translaminar 
	translaminar 
	than 
	the 
	interlaminar 


	interaction of assessment of residual when the translaminar and interlaminar modes are fracture mechanics for .tsed ""-'v'-''-'"'"'u"'.Y· 
	Notched Laminate for laminate failure are those 
	tion 
	on the sequence and orientations examined. 80 to 90 MPa times the square root of Each author suggests that can be used to estimate the stress at fracture 
	Table 9-3. Fracture Various Orientations 
	-
	-
	-

	LAYUP (DEGREES) 
	LAYUP (DEGREES) 

	FRACTURE TOUGHNESS (mPa 
	FRACTURE TOUGHNESS (mPa 
	0/45190/135/90/45/0 16 pl1es 
	0/30/60/901120/1 50/0 13 pl1es 
	0145/135/0/135/45/0 16 pl1es 


	16-22
	Kc 29-43 23-35 
	(Ref. 20) 
	This of the 
	times the square root of Tia 
	where: 
	y factor related to the crack and location within 
	ac stress at 
	a full crack 
	""'-·H».vn;;;_y 
	A more review of this 

	fracture of metals. 
	Numerous researchers have also to and other characteristic fracture in much the same way as is 40 to Two of the include failure criteria which assume failure occurs when the stress at some the flaw reaches the ultimate material stress failure paper average stress "tr·"u'ri in 
	and material. failure occurs when of the unnotched 
	a 
	same 
	a 
	characteristic length dimension, ~0.38 em (~0. 5 In) 
	strengths of notched and unnotched laminates, respectively 
	x=a 
	0 
	(Ref. 7. Reprinted with permission from B. R. Noton et al., "ICCM II," The Metallurgical Society, 420 Commonwealth Drive, Warrendale, Pennsylvania 15086.) 
	9-1 
	Reduction of Stress Criterion 
	9-12. 
	C•
	.._,XX 
	So 
	9-13. 
	basic laminate fracture behavior of 
	In this 
	X a/2 + charact aristic length dimension strengths of notched and unnotched laminates, respectively 
	4
	3 
	1 + + 2 2 
	(Ref. 8) 
	Loaded Hole to Point Failure Stress Criteria 
	1.0 Q Experimental Point stress criterion (d = 1 mm [0.041n l) 
	0 

	stress criterion = 3.8 mm [05 1n]) 0.8 
	0.6 
	0.4 
	0.2 
	0.50 (in) 
	0 0L-----------------~5----~------------1~0--------~------1-5~mrn 
	Q 
	(Ref. 7. Reprinted with permission from B. R. Noton et al., "ICCM II," The Metallurgical Society, 420 Commonwealth Drive, Warrwdale, Pennsylvania 15086.) 
	Reductions as a Function of the Hole Radius for Plates With Circular Holes Under Uniaxial Tensile 
	Aronsson in 9) 
	to a with uu.,uL'f'.,'"' grows. This is e:ppn)xJm<ltE:d. .vaHH-'"'"'u Zone Model 
	The real relies on exact calculations of the stress 
	as holes. Tensile failure the values for laminates with the hole "'"''J'u"'u should be a tool for aerospace that can laminates with cutouts. 
	of 
	(Ref. 52) 
	9-14. Hole Geometries With the rn<l•rvon Zone Model 
	to failure onset for flaw conditions such as or 'm"'"'n~ uuuJca~;'"· In this area, Mikulas 8) examined the the stress failure stress as a function of distance from the crack was as: 
	X 
	aoo the square root where: a 
	x= 
	+ 2 
	X 
	X 
	X 
	the 
	away from the crack 

	a 
	a 
	crack 

	TR
	stress at 
	from crack 


	ay stress in the y direction 
	As a Mikulas indicated that the for a crack of size a can be if X is set to 
	With to damage, Mikulas the of the resin system examined. As exists for but not for observations that the accuracy of failure 
	UU.UWLI',v 
	of 

	the effects of resin ~vlAI',!UHo"" References 
	1. 
	2. similar residual zone size 
	are 
	0.014 
	0.012 
	do x 1 mm (0.04 in)
	0.010 
	0.008 
	t t t t t 
	Failure strain 
	13 em O.OJ6 (5 12 in) 
	0.0')4 
	Impact
	0.002 
	("brittle" resins) 
	0 
	0 0.2 0.4 0.6 0.8 1.0 
	(Ref. 8) 
	9-15. Effect of on the Laminate 
	9.4 iNTRODUCTION TO DELAMINATION 
	the of the laminates with have considered the of interlaminar the reader with some of the 
	~md tests of interlaminar Delaminations may grow and initiate coJmr,o:rtentt failure due to sudden loss of stiffness and be to and 
	As into may initiate 
	structures under uvv'-"'"'"" deformations and may lead to crack well documented that structural and stiffness 
	Free edge Bonded joint Bolted joint 
	(Ref. 56) 
	9-16. Details That Cause lnterlaminar Stress Concentrations 
	9.4.1 Fracture lnterlamlnar 
	presence of the fracture mechanics ,,..,.,.,.,,.,,, is now 
	....~..~,.uuv>:>JiL{;;,,. Double cantilever beam I, and end notched flexure 9-17 (a and used evaluate the pure mode critical strain energy release rates. Strain energy release rates are utilized in these pure mode tests because G is a well defined measurable with 
	used to assess defect 

	,....,~,, ..,,., to all 
	9-18. 
	To and (CLS) 
	nn,<>n1tn0' and ITWD are the mechanisms <.-wcw•nt:; shear stress concentrations 
	The 

	p 
	1_.------------L ------------~-+-------------P/2 P/2
	-

	(a) 
	(a) 
	(a) 
	ENF Specimen 

	(b) 
	(b) 
	DCB Speclrnen 


	9-17. End-Notched Flexure and Double-Cantilever Beam 
	Mode Ill
	Mode II 
	9-18. Modes of Crack 
	p 
	(a) Crack Lap Shear (CLS) Specimen 
	(b) Imbedded Through-Width Delamination (ITWD) Specimen 
	(Ref. 25) 
	lnterlaminar 
	Shear stress 
	(a) Opening Moment (b) Eccentricity of Load Path (Ref. 25) 
	9-20. Crack Mechanisms lnterlaminar Normal and Shear Stress Concentrations 
	The strain energy release rate methods for of delaminations assume nrr'"'""'h' This of is based on the Griffith 
	dC
	G 
	2b da 
	where: 
	= wtdth of crack 
	b 

	G = strain energy release rate 
	C= 
	a crack 
	P = load 
	For a mode of load on the P, is increased until G reaches its critical value at the onset of crack In this case, the failure criterion can be stated as crack occurs when G reaches Gc. Once Gc has been measured, the fracture can be found for any other length or by the change in with to crack pure Mode I or 
	with the to evaluate dC/da in more have more than one In this case the interaction of modes must be criterion mentioned The mixed critical value of the Mode II I as in Table 9-4. 
	of 
	Table 9-4. and Values Obtained From DCB and ENF in Literature 
	Ref.
	Material 
	Material 
	number 

	.75±0.13 65 61 2.1-2.4 66 
	1.89±0.16 

	1.54 ± 0.06 63 1.77 ± .24 63 0.103 0. 92 ± 0. 4 64 0.131 62 
	0.19 ± 0.01 63 0.61 ± 0.3 63 Celion 6000/ CYCOM 982 0.25 ± 0.02 65 0.77 ± 0.07 65 
	kJ/m2 =5.71 in 
	-+ = 1 20) 
	the values are as defined for the 
	With this of inte:rlaminar cracks can m mixed-mode It be noted that the criterion in the above desired result in the case of pure mode It is also seen that the mixed-mode criterion 
	the pure Mode I, Mode and or Mode III critical strain energy rates. Fracture t<>~trn:O' exhibits rate material and subcritical crack To be effects must be considered when the :results of pure mode fracture testing in the fracture in structural ''"'"""''"n 
	9.4.2 lnterlamin;u Crack Growth 
	used to evaluate the of interlaminar 
	L.<;;•"-L"J"" on interlaminar crack 
	have shown that a power law rate. Table 9-5 shows rate 
	for other materials could be used in "'"n"'m"t-"'·n to evaluate the of that over a certain range of rate than the 
	and interlaminar stress state of failure initiation. the loads at the onset of failure may 
	Table 9-5. Crack Growth 
	Reference GrH,
	Governing equation B 11
	number J/m2 
	= B( )n 62 1.47xw-64 28.8 105 .6 
	II = 8(.6.G11ln 63 22.3x1o-18 5.8 82 0.14 I 
	II mm= B( 11 62 1.04x10-7.7 74 0.16 
	20 

	strain energy release rate corresponding to a threshold crack growth mm/cycle. 
	.6.G (Jfm2) =-1) 
	11 

	9-21. Mod(~ II 
	9.4.3 Defects 
	Table 
	Table 
	Table 
	9-6. 
	Defects 

	TR
	Stress analysis 

	Defect 
	Defect 
	Type of defect 
	Cause 
	Mechanical properties 
	method used to evaluate criticality 
	Data needed to perform analysis 

	TR
	of defects 

	Small error in ply angle 
	Small error in ply angle 
	Laminate ·fabrication defect 
	Layup technique 
	Strength, stiffness. and hygrothermal stability 
	Lamination theory, laminate fracture criterion, finite element 
	[I:> 

	Error In number or size of plies, gross error in ply direction 
	Error In number or size of plies, gross error in ply direction 
	Laminate fabrication defect 
	Strength. stiffness, resistance to edge delamination, hygrothermal stability 
	Lamination theory, laminate fracture criterion, finite element 
	[I:> 

	Low-level (i.e. 
	Low-level (i.e. 
	Laminate fabrication defect 
	Layup technique-ply not compacted correctly, interply porosity in tapes, intraply and inter-ply porosity in fabric 
	Reduction in interlamlnar shear strength and interlaminar toughness 
	Empirical eva!uation, lamination theory, finite elements, crack growth criterion 
	-

	!nterlaminar shear strength and/or inter!aminar toughness versus percentage of porosity [I:> 
	-
	-


	Low-level porosity (i.e, 2%-5%) c---Low-level porosity (I.e, 2%-5%) 
	Low-level porosity (i.e, 2%-5%) c---Low-level porosity (I.e, 2%-5%) 
	-

	Outline-laminate held above storage temperature too long before final curing Processing error 
	Schedule improper or not followed. freezer malfunction Prepreg resin content too low. too much resin flow during cure 
	-

	Reduction in lnterlaminar shear strength and lnterlaminar toughness Reduction In lnter!aminar shear strength and interlaminar toughness 
	Empirical evaluation. lamination theory. finite elements, crack growth criterion Empirical evaluation, lamination theory, finite elements, crack growth criterion 
	-
	-

	!nter!aminar shear strength and/or interlaminar toughness versus percentage of porosity [I:> lnterlaminar shear strength and/or lnterlaminar toughness versus percentage of porosity [I:> 
	-
	-
	-
	-


	Low-level porosity (i.e, 2%-5%) 
	Low-level porosity (i.e, 2%-5%) 
	Processing error 
	Cure pressure too low 
	Reduction in lnterlaminar shear strength and inter!aminar toughness 
	Empirical evaluatlon, lamination theory. finite elements, crack growth criterion 
	-

	lnterlaminar shear strength and/or interlaminar toughness versus percentage of porosity [I:> 
	-
	-


	Low-level porosity (I.e, 2%-5%) 
	Low-level porosity (I.e, 2%-5%) 
	Processing error 
	Poor impregnation of resin Into fiber tow 
	lnterlaminar toughness-susceptible to transverse cracking 
	-

	Empirical evaluation, lamination theory, finite elements, crack growth criterion 
	-

	!nterlaminar shear strength and/or interlaminar toughness versus percentage of porosity [I:> 
	-
	-


	High-level porosity (i.e., 5%-10%) 
	High-level porosity (i.e., 5%-10%) 
	Same as for low-level porosity 
	Same as for !ow-level porosity 
	All 
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	CHOPPED STRAND MOLDING CMPD UNIDIRECTIONAL TAPE 3K PlAIN WEAVE 
	Propreg Cur® Aaoln Conlenl (%) 

	40 _:t_ 3 45 + 2 
	37!> 
	40.:!:. 2 37.:!:. 3 
	42 2 42 
	37.:!:. 3 
	40.:!:. 2 43 .:!:_3 
	35 
	3 40 3 39.:!:. 3 
	40 
	39 
	41.3 
	3$.6 39.:!:. 4 39.:!:. 4 40.:!:. 3 
	42 + 3, 35 + 3 
	42 +3, 35 +3 
	42 :I3, 35 :I3 42.:!:. 3, 35.:!:. 3 42 + 3, 35 + 3 42 :I 3, 35 :I3 36.:!:. 3 42 .:!:_3 42.:!:. 3 36.:!:. 3 38 + 3 42 I 3, 35.:!:. 3 42 + 3, 35 + 3 42 +3, 35 +3 42 +3, 35 +3 42 -3,35 :I3 32 32.42 33.46 37 3 
	42.:!:. 35.:!:. 3 38.:!:. 3 42.:!:. 3, 35.:!:. 3 42 3, 35.:!:. 3 
	32. 42.:!:. 3, 35 3 42.:!:. 3, 35.:!:. 
	42.:!:. 3, 35.:!:. 3 42 + 3, 35 + 3 42 :I3, 35 :I 3 
	42.:!:. 3, 35.:!:. 3 42.:!:. 3, 35 3 42.:!:. 3, 35 42.:!:. 3, 35 3 
	42.:!:. 3 42.:!:. 3 43.:!:. 3 
	OVEN CURE 33.:!:_3 AUTOCLAVE 3 
	26-30 
	32-3$ 32-3$ 32-3$ 27-30 
	37-43 36 40 
	A-4 
	Tab/eA-3. of 2of 
	l'ib<tr Ar ..l 
	l'ib<tr Ar ..l 
	l'ib<tr Ar ..l 
	Shot! Ulo 
	Out Time 

	Rem!n 
	Rem!n 
	(%) 
	Volatllo Conlon• ("-) 
	T,..;k 
	1\lolght (gfm2) 
	(monlllo <>~ 
	0 f) 
	(d•y• 011 77 f) 
	Ool Timo (min) 

	15 :!;_ 5 12..:... 5 
	15 :!;_ 5 12..:... 5 
	(~ PSI/3~ F) PSI/2~ F) 
	1 1.5 
	6 6 
	[70 F) 

	24 + 7 
	24 + 7 
	PSI/500 F) 
	20 

	18:.!.: 7 18.!. 6 18.!. 6 15.!. 6 15.!. 6 
	18:.!.: 7 18.!. 6 18.!. 6 15.!. 6 15.!. 6 
	(~ F) (50 F) (50 PSI/350 F) (50 PSI/350 F) (50 PSI/350 F) 
	2.0 1.0 1.0 1.0 1.0 
	6 8 6 6 
	15.!. 3 15.!. 3 15 .!._ 3 15.1_ 3 
	(350 F) (350 F) (350 F) (350 F) 

	5-19 (50 PSI/275 F) 15.!. 5 (50 F) 15:!;_5 (100 F) 
	5-19 (50 PSI/275 F) 15.!. 5 (50 F) 15:!;_5 (100 F) 
	2 2 1.5 
	6 6 
	(40 F) 
	14 14 21 
	3. 14 (275 F) 18.1_5 (350F) 

