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FOREWORD

This report describes an in-house effort conducted by personnel of
the Structural Concepts Branch (FBS), Structures and Dynamics Divi sion
(FB), Air Force Flight Dynamics laboratory, Air Force Wright Aero-
nautical Laboratories, Wright-Patterson Air Force Base, Ohio , under
Project 2401, “Structural Mechanics ”, Task 240103, “Advanced Structures
for Mili tary Aerospace Vehi cles ” , Work Unit 24010320, “Preliminary
Design of Advanced Wing Structures.” -
The work reported herein was performed during the period 20 June 1975
to 29 September 1978 under the direct ion of the ~~~~~~~~~~~~~~~~~r A~FDLfF~SM,~Tró3e~t Engineer, and Robert 1. Achard (AFFDL/FBSC),Manufacturing and Test Engineer. The 1°eport was released by the authors
tn September 1978.

The authors wish to thank the entire staff of the Composites Facility
Group (AFFDL/FBSC) for all their effort in support of this program.
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I INTRODUCTION

Advanced composite structures are beginning to make thei r presence

felt In military aircraft airframes. Empennage structures of composites

are already in the production versions of the F-l4, F-l5 , and F—l6.

Furthermore, development programs are now underway to demonstrate the

weight , performance , and cost advantages of advanced composites in other

areas of these and other aircraft.

A few composite wing components have been built , and others are now

under development. A major drawback to these wing components has been the

fact that they were designed to be quite similar to their metal counterparts.

However , there has been proposed a family of new structural concepts for

advanced composite wing structures. The concepts proposed are integral

wing-skin—to-wing-spar concepts which will eliminate the need to have

separate structural elements for wing skins , spar caps and spar webs. They

have the potential to provide extensive cost savings and increased relia-

bility, even over the “conventional” advanced composite structures designed

so far. They elimi nate the cost and stress concentrations of bolts in the

lower w ing sk in and also result in signifi cant improvements in the fuel
sealant capabilities of the wing.

These integral spar/skin concepts, although promising , do involve an

element of risk over the conventional designs. For this reason, they have

not been used in actual wing structures thus far. Before these concepts

become widely accepted, a detailed investigation of their behavior under

all load condi tions and environmental conditions is needed.
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As a forerunner to these extensive tests, an in-house test program

was initiated to study some of the effects of variations in terms of the

method of forming the spar cap and spar web by using either skin plies

or separate elements . This program was envisioned to study effects rather

than to obtain the optimum design. Therefore, with this in mi nd , various

Skin and Spar Interface Program (SASIP) concepts were designed and speci-

mens constructed . These various concepts were modifi cations , wi th the

exception of the embedded ti tanium concept, to the basic concept where the

upper, or inner, ski n plies are wrapped up at 90° to form the spar web.

These concepts were tested in two major directions. The first

direction was flatwi se tension which simulated the fuel pressure load.

The second direction was transverse tension which simulates the chordwise

tension in the wing skin. These tests were performed on small component

tee sections as opposed to large structural assemblies .

A limited amount of environmental conditioning was accomplished on

two of the concepts . This environmental conditioning consisted of soaking

the specimens at 180°F and 92% relative humidity until specimen weight

equilibrium was achieved. Selected specimens were also thermally cycled .

A second major feature of this in-house program was the investiga-

tion of some of the tooling required to produce this type of concept.

Various types of tooling , ranging from hard to elastomeric, were investigated .

Each type of tooling has its own advantages and disadvantages . However,

it was shown , that after all the problems associated wi th each type of

tooling and concept are solved , high quality parts can be obtained with

each.

2
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The data generated in this program is sufficient to form the

groundwork for a more detailed and more comprehensive design program.

This effort does show that the concepts are feasible and if carried

through detailed design probably could be used favorably in aircraft wings .
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II DESIGN AND ANALYSIS

1 . DESIGN

Prior to any design or analysis being performed, the types of loads

which were to be encountered by this type of concept were investigated .