	20.!. 4 17.!. 5 
	20.!. 4 17.!. 5 
	(10 (15 
	PSI/325 F) F) 
	2 2 (10 MIN/325 F) 1 (10 M1Nj350 F) 2 (250 1.5 (10 1.1 (15 MIN/275 0.1 (10 MIN/250 0.9 (10 MIN/250 1.5 (10 MIN/275 1.5 (10 MIN/275 2 (10 MIN/250 
	MEDIUM MEDIUM 
	MEDIUM 
	-13 (325 F) 4-10 (350 F) 10. 18 (350 F) 13 (250 F) • -20 (325 F) 10.25 (350 F) 7.66 (250 F) 12.8 (250 F) 20 (275 F) 4-20 (275 F) 8 (250 F) 

	TR
	1.5 
	370.!. 14 
	12 
	10 
	3-7 
	(350 F) 

	TR
	1.5 
	l70.!. 14 
	12 
	10 
	6-12 
	(350 F) 

	TR
	1.5 
	370.!. 14 
	12 
	10 
	3-7 
	(350 F) 

	TR
	1.5 1.5 1.5 1.5 
	370.!. 14 193.!. 8 193.!. 8 146 146 
	12 12 12 12 12 
	10 10 10 14 10 
	6-12 (350 F) 3-7 (350 F) e-12 (350 F) 7. 14 (250 F) 6-12 (350 F) 

	TR
	146 
	12 
	10 
	3-7 
	(350 F) 

	TR
	1.5 
	146 
	12 
	14 
	7-14 
	(250 F) 

	TR
	1.5 
	146 
	12 
	14 
	7-14 
	(250 F) 

	TR
	164 
	10 
	12-32 
	(350 F) 

	TR
	150 
	12 
	10 
	6-12 
	(350 F) 

	TR
	150 
	12 
	10 
	6. 12 
	(350 F) 

	TR
	150 
	12 
	10 
	3-7 
	(350 F) 

	TR
	150 
	12 
	10 
	3-7 
	(350 F) 

	TR
	1.5 1.5 1.5 1.0 1 1.5 
	'5 200 l55. 385 150 150 145 150 
	12 12 12 12 12 
	10 7 7 14 17 14 10 
	6-12 8 -20 (350 F) 8-20 (350 F) 2.5 (350 F) 19 (350 F) 5-12 (250 F) 3-7 (350 F) 

	TR
	146 
	12 
	10 
	6-12 
	(350 F) 

	TR
	150 
	12 
	10 
	6. 12 
	(350 F) 

	TR
	1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
	8 .!_8 185.!. 8 370.!. 14 370.!. 14 193 8 10 10 10 
	12 12 12 12 12 12 12 12 
	10 10 10 10 10 10 10 10 10 
	3-7 (350 F) 6-12 (350 F) 12.32 (350 F) 12-32 (350 F) 12.32 (350 F) 12-32 (3.')() F) 3-7 (350 F) 6 12 (350 F) 12.32 (350 F) 

	22.1_ 22.!. 4 20.!. 4 10.!. 4 17.!. 4 5-15 5. 15 5-15 5-15 5-15 -15 
	22.1_ 22.!. 4 20.!. 4 10.!. 4 17.!. 4 5-15 5. 15 5-15 5-15 5-15 -15 
	(100 PSij350 (100 PSI/250 (100 PSI/350 (15 PSI/350 {50 PSI/350 PSI/350 PSI/350 PSI/350 PSI/350 PSI/350 PS1j350 
	2 2 2 2 2 1-4 (350 F) 1. 4 (350 F) 1 -4 (350 F) I-4 (350 F) 1(350 F) 1 4 (350 F) 
	-

	GOOD GOOD GOOD GOOD GOOD 
	GOOD GOOD GOOD 
	100 145 145 100 145 145 
	1-6 (350 F) -10 (250 F) I· 6 (350 F) 6. 10 (350 F) 6-10 (350 F) 

	TR
	0.5 
	12 
	00 

	TR
	2.0 
	145 

	TR
	193 


	A-5 
	Table A-4. 
	Msnul.octurer Proouctllluml>er 
	AMERICAN CYANAMID CYCCM5143 CYCCM 5105 CYTRON5104 CYTRON 5104 CYTRON 5104 CYTRON 5104 CYTRON 5104 CYTRON5104 CYTRON5104 CYTRON5104 CYTRON5104 CYTRON5104 CYTRON 51508 CYTON51508 CYTRON 51508 CYTRON 51508 CYTRON 51508 CYCCM 985/E-GLASS CYCCM 980/E-GLASS CYCCM 5102/E-GLASS CYCCM 5134 
	CIBA-GEIGY R1604 R2520 RAC 7350 R7373 
	FERRO CCRPORATION CE-9019A CE-9000-1 CE-9000-2 CE-9000-2 CE-3330 CE-3201 GLASS 
	CE-339 CE-339 CE-324 CE-308 E-293 
	CE -9000 I M PC-4 
	CE-9000/VOL A CE-9000/MPC-5 CE-307HM CE-307HM CE-307HM 
	CE-307 
	CE-3201 fVOLAN A CE-9000/S-2 GLASS E-9300 EF-2/&-901 EF-2/S-2 
	FiBERITE MXB-7018 MXB-7203 MXB-7701 
	HITCC EM-7205A EM-7302UD EM-7302-XUD EM-7302 E719LT/1583 
	HITCC EM-7205A EM-7302UD EM-7302-XUD EM-7302 E719LT/1583 
	REGULAR GEL-GRADE REGULAR GEL-GRADE REGULAR GEL-GRADE REGULAR GEL-GRADE REGULAR GEL-GRADE MEDIUM GEL-GRADE MEDIUM GEL-GRADE MEDIUM GEL-GRADE MEDIUM GEL-GRADE MEDIUM GEL-GRADE 104 

	100 
	112 113 
	116 
	7781 !l-1-1 SATIN 7781 A1100 7581 7581 
	7781 7781 120 7781 7781 7781 456 UNIDIRECTIONAL 7781 7781 120 7781 7781 7781 7781 
	1543 
	7576 
	7544 
	1582 76281 7781 112 6581 7781 ROVING ROVING 
	181 7581 1581 
	1 
	Re"in Contenl (%) ResinA""'(%) 
	20 4 (50 PSI/325 F) 
	20 4 (50 PSI/325 F) 
	20 4 (50 PSI/325 F) 

	50.±. 7 (200 PSI/340 F) 
	50.±. 7 (200 PSI/340 F) 

	44 .±. 7 (200 PSI/340 F) 
	44 .±. 7 (200 PSI/340 F) 

	40 7 (200 PSI/340 F) 
	40 7 (200 PSI/340 F) 

	7 (200 PSI/340 F) 
	7 (200 PSI/340 F) 

	(200 PSI/340 F) 
	(200 PSI/340 F) 

	(200 PSI/340 F) 
	(200 PSI/340 F) 

	7 (200 PSI/340 F) 
	7 (200 PSI/340 F) 

	7 (200 PSI/340 F) 
	7 (200 PSI/340 F) 

	7 (200 PSI/340 F) 
	7 (200 PSI/340 F) 

	7 (200 PSI/340 F) 
	7 (200 PSI/340 F) 

	5 (200 PSI/340 F) 
	5 (200 PSI/340 F) 

	(200 PSI/340 F) 
	(200 PSI/340 F) 

	(200 PSI/340 F) 
	(200 PSI/340 F) 

	(200 PSI/340 F) 
	(200 PSI/340 F) 

	(200 PSI/340 F) 
	(200 PSI/340 F) 

	(50 PSI/350 F) 
	(50 PSI/350 F) 

	(50 PSI/350 F) 
	(50 PSI/350 F) 

	(50 PSI/325 F) 
	(50 PSI/325 F) 

	38 .±.2 
	38 .±.2 
	13.±. 7 (77 F) 

	35.±_2 
	35.±_2 
	1:l 

	38 
	38 
	18 (50 PSI/260 F) 

	30 
	30 
	15 .±. 5 (50 PSI/350 F) 

	35.±_3 
	35.±_3 
	10 .±. 5 (15 PSI/325 F) 

	36 
	36 
	17 MIN/50 PSI/350 F) 

	36.2 
	36.2 
	(10 MIN/15 PSI/325 F) 

	43-53 
	43-53 
	15-30 (15 PSI/325 F) 

	35.9 
	35.9 
	15.3 (10 MIN/15 PSI/325 F) 

	38.0 
	38.0 
	14.7 (15 PSI/250 F) 

	36-44 
	36-44 
	10 • 20 (10 MIN/15 PSI/325 F) 

	35-42 
	35-42 
	28 .±. 4 (10 MIN/50 PSI/325 F) 

	38.7 
	38.7 
	9.0 (15 PSI/250 F) 

	35.1 
	35.1 
	8.1 (15 PSI/250 F) 

	49.4 
	49.4 
	19.3 PSI/250 F) 

	37 + 3 
	37 + 3 
	(10 MIN/15 PSI/250 F) 

	381:2 
	381:2 
	(50 PSI/275 F) 

	40 .±.3 
	40 .±.3 
	15. (5 MIN/15 PSI/325 F) 

	35-39 
	35-39 
	9 15 (10 MIN/15 PSI/325 F) 

	32-36 
	32-36 
	10 • 18 (10 MIN/15 PSI/325 F) 

	32 36 
	32 36 
	10-16 (10 MIN/15 PSI/325 F) 

	34.3 
	34.3 
	5.0 (15 PSI/250 F) 

	32.2 
	32.2 
	3.0 (15 PSI/250 F) 

	52.7 
	52.7 
	21.5 (15 PSI/250 F) 

	46.0 
	46.0 
	22.0 (15 PSI/250 F) 

	45.3 
	45.3 
	15 (15 PSI) 

	36.8 
	36.8 
	20.2 (50 PSI/325 F) 

	33.4 
	33.4 
	8.65 

	17-23 
	17-23 
	5-12 (325F) 

	17-23 
	17-23 
	5-12 (10 MIN/325 F) 

	32 
	32 
	14 (100 PSI/325 F) 

	41.0 
	41.0 
	22.0 (50 PSI/250 F) 

	38 
	38 
	16 (50 PSI/275 F) 

	34 3 
	34 3 
	5 ·20 

	41
	41
	-


	41.47 
	41.47 

	33-39 
	33-39 

	35 
	35 


	A-6 
	2 
	Table A-4. of 
	Table A-4. of 
	Table A-4. of 

	V<>llltile Content(%.) 
	V<>llltile Content(%.) 
	Ta<:k 
	0<&1"' 
	Sheil U!e (d"YII) 
	Out Time (<lays ..t 77 F) 
	Gel Time (minutes) 

	6-9 (325F) 
	6-9 (325F) 
	10-14 
	1-1.66 (325 F) 

	1.5 
	1.5 
	00 (40 F) 

	0.75 
	0.75 
	3.66 (340 F) 

	0.75 
	0.75 
	3.66 (340 F) 

	0.75 
	0.75 
	3.66 .:!:. 0.3 (340 F) 

	0.75 
	0.75 
	3.66.:!:. 0.3 (340 F) 

	0.75 
	0.75 
	0.3 (340 F) 

	0.75 
	0.75 
	(340 F) 

	0.75 
	0.75 
	0.3 (340 F) 

	0.75 
	0.75 
	0.3 (340 F) 

	0.75 
	0.75 
	0.3 (340 F) 

	0.75 
	0.75 
	0.3 (340 F) 

	0.75 
	0.75 
	0.5 (340 F) 

	0.75 
	0.75 
	(340 F) 

	0.75 
	0.75 
	(340 F) 

	0.75 
	0.75 
	4 (340 F) 

	0.75 
	0.75 
	4 .:!:. 0.5 (340 F) 

	2.0 
	2.0 

	1.0 
	1.0 
	180 (C 
	12.:!:_ 4 (350 F) 

	3 (325 F) 
	3 (325 F) 
	90 (4C 

	1.5 
	1.5 
	90 (0 

	2.2 
	2.2 
	180 (<OF) 
	30 

	2 
	2 
	180 (40F) 
	10 
	3-6 (275 F) 

	2 
	2 
	180 (40 F) 
	14 

	TR
	180 
	14 
	6.:!:_2 (325 F) 

	1.5 (10 MIN/350 F) 0.8 (10 MIN/325 fl 
	1.5 (10 MIN/350 F) 0.8 (10 MIN/325 fl 
	10 (8C F) 10 (8C F) 

	3 (10 MIN/325 F) 0.4 (10 MIN/325 fl 
	3 (10 MIN/325 F) 0.4 (10 MIN/325 fl 
	MEDIUM 
	MEDIUM 
	10 (BC F) 
	12 

	1.4 (10 MIN/325 f~ 
	1.4 (10 MIN/325 f~ 
	MEDIUM 
	EXCELLENT 
	30 (8(• F) 
	3.9 (280 F) 

	3 (1 0 MIN/325 F) 1.5 (20 MIN/325 fl 
	3 (1 0 MIN/325 F) 1.5 (20 MIN/325 fl 
	MEDIUM 
	MEDIUM 
	14 (8( F) 10 (BC• F) 
	31.:!:_2 (300FJ 

	0.8 (1 0 MIN /250 F) 
	0.8 (1 0 MIN /250 F) 
	MEDIUM 
	30 (8(• F) 
	4 (250 F) 

	0.4 (250 F) 
	0.4 (250 F) 
	60 (8C• F) 
	6.25 (250 F) 

	0.3 (250 F) 
	0.3 (250 F) 
	60 (8(• F) 
	5.33 (250 F) 

	2 (10 MIN/250 F) 
	2 (10 MIN/250 F) 
	60 (8CI F) 
	8 (250 F) 

	1.5 (375 F) 
	1.5 (375 F) 
	30 (8(1 F) 
	2-10 (250 

	2-6 (10 MIN/325 F) 
	2-6 (10 MIN/325 F) 
	LIGHT 
	1.5-2.5 F) 

	2 (15 MIN /325 F) 
	2 (15 MIN /325 F) 

	2 (10 MIN/15 PSI/325 F) 
	2 (10 MIN/15 PSI/325 F) 

	2 (10 MIN/325 F) 
	2 (10 MIN/325 F) 

	0.3 (250 F) 
	0.3 (250 F) 
	MEDIUM 
	MEDIUM 
	12.5 (250 F) 

	0.3 (250 F) 
	0.3 (250 F) 
	MEDIUM 
	MEDIUM 
	12.5 (250 F) 

	0.3 (250 F) 
	0.3 (250 F) 
	MEDIUM 
	MEDIUM 
	12.25 (250 F) 

	0.28 
	0.28 
	142 
	12.5 (250 F) 

	0.7 (10 MIN/325 i') 
	0.7 (10 MIN/325 i') 
	15.5 (325 F) 

	0.8 (15 MIN/3251') 
	0.8 (15 MIN/3251') 
	11.6 (325 F) 

	1.06 
	1.06 
	30 
	0.933 

	TR
	1 -3.5 (325 F) 

	3.0 (10 
	3.0 (10 
	1-4 (325F) 

	1.2 
	1.2 

	1.2 
	1.2 
	9 (250 F) 

	TR
	4 (275 F) 

	2.0 
	2.0 

	0.5 
	0.5 

	0.5 
	0.5 

	0.5 
	0.5 

	1.5 
	1.5 


	Table A-5. 
	Manufa<;tur~Dr Prooucl Numoor 
	AMERICAN CYANAMID CYCCM 5118L/KEVLAR 49 CYCOM 51058/KEVLAR 49 CYCOM 950/KEVLAR 49 CYCCM 950/KEVLAR 49 CYCCM 985/KEVLAR 48 CYCCM 985 /KEVLAR 49 CYCCM 980/KEVLAR 49 CYCOM 5102/KEVLAR 49 
	CIBA-GEIGY R9256--1 R9255-2 R9257 R9269 R9269 RAC9350 RAC9350 R9369 R9369 H9521 
	FERRO CORPORATION CE-9010A CE-9010 CE-9010 CE-9000-2/KEVLAR 49 CE-9000 jKEVLAR 49 CE-345/KEVLAR 49 CE-345/KEVLAR 49 CE-345 fKEVLAH 49 CE-3-!3 /KEVLAR CE-306 CE-306 CE-321R CE-324/KEVLAH 49 
	FIBERITE MXM-7880/KEVLAR 49 MXM-7880/KEVLAR 49 MXM-7976 /KEVLAR 49 MXM-7976/KEVLAR 49 MXM-7669 /KEVLAR 49 MXM-7764 /KEVLAR 49 MXM--1064/KEVLAR 49 MXIVI-7714/KEVLAR 49 MXM-7714/KEVLAR 49 MXM-72!;1 /KEVLAR 48 
	FIBERITE MXM-7880/KEVLAR 49 MXM-7880/KEVLAR 49 MXM-7976 /KEVLAR 49 MXM-7976/KEVLAR 49 MXM-7669 /KEVLAR 49 MXM-7764 /KEVLAR 49 MXM--1064/KEVLAR 49 MXIVI-7714/KEVLAR 49 MXM-7714/KEVLAR 49 MXM-72!;1 /KEVLAR 48 
	181 "181 281 UNIDIRECTIONAL K-285 

	281 281 
	181 
	285 
	·120 CROWFOOT 181 
	285 
	120 281' 285 
	120 285 120 181,285 
	181 181 120 
	285 
	181 281 181 UNIDIRECTIONAL TAPE 4550 UNIDIRECTIONAL TAPE 281 281 4560 UNIDIRECTIONAL TAPE 285 
	120 
	285 
	120 285 
	285 
	181,285 181,285 120 
	285 285 
	1 
	Resin Content(%) 
	50-55 
	50-55 
	55 ;<:_3 63 ;<:. 3 51 .!_3 o2 3 57 50;<:_3 60 ;<:_3 
	50~ 3 5~ ;<:_3 54;<:. 3 
	54.1 
	52 
	55 
	45-55 
	49.5 
	53 
	52.3 
	57.7 38.1 53;<:_2 47.4 45 ;<:. 3 52 
	55 52 
	51 49 49.1 51-57 51-57 54-00 49-55 
	55 
	Resin flow(%) 
	17-25 27-35 (15 MIN/325 F) 18 ;<:. 7 (50 PSI/250 F) 
	10 (50 PSI/250 F] 
	(50 PSI/350 F) 7 (50 PSI/350 F) (50 PSI/350 F) 
	(10 PSI/350 F) 
	10-40 (50 PSI/250 F) 10-40 (50 PSI/250 F) 17-37 (50 PSI/250 F) 15-30 (50 PSI/275 F] 15-30 (50 PSI/275 F) 20;<:_5 20 + 5 33:;:: 6 (50 PSI/325 F) 30 ;<:. 6 (50 PSI/325 F) 15-35 (50 PSI/275 F) 
	28.4 (1 0 MIN/50 PSI/325 F) 22.5 (10 MIN/15 PSI/325 F) 25 (10 MIN/15 PSI/325 F) 20-35 (15 PSI/325 F) 17.9 (15 PSI/325 F) 25.2 (15 PSI/250 F) 25.2 (15 PSI/250 F) 28.1 (15 PSI/250 F) 9.4 (50 PSI /250 F) 30 ;<:_ 5 (50 PSI /260 F) 19.5 15 ;<:. 6 (50 PSI/250 F) 23 (50 PSI /250 F) 
	26.6 (50 PSI/325 F) 28.9 (50 PSI/325 F) 24 (100 PSI/350 F) 30 (100 PSI/350 F) 29 (50 PSI/325 F) 15-35 (50 PSI/275 F] 2-7 (50 PSI/275 F) 20-30 (50 PSI/250 F] 20-30 (50 PSI/250 F) 30 (50 PSI/250 F) 
	A-8 
	Figure
	TableA-6. of 1 of 2) 
	Manufacturer 
	Manufacturer 
	Manufacturer 
	Proouct Number 

	AMERICAN CYANAMID 
	AMERICAN CYANAMID 
	CYCOM 3001 

	TR
	CYCCM 3001 

	TR
	CYCOM3001 

	TR
	CYCOM3002 

	TR
	CYCOM2507 

	TR
	CYCCM3002 

	TR
	CYCOM 3003 

	CIBA-GEIGY 
	CIBA-GEIGY 
	R7451 

	FERRO CORPORATION 
	FERRO CORPORATION 
	CPI-2274 

	TR
	CPI-2272 

	TR
	CPI-2248 

	TR
	CPI-2249 

	TR
	CPI-2237 

	TR
	CPI-2214 

	FIBERfTE 
	FIBERfTE 
	MXB-5004 

	HEXCEL 
	HEXCEL 
	F174 


	112 
	120 
	143 
	100 
	104 7781 A1100 E GLASS/7781 
	7781 7781 7781 7781 
	7781 7781 
	1SH50 
	U.mlnm" Cur" 
	U.mlnm" Cur" 
	U.mlnm" Cur" 
	Reo in Content(%) 

	VACUUM BAG HIGH PRESSURE 
	VACUUM BAG HIGH PRESSURE 
	50-55 (8 35-40 (8 35-40 (8 27-33 32-38 3<3.:!:_2 40.1 37.0 46-50 42-44 35 3 
	F) F) F) 

	TR
	28.8 25-45 


	A-10 
	Resin Flow(%) 
	35-45 (5 20-25 (5 25-35 (5 52 2. 7 (5 332._4 (5 20-29 (15 
	32-38 
	19 (85 PSI/350 F) 
	20.2 (10 MIN/Hi PSI/350 F) 20-30 (10 MIN/15 PSI/350 F) 11-17 (10 MIN/15 PSI/350 F) NOT APPUCABlE 17.5 (10 MIN/2{JO PSI/370 F) 
	12_1 (10 MIN/115 PSI/350 F) 
	Table A-6. 
	Table A-6. 
	Table A-6. 
	of 
	2of 

	1/ol"!lleConlenl(%) 
	1/ol"!lleConlenl(%) 
	S helllile ( nonlho Ill 411 f) 
	Ou!Time (<layslll17 f) 
	Gel Time (min) 

	9-12 (8 MIN/325 F) 8-9 (8 MIN/325 F) 6-9 (8 MIN/325 F) 31 2._ 3 (2_5 MIN/750 F) 33 2._ 4 (2_5 MIN/750 F) 17-23 (2.5 MIN/750 F) 16-21 (2.5 MIN/750 F) 
	9-12 (8 MIN/325 F) 8-9 (8 MIN/325 F) 6-9 (8 MIN/325 F) 31 2._ 3 (2_5 MIN/750 F) 33 2._ 4 (2_5 MIN/750 F) 17-23 (2.5 MIN/750 F) 16-21 (2.5 MIN/750 F) 
	3-4 3-4 
	(350 F) (350 F) (350 F) 

	8 (325 F) 
	8 (325 F) 
	14 
	(350 F) 

	8.7 (5 MIN/600 F) 12-16 (10 MIN/350 F) 8-8.5 (10 MIN/350 F) 9 2._ 3 (5 MIN/600 F) 0.37 (10 MIN/370 F) 
	8.7 (5 MIN/600 F) 12-16 (10 MIN/350 F) 8-8.5 (10 MIN/350 F) 9 2._ 3 (5 MIN/600 F) 0.37 (10 MIN/370 F) 
	~, 
	10 7 7-10 7-10 10 00 
	30 
	(300 F) 

	9 (10 MIN/325 F) 
	9 (10 MIN/325 F) 

	9-15 
	9-15 
	·' 


	A-11 
	Table A-7. 
	Table A-7. 
	Table A-7. 
	of 
	Laminates 
	1 

	TR
	UFS 
	UFS 
	UTS 

	TR
	Laminate 
	Laminate Type/ 
	Trans 

	Manufacturer 
	Manufacturer 
	Product Number 
	Fiber 
	Resin 
	Cure 
	Orientation 
	(ksi) 

	AMERICAN CYANAMID 
	AMERICAN CYANAMID 
	CYCOM 907{f-300 
	THORNEL300 
	UN!OIRECTJONAL 
	203 
	13.7 

	TR
	CYCOM 919/T-300 
	THORNEL300 
	107 
	85 

	TR
	CYCOM985 
	CEUON/E,.,32 MSI 
	CYCOM985 
	UN1D!RJGRADE 145 
	250 

	TR
	CYCOM985 
	CEUON/E -32 MSI 
	CYCOM985 
	3K70 PLAIN WEAVE 
	95 

	TR
	CYCOM 985/T-300 
	THORNEL 300 
	CYCOM985 
	UNIDIRECTIONAL 
	265 
	215 

	TR
	CYCOM 985/T-300 
	THORNEL300 
	CYCOM985 
	95 
	63 

	TR
	CYCOM 980JT -300 
	THORNEL300 
	CYCOMOOO 
	UNIDIRECTIONAL 
	159 
	88 

	TR
	CYCOM 980fT-300 
	THORNEL300/F134 
	CYCOMBBO 
	FABRIC STYLE F134 
	100 
	56 

	CIBA-GE!GY 
	CIBA-GE!GY 
	RAC6350 
	AS 
	240 
	200 

	TR
	RAC 6350 
	HMS 
	165 
	135 

	TR
	RAC 6350 
	AS/104 GLASS 
	240 
	196 

	TR
	RAC 6350 
	HTS 
	265 
	215 

	TR
	R6376 
	HERCULES AS-6 
	TAPE 
	282 
	390 

	TR
	R6378 
	HERCULES lM6 
	TAPE 
	272 
	391 

	FERRO CORPORATION 
	FERRO CORPORATION 
	CE-0000--1 
	THORNEL 300/2424 
	CE-aooo-1 
	FABRIC 
	104 
	80 

	TR
	CE-9000-2 
	2424 
	CE-0000..2 
	FABRIC 
	121.6 
	W9.1 
	82.3 

	TR
	CE-9(;()0-9/T-300 
	THORNEL300 
	CE-0000-9 
	UNIDIRECTIONAL 
	280 
	13 
	240 

	TR
	CE-343/CEUON 6000 
	CEUON 6000 
	CE-343 
	245 
	240 

	TR
	CE-3201/T-300 
	THORNEL300 
	CE-3201 
	UNIDIRECTIONAL 
	237 

	TR
	CE-0000-9/P-758 
	CE-9000--a 
	00.3 
	110.3 

	TR
	CE-3.39/HMS 
	HMS 
	CE-339 
	153 
	142 

	TR
	CE-339/GY-70 
	GY-70 
	CE-339 
	109,5 
	95,8 

	TR
	CE-339/T-300 
	THORNEL 300 
	CE-339 
	UNIDIRECTIONAL 
	229.3 

	TR
	CE-324/T-300 CE-324/2424 
	THORNEL 300/8K THORNEL 300/242.4 
	CE-324 
	UNIDIRECTIONAL FABRIC 
	247 119 
	109 
	84 

	FIBEAITE 
	FIBEAITE 
	HY·E 1534 
	GY-70 
	934 
	UNIDIRECTIONAL 
	134 
	85 

	TR
	HY·E 1334A 
	HM-S 
	934 
	UNIDIRECTIONAL 
	100 
	120 

	TR
	HY·E 13348 
	KT-S 
	934 
	UNIDIRECTIONAL 
	230 
	205 

	TR
	HY-E 1334C 
	A-S 
	934 
	UNIDIRECTIONAL 
	280 
	255 

	TR
	HY-E 1034C 
	THORNEL300/3K 
	934 
	UNIDIRECTIONAL 
	270 
	230 

	TR
	HY·E 1076C 
	TtiORNEL 300/3K 
	976 
	UNIDIRECTIONAL 
	200 
	233 

	TR
	HY·E 1076E 
	THORNEL 300/BK 
	976 
	UNIDIRECTIONAL 
	287 
	215 

	TR
	HY-E 1034C 
	THORNEL 300/3K 
	934 
	CROSS-PLY TAPE 
	120 
	98 

	TR
	HMF-133/34 
	FABRIC 
	100 
	00 

	TR
	HMF 330Cj34 
	OUASJ-ISOTROP!C 
	88.7 

	TR
	QUASI-ISOTROPIC 
	71,7 

	TR
	THORNEL 300/1000 
	5H SATIN 
	00 

	TR
	THORNEL 300/3000 
	PLAIN WEAVE 
	80 

	TR
	THORNEL 300/6000 
	PLAIN WEAVE 
	200 

	TR
	CEUON/3000 
	8H SATIN 
	00 

	TR
	THORNEL 300/3000 
	8H SATlN 
	B5 

	TR
	CEUON/3000 
	8H SAllN 
	80 

	TR
	THORNEL 300/3000 
	BH SATIN 
	80 

	HERCULES 
	HERCULES 
	A37G-5H/'J501-5A 
	A370--5H 
	3501-5A 
	5H SATIN 
	15Q 
	100 

	TR
	A370-8Hf3501-5A 
	A37G-8H 
	3105-5A 
	SH SATIN 
	130 
	00 

	TR
	A193·P/3501-5A HMS/1008 
	A193-P HMS 
	3501-5A Hl08 
	PLAIN WEAVE TAPE 
	185 
	100 190 

	TR
	HMS/350H3 
	HMS 
	350Hl 
	TAPE 
	180 
	180 

	TR
	HMS/3501·5A 
	HMS 
	350i+5A 
	TAPE 
	168 
	198 

	TR
	AS4jt908 AS4/1008 AS4f3502 
	AS4 W/0 SCRIM AS4 W/108 SCRIM AS4 
	1008 1008 3502 
	TAPE TAPE TAPE 
	240 210 280 
	20<l 220 280 

	TR
	AS4/3501-6 AS/3501-8 
	AS4 AS 
	3501-6 3501-6 
	TAPE TAPE 
	280 260 
	310 230 

	TR
	AS4/350 1-5A 
	AS4 
	3501·5A 
	TAPE 
	25Q 
	310 

	TR
	AS/3501-5A 
	AS 
	3501-5.1\ 
	TAPE 
	280 
	250 

	TR
	STYLE A370-5H STYLE A370-8H STYLE A1B3-P 
	AS4j6K AS4/3K AS4/3K 
	5H SAllN 8H SATIN PLAIN 
	150 130 
	100 00 100 

	TR
	TYPE HMS 
	TYPE HMS/10K 
	188 
	198 

	TR
	IYPE AS1 TYPE AS4 
	IYPE AS1/10K TYPE AS4 
	250 260 
	280 315 

	TR
	A37Q-.5H/3501-G A370-5Hf3502 
	A37G-5H: A37Q-5H 
	350Hl 3502 
	5H SADN 5H SAnN 
	150 150 
	100 100 

	TR
	A370~8Hf3501-6 
	A37o-BH 
	350H3 
	130 
	00 

	TR
	A370-8H/3502 Ai93-P/3501-8 IG300-5H/3501-8 AS4f855l-7 
	A370-8H A193-P IG300-5H AS4 
	3502 3501-8 3501-8 8551-7 
	PLAJN 5H FABRIC 
	130 
	00 100 315 