The types of loadings which should be investigated in any program of this

type are:

a. Flatw i se Tens ion (Fue l Pressure )

b. Chordwise (Transverse) Tension

c. Primary Bending (Longitudinal) Tension

d. Web Lateral Load

Combined Loading

f. In-plane Shear

_ _ __
- -;

—-_- - -- ‘ -  
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g. Spar/skin Shear

No example h. Fatigue

No example i . Fuel Pressure Fatigue

No example j. Impact (Foreign Object) at base of tee

Besides these loading conditions, the environment which this joi nt

will have to surv ive should be cons idered . Thi s envi ronment cons ists of
- 

. 
fuel , JP-4, JP-5 , or any of the other types of fuels which can currently be

used in military aircraft , condensation , and other residuals which are

trapped in the tanks. Combining all of these potentially corrosive liquids

wi th the extreme variations in temperature , which may range from -65°F to

270°F , It can be seen that environmenta l testing is of a major importance .
A These envi ronmental condi tions become increasingly important when one

considers that several of these concepts are controlled by the items which

are most adversely affected by the envi ronment, namely the matrix material

and the adhesive .

In order to determine realistic design requirements in regards to the

number of plies and the orientation of these plies for the various SASIP

concepts , a baseline aircraft was selected along wi th a l ocation on that

baseline aircraft wing .

Two ai rcraft, namely the F-lll and the F-16 , were involved in this

design study. The initial work, such as preliminary tooling and preliminary

5 
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designs were based on an F-lll design . The actual parts fabrication and

testing were performed on concepts which were designed to meet the cri teria

for the F-l6.

a. F—lu Baseline Designs

Since a large amount of data was currently available on

the F-ill aircraft (studies were being conducted on this aircraft for other

programs within AFFDL), it was selected as the original baseline. The

selection of the l ocation on the wing to be investigated presented another

unique problem . A location at the root of the wing contained the highest

skin loads in the pl ane of the skin , while on the other hand the fuel loads

are relatively low. However, at the wing tip, the fuel loads are extremely

high but the skin loads are extremely low. Therefore, s ince the mai n concern

was the flatwise tension loads due to fuel loads rather than high in-plane

loads , a station which was about two thirds of the way out the wing was

selected as the location for design purposes .

The design for this location resulted in a design which had a 40 ply

base and a 10 ply web made up of 60% 0° plies (spanwise) and 40% +45°

plies. As an alternative , another ply orientation was selected which con-

tained a number of 90° plies (chordwise) close to the skin surface to help

in carrying the fuel pressure l oads and to also help in carrying the chord-

wise loads . The fuel pressure loads result in the skins , both upper and

lower, being placed in a bending condi tion in the chordwise direction .

A set of desi gns were selected using this 40 ply base and the 10

ply web. The select designs are:

6
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Concept No. 1 (Figure 1) This type of

,~.l0 plies concept portrays the original intent of

this program. The spar web is truly part

of the skin plies since the top five skin

5 plies turned up-~ 
plies are turned-up to form the spar web.

This concept, although it does reduce
40 plies

4 ____________  

the continuous chordwi se plies by five, ‘ -

still results in more continuous plies to

if carry the skin loads than any of theFigure 1
other following concepts. The first double angle tooling , which is described

in Section III , was developed to produce this concept, and was later modified

to accept the F-16 concepts.

This concept also displayed one of the basic probl ems i nvolved in

this type of design: the web is unsymmetrical about its midplane . The

unsymmetrical aspects of the web result when the +45° plies in the skin

laminate are turned-up to form the web . On one side of the web the +45°

plies , from the skin laminate, will turn-up to form +45° plies in the web .

However, on the other side of the web the +45° plies , from the skin laminate ,

will turn-up to form -45° plies in the web. The same problem naturally holds

true for the -45° plies in the skin laminate which also turn-up to form

the web plies. However, the web is still a balanced laminate since there

are the same number of +45°, 0°, and 90° lamina on each side of the center-

line. The slight unsyninetry in the web did result in very small twists in

the web.