	TR
	!M7/8551-7 !MS/8551-7 AS4/8552 IM7 /8552 !M8f8552 
	IM7 IM8 AS4 IM7 IM8 
	8551-7 8551-7 8552 8552 8552 
	400 400 305 385 375 

	TR
	IM?/3501·6 
	IM? 
	3501-6 
	370 

	TR
	IMS/3501-6 
	IM8 
	3501-8 
	300 

	TR
	AS4j2220-3 
	AS4 
	2220-3 
	UNIDIRECTIONAL 
	260 
	310 

	TR
	AS4/4502 
	AS4 
	4502 
	UNID!RECnONAL 
	280 
	270 

	TR
	AS4/1919 
	AS4 
	1919 
	UNIDIRECTIONAL 
	230 
	320 

	TR
	HMS4/3501·5A 
	HMS4 
	3501-5A 
	UNIDIRECllONAL 
	168 
	198 

	TR
	HMS4/3501-8 
	HMS4 
	3501-8 
	UNIDIRECTIONAL 
	160 
	180 

	TR
	IMB/3501--6 
	IM6 
	3501-8 
	UN!DIRECT!ONAL 
	200 
	370 

	TR
	A"185-CSW/3501·5A 
	N'185-CSW 
	350~-5A 
	CSWFABRIC 
	120 

	TR
	A"'185-CSW/3501-B 
	A"'i85-CSW 
	350Hl 
	CSWFABRIC 
	120 

	TR
	N-185-CSW/3502 
	A"'185-CSW 
	3502 
	CSWFABR!C 
	129 

	TR
	A"193-P/3501·5A 
	N'193--P 
	3501-M 
	P FABRIC 
	100 

	TR
	A"193·P/350H3 
	A"'193-p 
	3501-8 
	P FABRIC 
	100 

	TR
	N193·P/3502 
	A"'193-P 
	3502 
	P FABRIC 
	100 

	TR
	N'280-5Hj3501·5A 
	A"'280-5H 
	3501·5A 
	5H FABRIC 
	150 
	100 

	TR
	A"280-5Hj3501-8 
	A*280-5H 
	3501-<l 
	5H FABRIC 
	150 
	100 

	TR
	A"28Q-.5Hj3502 
	A"'280-5H 
	3502 
	5H FABRIC 
	150 
	100 

	HEXCEL 
	HEXCEL 
	THORNEL300/F263 fHORNEL 300/F250 
	T-300/3000 TOW T-300/3000 TOW 
	F263 F250 
	UNIDIRECTIONAL UNIDIRECTIONAL 
	280 200 
	= = 

	TR
	THORNEL300fF263 
	T·300/3000 TOW 
	F263 
	S!OIR. FABRIC 
	120 
	80 

	TR
	THORNEl300fF163 THORNEL 300jF163 
	T-300/3000 TOW T-300/3000 TOW T6T190 
	F163 F163 F584 
	VACCUM AUTOCLAVE 
	UNIOIRECT!ONAL UNIDIRECTIONAL TAPE 
	226 251 
	100 210 210 

	TR
	T4A145 
	F584 
	TAPE 
	285 
	404 

	TR
	T5Ai45 
	F584 
	TAPE 
	265 
	414 

	TR
	T5A100 
	F584 
	TAPE 
	445 

	TR
	T6U145 
	F584 
	TAPE 
	242 
	340 

	TR
	T8A145 
	F584 
	TAPE 
	341 

	HITCO 
	HITCO 
	EM 7125A EM 7125A 
	1/'Z' CHOP LENGTH 1" CHOP LENGTI-i 
	MOLDING CMPD MOLDING CMPD 
	50 75 
	25 35 

	TR
	E"!B7HM 
	UNIDIRECTIONAL 
	190 

	TR
	E767/3K 
	PLAJN WEAVE 
	104 
	68 


	FM Flexural Modulus TFS-Tens1le Failure Strain
	USS-Ultimate Shear Strength CFS-CompressiW! Failuf® Stram 
	USS-Ultimate Shear Strength CFS-CompressiW! Failuf® Stram 
	UFS-Ultimate Flexural Strength 
	ISS -lnterlammar Shear Strength TM -Tensile Modulus 

	CM-Compressive Modulus SFS-Shee.r Failure Strain
	CM-Compressive Modulus SFS-Shee.r Failure Strain
	UTS-Ultimate Tensile Strength 

	UCS-UIHrr ate Cornpress1va Strength 
	UCS-UIHrr ate Cornpress1va Strength 
	SM -Shear Modulus 

	UTS Tnms 
	(kel) 
	5.8 
	12.1 
	10.6 
	63.4 
	7.5 
	5.5 
	61 
	00 
	90 
	80 
	10 
	00 85 BO 80 
	76 
	6.34 9.14 
	ucs Long (kB!) 
	101 
	57 
	180 
	103 
	62 71 70 
	125 
	228 
	234 
	72 80 
	100 
	00.3 
	00.7 74 
	62 
	65.4 
	100 
	100 
	ll5 
	100 100 
	95 
	100 100 
	100 
	100 
	95 130 230 21.5 240 220 
	245 
	270 280 
	229 
	115 115 115 
	95 95 
	95 
	100 100 
	100 
	230 
	200 
	85 
	190 
	215 189 200 
	251 
	274 200 278 
	190 
	75 
	ucs 
	Trans (ksi) 
	72.5 

	85 
	85 
	uss 
	{ks!) 
	14.5 HORIZONTAL 
	10.5 SBS 
	17.0 SBS 
	11 SBS 
	17.7 SBS 
	8.7 SBS 
	10.5 SBS 
	8.9 SBS 
	16.0 HORIZONTAL 
	8.8 HORIZONTAL 
	16 HORIZONTAl 
	15.9 HORIZONTAl 
	18.3 SBS 
	19 SBS 
	9.8 HORIZONTAL 
	6.9 SBS 
	16 SBS 15 SBS 
	12.4 SBS 
	8.1 SBS 
	9.48 888 
	8.8 SBS 
	9.39 
	12.8 SBS 
	9.9 HORIZONTAL 
	7.5 
	12 
	17.5 
	17 
	17 
	14 
	8 SBS 8 SBS 
	8.5 SBS 
	8.5 WARP, 8500 FILL 11 WARP, 3 FlU. SBS 10883 
	9.5 SBS 
	8.5 
	8.5 
	8.5 
	SBS 8SBS 

	9.1 
	9.1 
	SBS 


	8.5 ses 
	8.5 SBS 
	8.75 SBS 
	8.0 
	7.8SBS 
	13 SBS 
	12 SBS 
	17.5 
	17.5 
	17.5 
	SBS 

	18.5 
	18.5 
	SBS 


	17.5 
	18.5 SBS 
	18.5 SBS 
	9.1 SBS 9888 
	9.5 SBS 7.8 
	19 
	18 
	B.1 SBS 
	9.1 SBS 
	8.5 
	8.5 
	8.5 
	SBS 9.5SBS 

	9.5 
	9.5 
	SBS 

	10.5 
	10.5 
	WARP, 10.2 FlU. 


	15.5 SBS 14.5SBS 
	19.2 SBS 
	19800 
	17.5 SBS 
	19.0 
	17.0 SBS 
	15.3 SBS 
	13.0 SBS 
	7.8 
	7.8 
	7.8 
	SBS 

	8.0 
	8.0 
	SBS 


	18.0 sss 
	12.3 SBS 
	12.3 SBS 
	12.3 SBS 
	9.5 sss 
	9.5 SBS 
	9.5 
	9.5 
	9.5 
	SBS 

	10.0 
	10.0 
	SBS 


	10.0 sss 
	10.0 SBS 
	18 
	9.3 11 
	13 
	16.2 18.8 18.2 16.5 15.2 19.2 
	12 SBS 
	9.1 SBS 
	9.1 SBS 
	0.011 

	Laminates 
	Laminates 
	Laminates 
	2of 

	ISS 
	ISS 
	FM 
	fM 
	TM 
	TM 
	CM 
	CM 
	SM 
	Major 
	TFS 

	TR
	Long 
	Trans. 
	Long 
	Tran$ 
	Long 
	Trans 
	Poluan 
	Long 

	(kill!) 
	(kill!) 
	(kal) 
	(ksi) 
	(ksl} 
	(kal) 
	(kml) 
	(k$1) 
	(ksJ) 
	Ratio 
	(!nj!n) 

	TR
	16800 
	18100 

	TR
	7600 
	9100 
	9300 

	TR
	18500 
	1200 
	17900 

	TR
	8600 
	8800 

	TR
	19000 
	21800 

	TR
	8000 
	9800 
	8500 

	TR
	11300 
	9900 
	11000 
	0.009135 

	TR
	8700 
	8800 
	11600 
	0.00077 

	TR
	18000 
	19500 

	TR
	27300 
	13000 
	30000 

	TR
	17200 
	19200 

	TR
	20800 
	21600 

	TR
	19800 
	19700 
	1380 
	0.0182 

	TR
	22500 
	25000 
	1380 
	0.0156 

	TR
	9200 
	10500 
	9200 

	TR
	7310 
	8010 
	10000 
	7240 
	0010 

	TR
	10500 
	1200 
	10000 
	1700 
	10000 

	TR
	18500 
	19000 

	TR
	24000 

	TR
	33100 
	46400 

	TR
	24000 
	23500 

	TR
	39000 
	39800 
	780 
	35400 

	TR
	17000 

	TR
	22400 
	15400 

	TR
	10000 
	9700 
	11100 
	11100 
	8800 

	TR
	38000 
	40000 

	TR
	30000 
	32000 

	TR
	21000 
	23000 

	TR
	19000 
	21000 

	TR
	20000 
	22000 

	TR
	21500 
	21500 

	TR
	20000 
	20000 

	TR
	11500 
	0.8 

	TR
	10500 
	10500 
	0.69 

	TR
	8000 
	7.5 

	TR
	7800 
	7 

	TR
	10000 
	10000 

	TR
	9500 
	9800 

	TR
	20500 
	1500 

	TR
	10500 
	10500 

	TR
	10000 
	10000 

	TR
	8000 
	8000 

	TR
	8000 
	8000 

	TR
	10000 
	10500 
	10200 
	0.0085 

	TR
	9500 
	10000 
	8900 
	0.0088 

	TR
	10000 
	8900 
	0.0103 

	TR
	26700 
	29000 

	TR
	20000 
	30000 

	TR
	20000 
	30000 

	TR
	19000 
	20000 

	TR
	13200 
	15500 

	TR
	18500 
	21500 

	TR
	18500 
	21500 

	TR
	17500 
	20000 
	0.0095 

	TR
	19500 
	21500 
	0.0088 

	TR
	17500 
	19500 
	0.0103 

	TR
	10000 
	10500 
	10200 

	TR
	9500 
	10000 
	8900 

	TR
	10000 
	8000 

	TR
	20000 
	30000 

	TR
	18000 
	20000 
	0.0095 

	TR
	19000 
	21000 
	0.0095 

	TR
	10000 
	10500 
	10200 
	0.0088 

	TR
	10000 
	10500 
	10200 
	0.0088 

	TR
	9500 
	10000 
	8900 
	0.0103 

	TR
	9500 
	10000 
	8900 

	TR
	10000 
	8900 

	TR
	14000 
	11500 

	TR
	21000 
	20000 
	0.014 

	TR
	23000 
	21500 
	0.0162 

	TR
	28500 
	22700 
	0.0146 

	TR
	20500 
	17500 
	0.0153 

	TR
	25000 
	0.0153 

	TR
	28000 
	23000 
	0.0135 

	TR
	24000 
	22000 
	0.0143 

	TR
	27000 
	22500 
	0.0125 

	TR
	18100 
	20000 

	TR
	18000 
	20000 
	0.0133 

	TR
	19000 
	20000 

	TR
	20000 
	30000 

	TR
	26000 
	30000 

	TR
	21(100 
	24000 
	21700 
	0.0144 

	TR
	10500 
	0.0103 

	TR
	10500 
	0.0103 

	TR
	10500 
	0.0103 

	TR
	10000 
	8000 
	0.0103 

	TR
	10000 
	8000 
	0.0103 

	TR
	10000 
	8900 
	0.0103 

	TR
	10000 
	10500 
	8000 
	0.0095 

	TR
	10000 
	10500 
	8900 
	0.0095 

	TR
	10000 
	10500 
	8000 
	0.0095 

	TR
	19000 
	20000 
	20000 

	TR
	17500 
	20500 
	20000 

	TR
	8100 
	10000 
	9500 
	10000 
	9500 

	TR
	18000 
	17000 
	17000 
	0.01110 

	TR
	20000 
	10000 
	10000 
	0.0189 

	TR
	18400 
	17800 
	0.016-<t 

	TR
	20500 
	21900 
	22700 
	0.01!)4 

	TR
	22400 
	25600 
	1210 
	0.0162 

	TR
	28800 
	1310 
	28400 
	0.0168 

	TR
	18200 
	21100 

	TR
	10000 
	17200 


	7600 7500 17800 16800 8100 6800 
	7500 7400 
	TFS Trana (mj!n} 
	0.0085 0.0078 
	0.0106 
	0.0110 0.0110 0.0110 0.010 0.010 0.010 
	CFS 
	Long {!njin) 
	O.QJ 
	0.0113 0.0110 
	0.01 0.0113 0.0110 
	0.01 0.01 0.0113 
	O.D113 
	0.0110 
	A-13 
	Table A-8. of Laminates 1 
	Table A-8. of Laminates 1 
	Table A-8. of Laminates 1 

	ur-s 
	ur-s 
	UFS 
	UTS 
	UTS 

	TR
	Trant~ 
	Long 
	Tnms 

	Manufacturer 
	Manufacturer 
	Product Number 
	Fiber 
	Resin 
	Laminate CuH1 
	{ka!) 
	(ko!) 
	{l<s!) 

	AMERICAN CYANAMID 
	AMERICAN CYANAMID 
	CYCOM 5143 
	7581 
	CYCOM5143 
	95 
	65 

	TR
	CYCOM 5105 
	CYCOM5105 
	250 F 
	80 
	55 

	TR
	CYCOM5105 
	CYCOM 5105 
	350 F 
	00 
	72 

	TR
	CYCOM985 CYCOM980 CYCOM 5134 
	SHSATIN/7781 E GLASS/7781 7581 
	CYCOM985 CYCOM900 CYCOM5134 
	102 78.0 
	66 60 85.0 

	CIBA-GEIGY 
	CIBA-GEIGY 
	R1604/1581 R2520j7781 R2520/120 RAC 7350 UNIDIR. 
	1581 7781 120 463 S-2 GLASS 
	R1804 R2520 R2520 RAC7350 
	73 n 65.9 2'25 
	60 58 44.6 200 

	TR
	RAC 7350 UNlD!R. 
	456 E GLASS 
	RAG 7350 
	201 
	158 

	TR
	R7373 
	ns1 
	R7373 
	110 
	79 

	FERRO CORPORATION 
	FERRO CORPORATION 
	CE-0010Aj7781 
	7781 
	CE-0010A 
	00.1 
	65.5 
	70.3 
	60 

	TR
	CE-9000-1/7781 CE-9QOO..tj7781 CE-9000-2/120 CE-9000-2/7781 CE-3.330/7781 CE-3201/7781 CE-347 UNJOIR. 
	ns1 7781 120 7781 7781 7781 456 E GLASS 
	CE·9000-1 CE-90()0..1 CE-9000-2 CE-9000-2 CE-3330 CE-320i CE-347 
	1 HR/350 F/VACUUM BAG 1 HR/350 F/200 PSI/AUTOCLAVE 
	00 83 88.8 93.1 88.2 90 155 
	73.9 
	74 64 65 86.8 58.3 58 140 
	54.3 

	TR
	CE-345/7781 
	7781 
	CE-345 
	AUTOCLAVE 
	77.7 
	60.3 

	TR
	CE-345/7781 CE-345/7781 CE-339/7781 CE-339/120 CE-324/7781 CE-306/7781 CE-300/7781 E-293/7781 E-'2.:93{7781 
	7781 7781 7781 120 7781 7781 
	CE·345 CE<345 CE-339 CE-339 CE-324 CE-300 CE-306 E-293 E-293 
	160 FJVACUUM BAG 250 F JVACUUM BAG AUTOCLAVE VACUUM BAG PRESS CURED AUTOCLAVE 
	106 S9.6 73.9 78.88 98 
	59.0 63.6 71.1 63 83.4 52.9 51.64 68 

	TR
	E-293/7781 CE-8000/7781 
	7781 
	E-293 CE-0000 
	VACUUM BAG 50 PSI/AUTOCLAVE 
	92.7 95.5 
	71 

	TR
	CE-9000/7781 
	CE-9000 
	35 PS!/VACUUMJAUTOCLAVE 
	97.5 
	71.3 

	TR
	CE·0000/1581 
	CE·BOOO 
	35 PSI/VACUUM/AUTOCLAVE 
	86.5 
	56 

	TR
	CE-&000/7781 
	CE-9000 
	60 MIN/350 F/15 PSI/PRESSED 
	60.6 
	55.1 

	TR
	CE-9000/7781 
	CE-0000 
	60 MIN/350 FJVACUUM 
	82.1 
	52.5 

	TR
	CE-9000{1543 
	CE-0000 
	144.6 

	TR
	CE·B000/7578 
	CE-9000 
	!91.4 
	147.5 

	TR
	CE-0000/581 
	CE-0000 
	95.5 
	74.9 

	TR
	CE-307HM/7544 
	7544 
	CE-307HM 
	85.4 
	67.1 

	TR
	CE-307HM/1582 
	1582 
	CE-307HM 
	77.9 
	64.9 

	TR
	CE-307HMj76281 
	76281 
	CE-307HM 
	98.9 
	81.7 

	TR
	CE-307HMj7B281 
	762BJP1GMENTED 
	CE-307HM 
	00 
	59.8 

	TR
	CE-307/7781 
	7781 
	CE-307 
	75.2 
	78.8 

	TR
	CE-3201/112 
	112VOLANA 
	CE-3201 
	63.8 

	TR
	CE·0000/6581 
	6581/S-2 
	CE·BOOO 
	119.2 
	94 

	TR
	E-9300/7781 
	7781 
	E-9300 
	B2.2 
	63.6 

	TR
	EF·2/S·001 
	8·901 ROVING 
	EF-2 
	160.0 
	20.0 

	TR
	EF-2/3-2 
	S-2 ROVING EF-2 

	FIB.ERITt:": 
	FIB.ERITt:": 
	MXB-7016/181 
	161 
	94.4 
	68.0 

	TR
	MXB-7203/7'::.81 
	7581 
	PF\ESS CURE 
	73.1 
	54,4 

	TR
	MXB-7200/75-81 
	7581 
	VACUUM BAG 
	56.9 
	43.4 

	TR
	MXB-7701/1~1 
	i5-81 
	67.1 

	TR
	HY·E OOJ48 
	S-O LASS UNID!R. 
	934 
	;;70 
	235 

	HEXCEL 
	HEXCEL 
	F16!/S·004 F161/S-2 F161/S-2 
	S-004 S-2/482 PREFINISH S-2/PREF!NISH 
	F161 F161 F161 
	105 91 1l0 
	95••75 

	TR
	F255f7781 
	7781 
	F255 
	95 
	75 

	TR
	f-255/1581 
	1581 
	F255 
	85 
	57 

	TR
	F258/7781 
	"1781 
	F258 
	VACUUM OVEN 
	72 
	50 

	TR
	F258j7781 
	7781 
	F258 
	ALJTOCLAVE 
	1\3 
	"" 

	TR
	F250/7781 
	7781 
	F250 
	98 
	64 

	TR
	F164/7781 
	7781 
	F1B4 
	B4 
	58 

	TR
	F184/1581 
	1581 
	F184 
	76 
	60 

	TR
	Fl00/15-81 
	1581 
	F100 
	87 
	55 

	TR
	F1~8/7781 
	7781 
	F159 
	00 
	70 

	TR
	F158/1-S-81 
	1581 
	F158 
	78 
	58 

	TR
	Fi5-8/7781 
	7781 
	F158 
	VACUUM OVEN 
	71 
	55 

	TR
	F15Bj7781 
	7781 
	F158 
	AUTOCLAVE 
	82 
	84 

	TR
	F157/7781 
	7781 
	F157 
	70 
	54 

	TR
	F15Bf7781 
	7781 
	F158 
	VACUUM 
	87 
	89 

	TR
	F1~/7781 
	ne1 
	F158 
	AUTOClAVE 
	B5 
	71 

	TR
	F156/1581 
	1581 
	F158 
	76 
	58 

	TR
	TEF 7/F155 
	TEF7 
	F155 
	28 

	TR
	TSF181/F155 
	F155 
	41.2 

	TR
	TSF181 /1 !.'.>81 /F 155 
	TSF!Bl/1581 1:1 
	F108 
	47.4 

	TR
	ME.TAFILGJF550 
	METAFIL G 
	F550 
	82 
	54.6 

	TR
	METAF!l G/S-2jF550 
	METAFILGJS-2 1:1 
	F550 
	126 
	110 

	TR
	METAFIL G/S·2jF550 
	Mt:TA~!L G/8-2 1:1 
	F550 
	'"" 
	132 

	TR
	s-2 GLASS/F5W 
	5-2 
	F550 
	162 
	100 

	HITCO 
	HITCO 
	EM-7205A 
	S-2/6581 
	E·OOO 
	115 
	98 

	TR
	EM-7302LD 
	22 
	11 

	TR
	EM-7302-XLD 
	16 
	6.5 

	TR
	EM-7302 
	65 
	25 

	TR
	E773jS-2 
	&-2 ROVING 
	En3 
	290 
	6.9 

	TR
	E719LT/1583 
	18 
	62 


	UFS • Uttimate Flexural S1rength 
	UFS • Uttimate Flexural S1rength 
	UFS • Uttimate Flexural S1rength 
	FM 
	Flexural Modulus 

	UfS • Ult1mate Tensile S1rength UCS • Ul11mate Comple&sive Strength 
	UfS • Ult1mate Tensile S1rength UCS • Ul11mate Comple&sive Strength 
	TM 
	Tensile Modulug Modulus 

	USS-Ultima!& Shear Strength 
	USS-Ultima!& Shear Strength 

	ISS • lnter!e.mlntv Shear Strength 
	ISS • lnter!e.mlntv Shear Strength 


	A-14 
	Table A-8. of Laminates 2of 
	Table A-8. of Laminates 2of 
	Table A-8. of Laminates 2of 

	ucs 
	ucs 
	ucs 
	USf, 
	ISS 
	fM 
	FM 
	TM 
	n.o 

	Long 
	Long 
	Tranm 
	long 
	Trans 
	long 
	Trane 

	{k!l!!) 
	{k!l!!) 
	(<ol) 
	(ks!) 
	(kml) 
	(kol) 
	(ka!) 
	(kol) 

	72 
	72 
	7 7 
	3800 

	00 
	00 
	3800 
	3800 

	"'.. 
	"'.. 
	10.6 
	3700 
	3700 

	84 
	84 
	11.8 fiOAIZONTAL 
	4500 

	75.0 
	75.0 
	90 
	4.8 
	3300 
	3000 

	48 
	48 

	45 
	45 
	3.4 
	3000 

	45.6 
	45.6 
	3.3 
	2500 

	TR
	11 .5 HORIZONTN... 
	6400 
	7000 

	TR
	14.t> HOAIZONTAl 
	5900 
	6200 

	86 
	86 
	3.5 
	4200 
	4500 

	85.1 
	85.1 
	3800 
	3870 

	"' 
	"' 
	8.00 
	3800 

	70 
	70 
	9.0€ 
	3200 

	90.4 
	90.4 
	3840 
	3440 
	3300 

	88.2 
	88.2 
	3600 
	3050 

	64.3 
	64.3 

	55 
	55 
	3700 

	TR
	12.3 
	5370 
	6020 

	62.4 
	62.4 
	3800 
	3700 

	51.4 
	51.4 

	TR
	3700 

	TR
	8.31 

	TR
	B.M 

	82 
	82 
	9.8 
	4400 

	68.3 
	68.3 
	3700 

	57.1 
	57.1 
	3.8 
	3100 
	2810 

	57.54 
	57.54 
	3300 

	60 
	60 
	4.2 
	4080 

	TR
	4000 

	84 
	84 
	32 
	4500 
	4000 

	75 
	75 
	3800 
	4100 

	75 
	75 
	3700 
	3500 

	60.2 
	60.2 
	3870 
	:mo 

	85.6 
	85.6 
	3970 
	3310 

	110.4 
	110.4 
	5900 
	5700 

	66.4 
	66.4 
	3270 
	3140 

	58.8 
	58.8 
	3500 
	3500 

	60.4 
	60.4 
	3700 
	3600 

	67.6 
	67.6 
	3800 
	3700 

	58.4 
	58.4 
	3800 
	3400 

	75.7 
	75.7 
	3800 
	3480 

	54.7 
	54.7 
	2980 

	81.1 
	81.1 

	68.8 
	68.8 
	3990 

	120.0 
	120.0 
	35.0 
	6700 

	TR
	10.~' !10RIZONTAL 

	51.4 
	51.4 
	3750 

	TR
	3400 
	3200 

	44.9 
	44.9 
	2800 
	2800 

	73.5 
	73.5 
	5.8 
	3300 

	TR
	14 
	8500 
	8500 

	68 
	68 
	4800 
	4900 

	83 
	83 
	4000 
	4200 

	62 
	62 
	4000 
	4200 

	65 
	65 
	3.8 
	3400 
	4000 

	74 
	74 
	4.5 
	3300 
	3300 

	58 
	58 
	3.2 
	3000 
	3300 

	63 
	63 
	3.5 
	3300 
	3500 

	88 
	88 
	4000 
	4100 

	68 
	68 
	1.8 
	3500 
	3400 

	55 
	55 
	2.0 
	3400 
	3300 

	57 
	57 
	2900 
	3000 

	60 
	60 
	3.6 
	3400 
	4400 

	70 
	70 
	42 
	3200 
	3200 

	48 
	48 
	2.8 
	3300 
	3400 

	57 
	57 
	2.8 
	3300 
	3400 

	55 
	55 
	3100 
	2000 

	58 
	58 
	3.0 
	3400 
	3000 

	62 
	62 
	33 
	4000 
	3400 

	60 
	60 
	3.5 
	3700 
	3200 

	61.5 
	61.5 
	3010 

	62.5 
	62.5 
	3350 

	65.9 
	65.9 
	3460 

	79.6 
	79.6 
	6.7:: 
	3860 
	3620 

	140 
	140 
	7.2: 
	4610 
	4900 

	182 
	182 
	7.54 
	4950 
	5230 

	175 
	175 
	8.5 
	5400 
	6200 

	91 
	91 
	10 
	5100 
	6200 

	27 
	27 

	22 
	22 
	1800 

	40.5 
	40.5 
	4100 
	3000 

	176 
	176 
	33.2 
	11 
	7500 
	1800 

	TR
	9.0 
	3700 


	CM 
	4000 3700 
	4400 
	4230 
	3800 
	3700 
	4400 4800 
	7800 3430 3400 3500 
	3700 3400 4500 
	3200 3000 
	3500 
	5400 4400 4600 
	4000 3400 3400 3000 
	4400 
	3400 3200 3100 4000 
	3400 4000 4000 
	3000 
	3100 3400 3200 3140 
	3870 3810 4010 4850 3400 
	6100 
	5700 
	CM Trans (kol) 4200 
	CM Trans (kol) 4200 
	CM Trans (kol) 4200 
	SM (k•l) 

	3810 
	3810 

	TR
	0.16 

	2000 
	2000 
	0.28 


	2200 
	A-15 
	Table A-9. Laminates 1 of 
	Table A-9. Laminates 1 of 
	Table A-9. Laminates 1 of 

	UFS 
	UFS 

	Manufacturer 
	Manufacturer 
	Product Number 
	floor 
	Resin 
	uminat® T'fP"/ Orientation 
	laminate Cur® 