7 
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Concept No. 2 (Figure 2) The intent of

this concept was to study the effects of

digging deeper into the basic skin lami nate
~~.....10 plies

to obtain the plies necessary for the web.

In this concept, five of the top ten plies

were turned-up to form the web with the
10 plies turned
up wi th 5 plies remaining five of these base pl ies termin-
terminated in

40 plies base ated near the base to web junction; thus

4’ _____________ maintaining a total of ten plies to carry

the chordwise loads , but the effect upon

the flatwise tension loads was of main
Fi gure 2

concern here.

— 

,~,,...lO plies
Concept No. 3 (Figure 3) This concept was

a study of the effects of going even

deeper into the base lami nate. Five of
15 plies turned
up with 10 plies the top 15 plies were turned-up wi th the
terminated in

40 plies base remaining ten plies terminated in the base.

_ _ /

It Figure 3

— 
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Concept No. 4 (Figure 4) In an attempt to

reduce the strain levels in the base of the
10 plies

tee section , addi t ional  skin plies were

added and the orientations were drastically

changed over the basel ine orientation . The

l aminate described in Figure C4of Appendix

5 plies C would not have produced a theoretically
40 plies turned up

good laminate , but was consistent wi th the

F I program purpose which was to study the
I effects of var ious parameters . Therefore,

Figure 4 this lamination schedule was investigated .

9
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Embedded Titanium Tee

Concept No. 5 and Concept No. 6 (Figures

5 and 6) Both of these concepts deal wi th

embedded ti tanium. Both concepts are

essentially the same, the only difference

being the shape of the titanium insert.
L 4o plies

These concepts have only 20 continuous plie s
___________

~~~~~~~~ 

to carry both the bending and the chordwi se

4 loads . However, the main problem is the

Figure 5 thermal mis-match between the graphite epoxy

and the titanium. During the cure cycle , a

great deal of local wash, which can be de-
‘~ç

Embedded Titanium Tee fined as the uncontrolled motion of the fiber

direction during the cure cycle , occurred

in the vicinity of the titanium spar. Also,

due to the thermal mis-match between the

graphite epoxy and the titanium , stresses

were built -up between these two materials
40 plies 

~~~~~~~~~~~~~ during the cure cycle. During NDI , a large
~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ number of voids are also typically found

in this type of concept (Reference 1).

Figure 6
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Concept No. 7 (Figure 7) The bonded—on tee
.
~~~
- Bonded Graphite Tee

- concept represented in this drawing is the

‘N 10 lies opposite end of the spectrum from Conceptsp
1 , 2, and 3 where the plies to form the tee

were taken from wi thin the skin laminate .

This concept utilizes all of the skin

40 olies l aminate to carry the loads in the skin

______ _______ rather than interrupt some of the plies

I 

to form the tee. Therefore, based on this

4 fact, thi s concept should be one of the
I Figure 7

strongest in the transverse di rection.

With the exception of Concept No. 1 , which was fabricated for the pur-

pose of uncoveri ng possible tooling problems , none of the other F-lll desi gns

were fabricated . Due to a change in direction , dictated by relevant programs

with AFFDL , the design baseline for this program was changed from the F-lll

to the F-16.

b. F-l6 Baseline

The designs for the F-16 basel ine required 56 plies in the skin

and 28 plies in the web. Therefore, the concepts were re-worked to satisfy

the new baseline .
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28 plies

14 plies turned up
56 plies

.&

Figure 8 (F-l6 Baseline) Concept No. 1 and Concept No. 2 (F-16

Baseline) (Figures 8 and ) These concepts —

are di rect transiti ons from Concept No. 1

and 2 of the F-ill baseline. The draw-

backs and advantages which were observed

on the F-ill concepts still hold true for

the F-l6 baseline concepts .

~..28 plies

22 plies turned up wi th 8
56 plies 

plies terminated In base

_____I
Figure 9 (F-16 Baseline)
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v— Bonded Graphite Tee
— Concept No. 3 (F—16 Baseline) (Figure 10)

This concept is a direct transition of the
28 pl ies

F-lU Concept No. 7. However, when this

concept was actually constructed , it was

not produced exactly as per the drawing - 
-

in order to ease the manufacturing . Instead

56 plies of making the tee as a co-cured assembly,
- 

it was fabricated by secondarily bonding
— precured angles to a precured base.

Figure 10 (F-l6 Baseline)

Concept No. 4 (F-l6 Baseline ) (Figure 11)
Embedded Graphite Tee

- 
Concept No. 4 was intended to be a direct

substitution of a precured graphite tee for

the stepped titanium tee in the F-ll l design.
28 plies . .This concept was conceived to eliminate the

thermal mis-match between the graphite and

titanium, but was not constructed , based
56 olies

upon the results from the Concept No. 2

I tests,which showed that terminating plies

wi thin the basic skin lami nate in order to
TFlgure 11 (F-l6 Baseline) form the spar web resulted in a much weaker

concept.

13
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Concept No. 5 (F-16 Baseline ) (Figure 12)

Concept No. 5 involved a ti tanium tee section
28 plies

bonded on to a pre-cured base lami nate along

with a number of plies of graphite epoxy
Bonded Titanium draped over the tee section . These graphite
Tee /

— epoxy plies were draped over the tee section
56 plies

while they were in the uncured steite, then

both the adhesive used to bond the titanium

and these draped plies were cured at the

Figure 12 (F-l6 Baseline) same time . This tee was formed by welding

two pieces of titanium into the tee shape .

Concept No. 6 (F-16 Baseline ) (Figure 13)

This concept was designed with ease of pro-

duction and assembly in mind. This concept

is made up of four basic components which
Graphite Web ..~

~~ 
0-28 plies are secondarily bonded together. In this

fashion , if anything should accidently happen

during the production of any one of these

individual pieces , the whole assembly would
Bonded Graphite
Angles 14 plies not be lost. Furthermore , the type of web

56 plies being used would allow different types of

V ~
_ k_ - webs to easily be substi tuted for the flat

web shown in the drawing. Concepts No. 6A,

4 6B, and 6C (Figures 14 and 15) are slight
1 Figure 13 (F—l6 Baseline)

modifications of the basic Concept 6. These

are attempts at reducing the peel stresses

at the edge of the bonded-on tee.

14
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.28 plies

Tapered Angles

56 pl ies

Figure 14 (F-16 Basel ine)

~~~s—28 p1ies

Tapered Angles with
P::tja1 Wr

~~~~~~~~

Figure 15 (F-l6 Basel ine)
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As can be seen from Figure 16, which represents the bondline stresses
for a bonded-on titanium tee as opposed to the bonded-on graphite tee which

- - is the case for Concept No. 6, the stresses can be significantly reduced by
taperi ng the flange of the tee . It was assumed that the stresses of both
systems , that is the titanium tee versus the graphite tee, would behave in
a similar manner towards the outer portions of the flanges. (Reference 3)

————— Tapered Flange

2000 — ____ — Square Flange /ii
f l
L I
In

1600- ‘II I

“ ‘ I ~~
I/ / I  

I-

/ E

% 1200- i/ /~ ~ox /
/ I i j ~

800-

400 ~~~~~~~~~~~~~~ 
/,

~~~~ 
,
/
,_;

/

1~~~~~ 

~~

—— ~~~ #‘~~00• ,l~

- 

04 0:5 06 0:7

Flange Length (in.)

Figure 16

Bondline Stresses
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28 plies

Concept No. 7 (F— l6 Baseline) (Figure 17)
large angles This concept is a slight variation from28 plies

Concept No. 6 in that the angles are 28

plies thick as opposed to 14 plies thick.
56 plies 

_____ _____

,i I — 1 This concept was designed to achieve less

bending in the flange during flatwise

tension loading.