	AMERICAN CYANAMID 
	AMERICAN CYANAMID 
	5·118l 
	KEVLAR 49/181 
	5118L 
	47.6 

	TR
	5·1058 
	KEVLAR 49/181 
	51058 
	64.0 

	TR
	950 
	KEVLAR 49/281 
	950 
	FABRIC 
	50 PSI/250 F/1 HR 

	TR
	8'50 
	KEVLAR 49/281 
	950 
	FABRIC 
	14.7 PSI/250 F/1 HR 

	TR
	8•50 
	KEVLAR49 
	950 
	UNIDIRECTIONAL 
	50 PSI/250 F/1 HR 

	TR
	850 
	KEVLAR 49 
	950 
	UNIDIRECTIONAL 
	100 PSI/250 F/1 HR 

	TR
	985 
	KEVLAR49 
	CYCOM985 
	K-285/FABRIC 

	TR
	985 
	KEVLAR49 
	CYCOM 985 
	281/FABRIC 

	TR
	985 
	KEVLAR49 
	CYCOM 985 
	181/FABRIC 
	63 

	TR
	E•80 
	KEVLAR49 
	CYCOM980 
	STYLE281 

	TR
	5102 
	KEVLAR49 
	CYCOM 5102 
	181/FABRIC 

	TR
	5·134 
	KEVLAR 49 
	CYCOM 5134 
	181/FABRIC 

	TR
	5·134 
	KEVLAR49 
	CYCOM 5134 
	120/FABRIG 

	TR
	5134 
	KEVLAR49 
	CYGOM 5134 
	281/FABRIC 

	CIBA-GEIGY 
	CIBA-GEIGY 
	Fl9256·1 
	KEVLAR 
	FABRIC 

	TR
	Fl9257 
	KEVLAR/181 
	FABRIC 

	TR
	F19269 
	KEVLAR/285 

	TR
	Fl9269 
	KEVLAR/120 

	TR
	FlAG 9350 
	KEVLAR/120 
	63.3 

	TR
	FIAC 9350 
	KEVLAR/281 
	68.0 

	TR
	FlAG 9350 
	KEVLAR/285 
	55.0 

	TR
	Fl9369 
	KEVLAR/285 

	TR
	F19369 
	KEVLAR/120 

	TR
	F19521 
	KEVLAR/181 
	8H FABRIC 
	52 

	TR
	Fl8521 
	KEVLAR/285 
	CROWFOOT FABRIC 
	52 

	DUPONT 
	DUPONT 
	KEVLAR48 
	STYLE243 
	45.2 

	TR
	KEVLAR 48 
	STYLE 281 
	45.1 

	TR
	KEVLAR49 
	S1YLE 285 
	50.6 

	TR
	KEVLAR49 
	STYLE 328 
	20.3 

	TR
	KEVLAR49 
	STYLE 1050X 
	43.9 

	TR
	KEVLAR49 
	STYLE 1033X 
	34.6 

	FERRO CORPORATION 
	FERRO CORPORATION 
	CE-9010Af181 
	STYLE 181 
	CE-0010A 
	FABRIC 
	51.2 

	TR
	C:E-0010/181 
	STYLE 181 
	GE-0010 
	FABRIC 
	45.6 

	TR
	C:E-0010/120 
	STYLE 120 
	CE-0010 
	FABRIC 
	47.7 

	TR
	C:E-0000-2/285 
	KEVLAR 49/285 
	CE-0000·2 
	FABRIC 
	55.4 

	TR
	C:E-0000/181 
	KEVLAR 49/181 
	C:E-0000 
	FABRIC 
	62 

	TR
	C:E-345/281 
	KEVLAR 49/281 
	CE-345 
	12 PLY FABRIC 
	AUTOCLAVE 
	62 

	TR
	CE-345/281 
	KEVLAR 49/281 
	CE-345 
	12PLYFABRIC 
	VACUUM BAG 
	55 

	TR
	CE-345/KEVLAR 49 
	KEVLAR49 
	CE-345 
	UNIDIRECTIONAL 
	73.5 

	TR
	CE-343/4560 
	4550 
	CE-343 
	UNIDIRECTIONAL 
	91.1 

	TR
	CE-306/281 
	STYLE 281 
	CE-306 
	53.7 

	TR
	CE-321R/KEVLAR 4560 
	KEVLAR4550 
	CE-321R 
	UNIDIR. TAPE 
	92.5 

	TR
	GE-324/KEVLAR 49 
	KEVLAR 49/285 
	CE-324 
	62.6 

	TR
	CE-9000 / KEVLAR 
	CE-0000 
	STYLE 181 
	13 PLY/50 PSI/350 F/1 HR 
	58.9 

	TR
	CE-9000/KEVLAR 
	CE-oooo 
	STYLE 181 
	12 PLY /35 PSI/350 Fj1.5 HR 
	62.0 

	FIBERITE 
	FIBERITE 
	NIXM-7880/KEVLAR 49 
	KEVLAR 49 
	MXM-7880 
	STYLE 285 

	TR
	MXM-7976 jKEVLAR 49 
	KEVLAR 49 
	MXM-7976 
	STYLE 120 
	61.0 

	TR
	MXM-7978/KEVLAR 49 
	KEVLAR 49 
	MXM-7976 
	S1YLE 285 
	65.0 

	TR
	MXM-7669/KEVLAR 49 
	KEVLAR49 
	MXM-7669 
	60.13 

	TR
	MXM-7764 jKEVLAR 49 
	KEVLAR49 
	MXM-7764 
	STYLE 181 
	57.0 

	TR
	MXM-7764/KEVLAR 49 
	KEVLAR 49 
	MXM-7764 
	STYLE 285 
	56.0 

	TR
	MXM-7064/KEVLAR 49 
	KEVLAR 49 
	MXM-7004 
	STYLE 181 
	58.0 

	TR
	MXM-7064/KEVLAR 49 
	KEVLAR49 
	MXM-7064 
	STYLE 285 
	57.0 

	TR
	MXM-7714/KEVLAR 49 
	KEVLAR49 
	MXM-7714 
	STYLE 120 

	TR
	MXM-7714/KEVLAR 49 
	KEVLAR49 
	MXM-7714 
	S1YLE 285 

	TR
	MXM-7251/KEVLAR 49 
	KEVLAR49 
	MXM-7251 
	STYLE 285 

	TR
	1'734A 
	KEVLAR 49 
	934 
	UNIDIR. TAPE 
	100 


	UFS-Ul!lmate Flexural Slrength USS -Ultimate Shear Strength FM -Flexural Modulus Long -LongitudinalUTS -Ultimate Tensile Slrangth ISS -lnterlamlnar Shear Strength TM-Tensile Modulus Trans~ Transverse UCS -Ultimate Compressive Slrength CM • Compressive Modulus 
	A-16 
	TableA-9. 
	TableA-9. 
	TableA-9. 
	Laminates 
	2of 

	UFS 
	UFS 
	UTS 
	UTS, 
	ucs 
	ucs 
	uss 
	ISS 
	FM 
	fM 
	TM 
	TM 
	CM 
	CM 

	Trans 
	Trans 
	Trans 
	Trans 
	Trans 
	Trans 
	Trans 

	(ksl) 
	(ksl) 
	(ksl) 
	(kai) 
	(kal) 
	(koi1 
	(ksi) 
	(ksl) 
	(ksi) 

	TR
	71.0 
	17.2 
	3300 

	TR
	67.0 
	29.0 
	5.0 SBS 
	2.4 
	4000 
	4100 
	4200 

	TR
	72 
	26 
	5.1 SBS 
	4500 
	4500 

	TR
	64 
	21 
	5.3 SBS 
	4000 
	4100 

	TR
	140 
	33 
	8.6 SBS 
	10000 
	8800 

	TR
	120 
	38 
	11 SBS 
	10000 
	10000 

	TR
	85 
	31 
	5.4 SBS 
	4300 
	4200 

	TR
	74 
	24 
	4.3 SBS 
	4700 
	4200 

	TR
	78 
	26 
	4.1 SBS 
	4100 
	4700 

	TR
	73 
	24 
	4.7 HORIZONTAL 
	4600 
	4600 

	TR
	78.0 
	23.5 
	5100 
	4400 

	TR
	70.0 
	25.7 
	7.0 SBS 
	4400 
	4400 

	TR
	70.0 
	20.0 
	4500 

	TR
	65.0 
	20.0 
	4500 

	TR
	60 
	17 
	3300 
	3300 

	TR
	75 
	23 
	4000 
	3500 

	TR
	70 
	25 
	7.4 
	3600 
	4400 

	TR
	87 
	23 
	7.7 
	3700 
	4700 

	TR
	49.5 
	4.2 
	4110 
	4400 

	TR
	48.0 
	6.0 SBS 
	4200 
	4300 

	TR
	49.0 
	5.2 
	3400 
	4400 

	TR
	87 
	26 
	4.8 
	2.3 
	3500 
	3700 

	TR
	70 
	23 
	5.4 
	2.7 
	3900 
	3600 

	TR
	81 
	27 
	3000 
	4200 
	3700 

	TR
	75 
	24 
	2800 
	4100 
	3500 

	TR
	81.4 
	5.2·1 
	4350 
	5920 

	TR
	72.4 
	5.1:' 
	3930 
	3760 

	TR
	72.6 
	4.4:' 
	3460 
	3960 

	TR
	53.7 
	2.9fi 
	2320 
	2950 

	TR
	74.4 
	4.6' 
	3290 
	3710 

	TR
	54.3 
	4.2 
	2770 
	3540 

	45 
	45 
	75.7 
	64.2 
	19.1 
	3960 
	3800 
	4360 
	3700 

	44.2 
	44.2 
	67 
	61 2 
	22.3 
	3400 
	3000 
	3800 
	3800 

	46.8 
	46.8 
	59.5 
	51 7 
	26.8 
	3300 
	3200 
	3500 
	3200 

	53.3 
	53.3 
	67.2 
	603 
	25.3 
	24 
	4.4 SBS 
	2930 
	2480 
	4800 
	4730 
	3810 
	3630 

	TR
	72 
	25 
	4150 
	5100 
	3700 

	TR
	82 
	32 
	5.8 SBS 
	4000 

	TR
	67.7 
	23 
	4.7 SBS 
	3500 

	TR
	117.2 
	8.96 SBS 
	5300 
	6600 

	TR
	180.2 
	1.~)3 
	39.5 
	8.2 SBS 
	9410 
	9960 
	610 

	TR
	75.9 
	26.2 
	2630 
	4000 

	TR
	188.2 
	39.6 
	8.4 
	9200 
	9800 

	TR
	78.9 
	24.8 
	6.5 SBS 
	3800 
	4900 
	4800 

	TR
	52.1 
	33.3 
	3190 
	3500 
	3100 

	TR
	72.0 
	25.0 
	4150 
	5100 
	3700 

	TR
	62 
	24 
	4.7 SBS 
	1.5!18 
	3500 
	3800 

	TR
	76.0 
	28.0 
	4.2 SBS 
	3400 
	5100 
	4000 

	TR
	76.0 
	26.0 
	4.0 SBS 
	3100 
	4300 
	3700 

	TR
	76.53 
	24.7 
	4.3 SBS 
	3100 
	4300 
	4100 

	TR
	86.0 
	26.0 
	3200 
	4900 
	4400 

	TR
	85.0 
	23.0 
	1800 
	5200 
	4200 

	TR
	76.0 
	25.0 
	3400 
	4800 
	3700 

	TR
	72.0 
	22.0 
	2300 
	4400 
	4900 

	TR
	64 
	6<· 
	24 
	6.8 SBS 
	3800 
	4000 
	3500 

	TR
	67 
	26 
	6.0 SBS 
	3500 
	3500 

	TR
	87.3 
	20.0 
	3800 
	3800 

	TR
	190 
	5SBS 
	10500 
	11000 
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	Tab/eA-10. 1 of 
	Manulactur"r 
	AMERICAN CYANAMID CIBA-GEIGY FERRO CCRPORATION 
	FIBERrTE 
	HEXCEL 
	UFS -Ultlmale Flexural Strength 
	UTS • Ultimate Tensile Strength 
	UCS • Ultimate Compressive Strength 
	Pr<:><!uct Numb"r 
	CYCCM 3002 CYCCM3003 
	R7451 R7451 
	CPI-227 4/7781 CPI-2272/7781 CPI-2249 /7781 CPI-2249/7781 CPI-2237/7781 CPI-2214/7781 
	Pl-750 Pl-740 Pl-730 MXB-5004 
	F174 F174 
	F174 F174 
	USS • Ultimate Shear Strength ISS -lnlerlamlnar Shear Strength 

	Fll><!r Ruin 
	3002 EGLASS 3003 
	R7451 (BMI) QUARTZ R7451 (BMI) 
	CPI-2274 CPI-2272 CPI-2249 CPI-2249 CPI-2237 CPI-2214 
	GLASS P1·750CMPD GLASS Pl-740 CMPD FORM PI-730CMPD 
	EGLASS 
	EGLASS 
	F174 F174 

	FM • Flexural Modulus 
	TM ·Tensile Modulus 
	CM-Compressive Modulus 
	Laminate Typ<>/ Orientation 
	7781 FABRIC A11Q0-7781 FABRIC 
	7781 FABRIC 581 FABRIC 
	7781 FABRIC 7781 FABRIC 7781 FABRIC 7781 FABRIC 7781 FABRIC 7781 FABRIC 
	MOLDED MOLDED MOLDED 181-150 FABRIC 
	7781 FABRIC 7781 FABRIC 
	Long · Longitudinal 
	Trans-Transverse 
	A-18 
	Table A-10. of Laminates 2of 
	Table A-10. of Laminates 2of 
	Table A-10. of Laminates 2of 

	UFS 
	UFS 
	UTS 
	ucs 
	uss 
	ISS 
	FM 
	TM 
	CM 

	Laminate Cure 
	Laminate Cure 
	(Its!) 
	(ksl) 

	VACUUM BAG 
	VACUUM BAG 
	65.0 85.0 
	53.0 65.0 
	55.0 70.0 
	5.4 SBS 8.0 SBS 
	3500 3500 
	2000 
	4000 

	TR
	61.4 84.1 
	84.2 
	73.8 53.9 
	5.26 SBS 
	3180 
	3900 
	4100 3910 

	HIGH PRESSURE VACUUM BAG 
	HIGH PRESSURE VACUUM BAG 
	98.9 84.2 85.0 83.5 103 84.0 
	63.4 57.0 50.0 82.0 
	70.7 76.4 79.8 
	7,55 5.07 1:1.6 
	3.11 
	4370 3200 2800 4230 3610 
	3920 
	4230 4450 3940 

	COMPRESSION MOLDED TRANSFER MOLDED INJECTION MOLDED 
	COMPRESSION MOLDED TRANSFER MOLDED INJECTION MOLDED 
	36.0 36.0 10.0 76.2 
	21.0 15.0 8.0 64.6 
	32.0 34.0 35.0 
	3100 2800 2000 3500 
	3700 

	VACUUM CURE AUTOCLAVE 
	VACUUM CURE AUTOCLAVE 
	79.2 81.8 
	80.9 61.2 
	59.8 63.1 
	1 J.61 HORIZONTAL 1 J.68 HORIZONTAL 
	3.65 3.15 
	3350 3500 
	3300 4040 
	4470 4670 


	A19 
	TableA-11. 
	TableA-11. 
	TableA-11. 

	Manufacturer 
	Manufacturer 
	l'roduct!llumber 

	BOEiNG 
	BOEiNG 
	PMR-15 

	CIBA-GEIGY 
	CIBA-GEIGY 
	R6451 

	FERRO CORPORATION 
	FERRO CORPORATION 
	CPI-2237/HTS-11 

	TR
	CPI-2237/CEUON 3000 

	TR
	CPI-2237 

	GENERAL DYNAMICS 
	GENERAL DYNAMICS 
	NR15082 

	TR
	NR15082S5X 

	HEXCEL 
	HEXCEL 
	F178/T-300 

	TR
	F650/T300 

	TR
	FB50/T500 

	TR
	F650/T300 

	HITCO 
	HITCO 
	USPMR-15 

	TR
	USPMR-15 

	U.S. POLYMERIC 
	U.S. POLYMERIC 
	V-378A/T-300 

	TR
	V-378A/T-300 

	TR
	V-378AJT-300 

	TR
	V-378A/PW-70 


	of 
	Flb"r 
	T-3000 
	HTS-11 CELION3000 T-300 
	T-300HMG T300 T500 T300 
	CEUON CELlON 
	T-300 T-300HMG T-300HMG PW-70HMG 
	UFS ·· Ultimate Flexural Strength 
	USS • Uttimate Shear Strength 
	UTS -Ultlmat<> Tensile Strenstth 
	ISS • lnterlamlnar Shear Strength 
	UCS -Ultimate Compraoolw Strength 
	~'~""'" 
	CPI-2237 CPI-2237 CPI-2237 
	F178 
	F650 F650 F650 
	USPMR-15 USPMR-15 
	V-378A V-378A V-378A V-378A 
	Laminates 
	lllmin"l" Type/ 
	Orienll.itlon 
	UNIDIRECTIONAL 
	UNIDIRECTIONAL 
	UNIDIRECTIONAL 2424WOVEN 2424WOVEN 
	UNIDIRECTIONAL UNIDIRECTIONAL 
	3K UNIDIRECTIONAL FABRIC FABRIC TAPE 
	TAPE FABRIC 
	6K UNIDIRECTIONAL 6KTAPE 6K BIDIRECTIONAL FABRIC 
	FM -Flexural Modulu• TM-Tenoll<t Modulus CM -Compressive Modulus 
	1 
	!JFS !JFS UTS Tr.,ns 
	(ksi) 
	269 
	278 15.0 206.0 
	210 100 133 121.5 97 128.5 
	284 
	284 
	260 220 134 91 161 97 266 17.8 251 
	235 210 117 112 
	249.3 285.0 228.9 286 
	99.8 
	TFS-Tensile Failure Strain Long -longitudinal 
	Trans~ Transverse 
	A-20 
	Table A-11. of Laminates 2of 
	Table A-11. of Laminates 2of 
	Table A-11. of Laminates 2of 

	IJTS 
	IJTS 
	UC!l 
	tiCS 
	uss 
	ISS 
	filii 
	fM 
	Tilll 
	TM 
	CM 
	TFS 

	Trans 
	Trans 
	Tra:nm 
	Trans 
	Trans 

	{ks!) 
	{ks!) 
	('l<si) 
	{i<s!) 
	(ksi) 
	(bi) 
	(ksi) 

	TR
	14.5 

	8.2 
	8.2 
	16.3 SBS 
	20000( 
	8800 
	181000 

	10 
	10 
	135 
	34 
	14 
	1800 
	2200 
	1.1 

	TR
	84.6 
	5.6 SBS 
	8560 
	8300 
	1)630 
	0020 

	TR
	83 
	5.88 SBS 
	9900 
	11800 

	TR
	12.1 SBS 

	TR
	7.5 

	TR
	210 
	16.5 SBS 
	19000 
	20200 
	20000 

	TR
	100 
	8.8 SBS 
	9100 
	10100 
	0.0093 

	TR
	112 
	10.0 SBS 
	9000 
	10200 
	0.0095 

	TR
	238 
	20.2SBS 
	18400 
	1500 
	21500 

	TR
	19100 
	20500 

	TR
	79 
	5.8C 
	8800 
	10400 
	9800 

	TR
	17.9 HORIZONTAL 

	9.0 
	9.0 
	18.3 HORIZONTAL 
	18800 
	21800 
	1400 
	0.01047 

	TR
	16.8 HORIZONTAL 
	19500 

	TR
	58.8 
	7.0 HORIZONTAL 
	0000 
	8100 


	TableA-12. 
	TableA-12. 
	TableA-12. 
	1 

	TR
	Type/ 

	Manufacturer 
	Manufacturer 
	Product Number 
	Resin Conlenl (%) 
	Resin flow (%) 

	FERRO CORPORATION 
	FERRO CORPORATION 
	CA-2204 
	PHENOLIC/SILICA 
	27-33 
	6-12 (10 MIN/325 F/150 PSI} 

	TR
	CA-2221 
	PHENOLIC/SILICA 
	26-32 
	6-12 (325 F/150 PSI) 

	TR
	CA-2221 MC 
	PHENOLIC /SILICA 
	27-32 
	10 

	TR
	CA-2230 
	PHENOLIC/SILICA 
	28-32 
	6-12 (10 MIN/325 F/150 PSI) 

	TR
	CA-2230MC 
	PHENOLIC/SILICA 
	26-32 
	3-11 
	(60 MIN/300 F/1000 PSI) 

	TR
	CA-2212 
	PHENOLIC/ ASBESTOS 
	40-50 
	14-22 (10 MIN/325 F/15 PSI) 

	TR
	CA-2226 
	PHENOLIC/ ASBESTOS 
	40-50 
	14-22 (10 MIN/325 F/15 PSI) 

	TR
	CA-2248 
	PHENOLIC/ ASBESTOS 
	37-46 
	2-12 
	(10 MIN/325 F/15 PSI) 

	TR
	CA-8207 
	PHENOLIC /CARBON 
	34-40 
	2-8 
	(10 MIN/325 F/15 PSI) 

	TR
	CA-8208 CA-8214 
	PHENOLIC /CARBON PHENOLIC/CARBON 
	36-40 32-40 
	5-11 1-8 
	(10 MIN/325 F/15 PSI) 

	TR
	CA-8217 CA-8220 
	PHENOLIC /CARBON PHENOLIC /CARBON 
	31-36 31-36 
	3-11 3-11 
	(10 MIN/325 F/150 PSI) (10 MIN/325 F/15 PSI) 

	TR
	CA-8203 CA-2270 
	PHENOLIC /CARBON PHENOLIC /QUARTZ 
	32-38 27-33 
	5-7 7-13 
	(10 MIN/325 F/15 PSI) (10 MIN/325 F/15 PSI) 

	TR
	CA-2227 
	PHENOLIC/QUARTZ 581 
	28-32 
	6-11 
	(10 MIN/325 F/150 PSI) 

	HIT CO 
	HIT CO 
	FM-5503 
	PHENOLIC /SILICA 
	24-30 
	1.0-12.0 (150 PSI) 


	A-22 
	2of 
	Shell Ule Out Time Volatile Conlenl (%) Tack Drape (months •Ill f) (days at 71 f) GeiTime(mln) 
	6.0 (10 MIN/325 F) 3 (40 F) 30 4 (10 MIN/325 F) 3 (40 F) 30 4 3 (40 F) 30 6 (10 MIN/325 F) 3 (40 F) 30 4 (15 MIN/325 F) 3 (40 F) 30 7-13 (10 MIN/325 F) 3 (40 F) 30 6-13 (10 MIN/325 F) 3 (40 F) 30 5 (10 MIN/325 F) 3 (40 F) 30 2-6 (10 MIN/325 F) 3 (40 F) 30 2-6 (10 MIN/325 F) 3 (40 F) 30 9.0 3 (40 F) 30 4-7 (1 0 MIN/325 F) 3 (40 F) 30 4-7 (10 MIN/325 F) 3 (40 F) 30 2-7 (10 MIN/325 F) 3 (40 F) 30 6 (10 MIN/325 F) 3 (40 F) 30 5 (10 MIN/325 F) 3 (40 F) 
	6.0-9.0 
	A-2:3 
	Tab/eA-13. 
	Manufacturer Fiber/Resin System 
	FERRO CORPORATION SILICA/PHENOLIC SILICA/PHENOLIC SILICA/PHENOLIC SILICA/PHENOLIC SiLICA/PHENOLIC ASBESTOS/PHENOLIC ASBESTOS/PHENOLIC ASBESTOS/PHENOLIC GRAPHITE/PHENOLIC GRAPHITE/PHENOLIC CARBON/PHENOLIC CARBON/PHENOLIC CARBON/PHENOLIC QUARTZ/PHENOLIC QUARTZ/PHENOLIC CARBON/PHENOLIC 
	HITCO SILICA/PHENOLIC 
	Product Number 
	CA-2204 CA-2221 CA-2221 MC CA-2230 CA-2230MC CA-2212 CA-2226 CA-2248 CA-8207 CA-8208 CA-8214 CA-8220 CA-8203 CA-2270 CA-2227/581 CA-8217 
	FM-5503 
	Laminates 1 
	Fiber 
	Fiber 
	Fiber 
	laminate Type/ Orientation 

	48 48 48 48 48 RPD 40 RAYBESTOS-MANHATTAN RPD 40 RAYBESTOS-MANHATTAN RPD 40 RAYBESTOS-MANHATTAN 
	48 48 48 48 48 RPD 40 RAYBESTOS-MANHATTAN RPD 40 RAYBESTOS-MANHATTAN RPD 40 RAYBESTOS-MANHATTAN 
	FABRIC FABRIC FABRIC FABRIC FABRIC FABRIC FABRIC 

	ASTROQUARTZ 570 
	ASTROQUARTZ 570 
	FABRIC FABRIC FABRIC FABRIC FABRIC 

	TR
	FABRIC 


	A-24 
	Tab/eA-13. 
	Tab/eA-13. 
	Tab/eA-13. 
	Laminates 
	2of 

	UFS 
	UFS 
	UFS Trans (ksi) 
	UTS 
	UTS Trans (ksi) 
	ucs 
	'JCS <frans ksi) 
	ISS (ksi) 
	FM 
	TM 

	28.0 26.5 13.0 27.0 12.0 37.0 37.0 36.5 23.0 26.0 15.6 36.0 38.6 60.0 104.1 35.0 
	28.0 26.5 13.0 27.0 12.0 37.0 37.0 36.5 23.0 26.0 15.6 36.0 38.6 60.0 104.1 35.0 
	15.4 
	16.0 14.8 5.0 15.0 4.5 34.0 34.0 29.0 18.5 18.0 23.4 17.0 19.0 54.0 68.0 18.0 
	14.1 
	25.0 28.0 31.0 26.0 29.5 20.0 18.0 13.0 38.0 49.4 42.0 
	1.45 3.56 
	2900 3100 2750 2900 2700 3100 3100 3000 1950 1680 2700 2900 
	2000 3500 4150 

	TR
	34.2 
	19.7 
	3.5 


	A-25 
	Tab/eA-14. of Laminates 1 of 
	Manufacturer 
	Manufacturer 
	Manufacturer 
	i>ro<lucl Number 

	AMERICAN CYANAMID 
	AMERICAN CYANAMID 
	6101-2 

	TR
	6102 

	CIBA-GEIGY 
	CIBA-GEIGY 
	R7273 

	TR
	R7273 

	FERRO CORPORATION 
	FERRO CORPORATION 
	AC 

	TR
	AC 

	TR
	CPH-2209 /7781 

	TR
	CPH-2224 /7781 

	TR
	CPH-2251 /120 

	TR
	CPH-2251/7781 

	TR
	CPH-2280/7781 

	FIBERITE 
	FIBERITE 
	MXB-6032 

	TR
	MXB-6001 

	TR
	MXB-6032 

	TR
	MXB-6032 

	HITCO 
	HITCO 
	FM-5042 


	Fiber 
	Fiber 
	Fiber 
	Resin 
	Laminate Type/ Orientation 
	Laminate Cure 
	UfS 

	7581 181 
	7581 181 
	(A1100 FINISH) 
	CYCOM 6101-2 CYCOM 6102 
	FABRIC FABRIC 
	73.0 73.0 

	120 7781 
	120 7781 
	WOVEN PREPREG WOVEN PREPREG 

	7781 7781 120 7781 7781 
	7781 7781 120 7781 7781 
	CPH-2209 CPH-2224 CPH-2251 CPH-2251 CPH-2280 
	FABRIC FABRIC 
	VACUUM BAG PRESS MOLDED 
	70.5 78.8 71.0 73.4 74.9 88.2 

	1581 181 181-150S 1581 
	1581 181 181-150S 1581 
	FABRIC FABRIC FABRIC FABRIC 
	66.3 87.2 66.3 66.3 

	181 (A1100 FINISH) 
	181 (A1100 FINISH) 
	FABRIC 
	75 


	A-26 
	Table A-14. 
	Table A-14. 
	Table A-14. 
	of 
	Laminates 
	2 

	UFS Tr&nf:: (ksi) 
	UFS Tr&nf:: (ksi) 
	UTS 
	UTS Trans (l<si) 
	ucs 
	ss ksi) 
	I'M 
	TM 
	CM 

	TR
	52.0 52.0 
	59.0 59.0 
	3700 4100 
	3900 
	3600 

	TR
	47 44.5 
	36.1 37.3 
	2400 2500 
	2400 2500 

	TR
	56.1 51.96 48.0 52.2 56.7 59.4 58.5 
	36.0 EDGEWISE 47.3 EDGEWISE 50.0 67.0 51.4 44.1 69.3 
	1.1 
	3300 3660 3200 3300 3840 4100 
	3560 2850 4500 
	4610 5100 

	TR
	43.0 57.2 43.0 43.0 
	51.7 EDGEWISE 65.7 51.7 EDGEWISE 
	3700 4600 3700 3700 

	TR
	60 
	45 
	3500 
	3300 
	3000 


	A-27 
	TaMeA-15. 
	Manufacturer 
	AMERICAN CYANAMID 
	FERRO CORPORATION 
	FERRO CORPORATION 
	Product-Number 

	CYCOM 4104 CYCOM 4104(581 QUARTZ CYCOM 4102(1543 4102 4101 
	CP-1304(7781 CP-1301/7781 PE-285(7781 PE-285(7781 UVFR/7781 IFRR/7781 IFRR/7781 H-200C(7781 H-200C(7781 OS/7781 
	fiber 
	GLASS 581 QUARTZ 1543 FIBERGLASS 7581 FIBERGLASS 
	7781 FIBERGLASS 
	7781 
	7781 
	7781 
	7781 
	7781 
	7781 
	7781 
	7781 
	7781 
	1 
	Laminate Type/ Resin Orientation 
	CP-1304 FABRIC CP-1301 FABRIC PE-285 PE-285 UVFR IFRR IFRR H-200C H-200C OS 
	A-28 
	TableA-15. 
	TableA-15. 
	TableA-15. 
	of 
	Laminates 
	2 

	TR
	UfS 
	UTS 
	ucs 
	ISS 
	Filii 

	Laminate Cure 
	Laminate Cure 
	(ksi) 

	66.0 
	66.0 
	54.0 
	44.0 
	3000 

	65.0 
	65.0 
	70.0 
	35.0 

	TR
	85.0 
	70.0 

	68.0 
	68.0 
	54.4 
	56.0 
	3800 

	68.0 
	68.0 
	64.0 
	45.0 

	85.0 
	85.0 
	47.0 
	48.0 
	3300 

	70.0 
	70.0 
	47.0 
	40.0 
	3800 

	VACUUM BAG MOLDED 
	VACUUM BAG MOLDED 
	65.48 
	44.62 
	46.08 EDGEWISE 
	2750 

	PRESS MOLD 
	PRESS MOLD 
	(30 psi) 
	79.4 
	52.4 
	52.3 
	EDGEWISE 
	3420 

	TR
	86.7 
	83.7 
	50.5 
	EDGEWISE 
	3.82 
	3050 

	VACUUM BAG 
	VACUUM BAG 
	65.4 
	64.0 
	41.1 
	EDGEWISE 
	3320 

	PRESS MOLD 
	PRESS MOLD 
	80.7 
	52.0 
	52.6 
	3400 

	VACUUM BAG 
	VACUUM BAG 
	96.0 
	71.0 
	60.0 
	EDGEWISE 
	3800 

	AUTOCLAVE CURED 
	AUTOCLAVE CURED 
	116.0 
	72.4 
	68.9 
	EDGEWISE 
	4060 

	TR
	58.8 
	41.2 
	57.3 
	EDGEWISE 
	2700 


	A-29 
	Figure
	Figure
	Figure
	B 
	This lists a of chemical and mechanical of materials compiled Boeing under Air Force Contract F33615-81)-C-5071. 
	Table B-1. Mechanical ofHercules Fibers 
	Table B-1. Mechanical ofHercules Fibers 
	Table B-1. Mechanical ofHercules Fibers 

	A$1 
	A$1 
	AS2 
	A54 
	A56 
	IM6 
	!M7 

	451 3105 
	451 3105 
	401 2760 
	551 3795 
	601 4140 
	636 4382 
	684 4713 

	33 228 
	33 228 
	33 228 
	34 235 
	35 242 
	40 276 
	41 283 

	% 
	% 
	132 
	1.20 
	.53 
	1.65 
	1.50 
	1.60 

	TR
	92 
	94 
	94 
	94 
	94 

	TR
	180 
	UlO 
	1.1B 
	1.73 
	178 

	TR
	AS1 
	AS2 
	AS4 
	AS6 
	IM6 
	IM7 

	TR
	280 1932 
	290 2001 
	342 2353 
	373 2567 
	395 2719 
	424 2922 

	TR
	20 138 
	21 145 
	22 151 
	25 175 

	TR
	250 1725 
	240 1656 
	260 1794 
	272 1877 
	250 1725 
	237 1635 

	TR
	18 124 
	18 124 
	19 131 
	20 139 
	22 150 
	24 166 

	TR
	19 131 
	18 124 
	18 124 
	19 129 
	18 124 
	19 129 

	TR
	62 
	62 
	62 
	62 
	62 
	62 


	300 GPa (696 7 ksi } 
	4800 MPa 
	(43 5 msi) ..--
	-

	Strength 4600 (667 6} 
	;-~Modulus 
	4400 280 (6386) (40 6) 
	-

	,.........
	-

	4200 
	(609 6) 
	.--
	-

	260 (580 6) 
	4000 
	(37 7) 
	Tensile 3800 
	Tensile
	Tensile
	strength (551 5) 
	modulus

	.--3600 
	-
	-

	240 (522 5) (34 8) 
	-
	3400 
	(493 5) 
	r--, .... -..., 
	! I I I 
	I 
	I I I I I 
	3200 

	I I 220 I I I
	(464 4) I (31 9)
	I I I I I 
	I 
	1--1 
	I I I I
	3000 
	I I 
	(435 .4) I I I I I I I I I I 
	200 
	2800 .. _ 
	2800 .. _ 
	,.(29 0) 
	-

	(406 4} H 

	A$1 AS2 A54 AS6 IM6 IM7 (180} (180) (1 80) (1.!\3) (1.73} (1.78) 
	Fiber type (F1ber density, 
	at Room 
	3000 MPa 
	3000 MPa 
	190 GPa 

	(435 4 ksi} 
	(435 4 ksi} 
	(27 6 msi) 

	...--
	-

	Strength 
	2800 
	180 
	(4064) r--, Modulus (26 1)
	1-

	I I 
	-
	2600 I 
	170 
	I 

	(3774) 
	-

	! (24.7) 
	,..............
	Tensile 
	Tensile 2400 modulus
	160 
	(348 3) 
	(348 3) 
	(23 2) 

	2200 
	--150 
	(319.3) -
	(218) 

	·
	-

	2000 
	~ 140 
	F1 
	-

	(2903) ·--..... .... ...
	--
	(20 3) 
	r
	-


	1800 130 (261.2) (18 9) AS1 A52 A54 AS6 IM6 IM7 
	Fiber type (62% fiber volume) 
	B-2. 
	Table B-2. of 
	Tensile strength Young's modulus 
	Dens1ty Fiber Poisson's
	oo oo
	90° 90°
	type"' ratio gtcm3 lbtm3
	MPa ksi MPa ksi GPa msi GPa ms1 E-Giass 1020 150 40 7 45 6.5 12 1.8 0.28 2.08 0.075 5-Giass 1620 230 40 7 55 8.0 16 2.3 0.28 202 0.073 Boron 1240 180 70 10 ;no 30.0 19 2.7 0.25 2.02 0 073 Kevlar49 1240 180 280 40 76 11.0 5.5 0.8 0.34 1.39 0.050 
	"Fiber volume, Vf = 60% 
	12.0 
	10.0 
	8.0 
	oo Strength-to-dens1ty rat10 
	oo Strength-to-dens1ty rat10 
	oo Strength-to-dens1ty rat10 
	6.0 

	4.0 
	4.0 

	2.0 
	2.0 

	0 
	0 
	:ompos1te type 

	B-3. 
	B-3. 
	0° 
	Ratio of 

	250 (]6 3) 
	250 (]6 3) 

	0 Boron/ep Jxy 
	0 Boron/ep Jxy 

	150 (;! 1 8) 
	150 (;! 1 8) 

	oo Tensile modulus 
	oo Tensile modulus 
	100 ('14 5) 50 GPa (73 msi) 
	0 E-glass!epoxy 
	0 Kevlar LH/epoxy 
	0 5-glass!epoxy 

	TR
	0 1000 MPa (145 1 ksl) 
	1200 1400 (174 2) (203 2) 0° Tensdl' strength 
	1600 {2322) 

	TR
	8-4. 
	0 ° Tensile 
	of 


	B-5 
	Table 
	Table 
	Table 
	8-3« 
	rvrnn&J.Y"f'!O~ of 
	From Fiberite 

	Type 
	Type 
	Ult1mate ens1le strength MPa ksi 
	Tensile modulus GPa ms1 
	Poisson's rat1o 
	Ultimate com press1ve strength MPa ks1 
	Compressnte modulus GPa msi 
	Transverse shear strength MPa ksi 
	Shear modulus GPa ms1 
	lnterlaminar shear strength MPa Ksl 
	Specific grav1tl, g/cm 
	Cured ply range pm mils 

	Standard bidirectional graphite/epoxy 
	Standard bidirectional graphite/epoxy 
	586 
	85 
	68.9 
	10 0 
	0.09 
	565 
	82 
	62.1 
	9.0 
	93.1 
	135 
	4.8 
	0.7 
	67.6 
	9.8 
	1.59 
	127-381 
	5-15 

	1.5%-stram bidirectional graphite/epoxy 
	1.5%-stram bidirectional graphite/epoxy 
	690 
	100 
	68.9 
	100 
	0 09 
	586 I 
	85 
	62.1 
	9.0 
	93.1 
	13.5 
	48 
	0.7 
	66.2 
	9.6 
	1.60 
	178-381 
	7-15 

	b:i ' m 
	b:i ' m 
	H1dh-modulus b1 1rect1onal graph1teiepoxy .~R u•v '"''-''V graphite/epolly 
	345 345 
	50 50 
	117 0 152.0 
	17.0 22.0 
	0.09 0 09 
	152 152 
	22 22 
	110 0 152 0 
	16 0 220 
	345 34.5 
	50 5.0 
	4.8 4.8 
	0.7 0.7 
	310 34.5 
	4.5 5.0 
	1 80 1.80 
	203-381 152-330 
	B-15 6-13 

	TR
	Standard woven umd~rect1onal .,., '1 
	1310 
	190 
	129.0 
	18.7 
	0.25 
	1105 
	160 
	124.0 
	18.0 
	62. 
	9.0 
	4.1 
	0.6 
	82.7 
	12.0 
	1.60 
	178-254 
	7-10 

	TR
	Standard bidirectiOnal graph1te/S-2 
	483 
	70 
	51.7 
	7.5 
	0.09 
	565 
	82 
	118.3 
	7.0 
	34.5 
	5.0 
	4.1 
	0.6 
	65.5 
	9.5 
	1.80 
	2511-381 
	10-15 

	TR
	Standard bidirectional :a9"fJ"""'/ 
	448 
	65 
	51.0 
	7.4 
	0 09 
	276 
	40 
	41.4 
	60 
	-
	-
	-
	-
	34.5 
	5.0 
	1 55 
	10-15 


	(4) I!) 
	(4) I!) 
	(4) I!) 

	140 (20 3) 
	140 (20 3) 

	(5) I!) 
	(5) I!) 

	120 (174) 
	120 (174) 
	(3) I!) 

	Tens1le modulus 
	Tens1le modulus 

	100 (14 5) 
	100 (14 5) 

	80 (11 6) 
	80 (11 6) 
	(1) 0 
	(2) 0 

	60 GPa (8 7 ms1) 200 MPa (29 0 ks;) 
	60 GPa (8 7 ms1) 200 MPa (29 0 ks;) 
	(7) LID 400 (58 1) 
	(6) I!) 
	600 (87 1) 
	J 800 ( 116 1) Tensile strength 
	l 1000 (145 1) 
	I 
	l 1200 (174 2) 
	1400 (203 2) 

	(1) (2) (3) (4) 
	(1) (2) (3) (4) 
	Standard b1d1rect10nal graphite/epoxy graphite/epoxy H1gh-rnodulus b1d1rect10nal graphite/epoxy Ultrahigh-modulus b1d1rect10nal graphite/epo)(y 
	(5) (6) (7) 
	Standard woven un1direct10'lal graphite/epoxy Standard bidirectiOnal hybrid glass Standard bidirectional 


	8-5. Tensile of Fabric 
	Property Un1ts 
	lbfm3
	Dens1ty 
	Dens1ty 
	mSI

	Modulus 
	GPa Glass trans1t1on 
	oc 
	OF
	temperature (dry) 
	Po1sson's rat1o Thermal expans1on coefficient 1Q-6 in /m oF Mo1sture expansion coeff1c1ent m./m.m 
	t::Jj 
	Tensile strength 
	Oo 
	ksi 

	MPa hi
	MPa hi
	Com press1on strength 
	MPa 

	Ksl
	Shear strength 
	Shear strength 
	MPa 

	=Low IMLS = Intermediate modulus low strength IMHS = Intermediate modulus h1gh strength HM = H1gh modulus 
	=Low IMLS = Intermediate modulus low strength IMHS = Intermediate modulus h1gh strength HM = H1gh modulus 
	LM 

	0 042 
	1 16 0 32 2 20 
	177 350 0 43 57 0 33 
	8 
	55 1 
	15 03 11 
	8 55 
	Table B-4. 
	IMLS 
	0.046 
	1.27 
	0 50 
	3 45 216 420 
	0 41 57 
	I 
	0.33 
	7 48 2 
	21 144.7 
	7 48 23 
	ofMatrices 
	IMHS 
	0 044 
	1.22 
	0 50 3 45 216 
	420 
	0.35 36 
	0.33 15 103 4 
	35 241.2 
	13 
	89.57 
	HM 
	0.045 125 
	0 75 5 17 
	216 
	420 0.35 40 0.33 
	20 
	137.8 
	50 344.5 
	15 103.4 
	Polyi 
	0.044 
	1.22 
	0.50 
	3.45 
	371 
	700 
	0 35 
	20 
	0.33 
	15 
	103.4 
	30 206.7 13 
	89.57 
	PMR 
	0.044 
	1.22 
	0 47 3 24 
	371 
	700 
	0 36 
	28 
	0.33 
	8 
	55 1 
	16 
	110.2 
	6.0 
	(0 87) ..---------------------------------, 
	IM 
	4.0 
	4.0 
	4.0 

	(()58) 
	(()58) 

	0 
	0 
	0 

	IMLS 0 
	IMLS 0 
	IMHS 

	Tensile 
	Tensile 
	PMR 

	modulus 
	modulus 


	0
	2.0GPa (0 29 ms1) LM 
	o I 
	"
	40 MPa 60 80 100 120 140 (58 kSI) (8 7) (11 6) (14 5) (17 4) (20 3) 
	Tensile strength 
	Legend. LM = Low modulus IMLS = l~termed,ate modulus low strength IMHS = lntermed1ate modulus h1gh strength HM = H1gh modulus 
	B-6. Tensile of Matrices 
	120 
	10.0 c
	-

	~ 
	e. 
	:;) 
	"' 

	"' 
	-' 3 
	8.0 ]
	~ 
	.s::.., ..---....-
	E 
	-

	0'1 
	c::
	Strength-to-Density Ill :::!: ¥: 
	Ratio ~ "' ~ 
	(Normal1zed) 
	.s::

	~ 
	...,
	.Q 
	0> 
	l
	:>"' c:: 
	60 

	3 ~ 
	...,
	'0 0 
	E 
	<lJ 
	j 

	+' 
	Ill 
	::> 
	"'

	'0 
	3
	<!I 
	-o 
	E 
	0

	..--
	-

	(i; E -
	-

	40 ..., 
	...,!!J IX:
	£ 

	~ It! 
	~
	.::::. 'i5 
	0..
	..., ,-!!J 2 E Q:;
	:> 

	'0 ...,
	0 
	£
	E 
	3:
	20 0 -' 
	Matr1xtype 
	B-7. ofMatrices 
	Table B-5. Table of Neat Resin 
	Tensile modulus. GPa 
	Res1n Type grav1ty 
	(msi) 
	Epoxy Thermoset 1.1-1.4 2.1-55(03-0.8) 40-85 (6-12) 
	2.7-4.1 (04-0.6) 35-60 (5-9)
	Phenolic Thermoset 1.2-1.4 
	1.1 -1.4 U-4.1 {02-06) 40-85 (6-12)
	Polyester Thermoset 
	Acetal Thermoplastic 1.4 3.5 (05) 
	70(10) 

	Nylon Thermoplastic 1.1 u-3.5 (0.2 -0 5) 55 -90(8-13) 
	Polyca rbonate Thermoplastic 1.2 2.1 -3 5 (0 3-0 5) 55-70(8-10) 
	Polyethylene Thermoplastic 0.9-1 0.7-.4(01-02) 
	20-35 (3-5) 

	Thermoplastic 1.3-1.4 2.1-2.8(03-04) 55-60 (8-9) 
	Polyester 

	100 (14 5) 
	90 
	(13 1) 
	80 
	(11 6) 
	70 (10 2) 
	60 
	(8 7) 
	Tensile 
	strength 
	50 
	(7 3) 
	40 (58) 
	30 
	(4 4) 
	20 
	(2 9) 
	10MPa 
	(1.5 kSI) 
	I· I I I I I 
	'---' 
	8-8. Neat Resin 
	Strength 
	~--;Modulus 
	Table
	TR
	,--..., ' I I I I 
	.-1 I I I '---' 
	-


	I I I I I I L .. .J 
	I I I I I I L .. .J 

	TR
	I I '---' 

	at Room 
	at Room 


	90 (1 3) 
	8 
	(1 
	7.0 (1 0) 
	6.0 (0 87) 
	50 
	(0 73) 
	Tenslie modulus 
	40 
	(0 58) 
	3.0 
	(0 44) 
	2.0 (0 29) 
	1 0 (0 15) 
	OGPa 
	(0 ms1) 
	I" II Ill IV 
	Stress 
	Stram 
	* Four stages of deformat1on of f1bers, matr1x, and compos1te: Stage I -elastic deformat10n of both f1bers and matnx. Stage II -elast1c deformat1on of f1bers; plast1c deformat1on of matr:x. Stage 111 -plast1c deformat1on of both f1bers 
	and matflx. Stage IV -failure of both fibers and matflx 
	B-9. Deformation 
	Table B-6. of Fibers 
	H1gh strength H1gh modulus 
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