Figure 17 (F-l6 Basel ine)
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2. Analysis

A computer program , SQ-5 (Reference 2), was used to generate the

strength predictions for the various lami nates used in this study . Along

wi th this computer program , two sets of material properties were used ,

one representing design allowables and the other predicting failure .

These allowables are presented in Table 1.

For the flatwise tension strength predictions , the skin l ami nate was

placed in bending as would be the actual condition which the skin would see

during loading due to fuel pressure . The portion of the 56 ply laminate

which was not continuous in the chordwise direction was replaced in the

mathematical model by 0° plies (spanwise direction). This resulted in a

correct total number of plies with the weak plies having the matrix in

tension . The correct total number of plies within the skin l aminate is

important to simulate reasonably accurate stresses in the outer fibers during

bending . Having the non-continuous plies replaced by weaker plies wi th the

matrix in tension simulates the weak condition in the chordwise direction

which occurs in the fillet area . Several computer runs were made on each

laminate. During each run the ply with the minimum margin of safety was

failed . It should be noted that even though individual plies were failed ,

total laminate failure had not yet occurred. Total laminate failure was

defined as a failure of the 90° plies or, for the laminates with no 90°

plies , a shear failure in the +45° plies . Therefore, the failed plies were

given a new material property with zero strength and a new SQ-5 run was made .

This process continued until a defined failure was achieved .

18
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Two sets of material properties , as used during the design of the

F-]6, were used to obtain design and failure predictions. Table 2 shows

the values obtained using the design allowables and the predicted failure

allowables .

A similar SQ-5 analysis was performed for the transverse tension

direction . These results are also presented in Table 2.

As discussed in more detail in Chapter V , the testing of flatwise

tension specimens was performed using a fixture which forced the specimen

to act as a simply supported beam wi th a concentrated load at the center. - -

The spacing of these simple supports was set so that the bending moment and

shear at the base of the web would match the actual loading on the F-l6. This

spacing, or gage length , was determined to be 2.67 in. for the simply supported

case. A similar test condition at the base of the web could also be produced

using a fixed-fixed beam simul ation with a gage length , or distance between

clamps , of 5.33 in. —

A concern was expressed that for the simply supported test condition

the test section did not have a constant El across its enti re span. The

small fillet section essentially has a different El than the rest of the span.

Therefore , an analysis (Reference 3) was performed to see whether it would be

necessary to vary the support spacing for each type of concept to compensate

for this change in El across the test specimen .

Essentially, this analysis looked at a fixed-fi xed beam wi th variable

El characteristics . The analysis itself is presented in Appendix A and the

results are presented in Table 3. These results represent the error in pre-

dicted failure load which would be obtained if a gage length (distance between

supports) of 2.67 in. was used for all simply supported concepts as opposed

20
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VARIABLE El ERROR PREDICTION

Case Descri ption —

Full skin laminate with change in El under triangular
fillet area.

2 Full skin laminate wi th change ‘in El under 1/2 of
triangular fillet area.

3 Failed 00 plies in skin laminate wi th change in El
under triangular fillet area.

4 Failed 00 plies in skin laminate with change in El
under 1/2 of triangular fillet area.

Concept -. Or ientation Case % Error

1 1 4.0

2 -1.6

3 6.0

4 -0.6
___________________ ___________ _____________

2 1 2.7

2 —2.2

3 5.6

4 -0.8
- 

- 2 1 1 4.3

2 -1.5

3 6.5

4 -0.4

2 1 3.0

2 -2.1

3 6.5

4 -0.4

TABLE 3
23 
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VARIABLE El ERROR PREDICTION (Tabl e 3 Con ’t)
_ _ _ _  _ _ _ _

Concept Orientation 
— 

Case 
—‘ -~~~ % Error

3 1 1 3.2

2 -2.0

3 4.7

4 -1.3

2 1 2.2

2 -2.5

3 4.6

4 —1.3

- TABLE 3

24 
,~~ 

- 

- _ - _ _ - ---~~~~ -_ - - 



to the actual points of inflection of a fixed-fixed beam with a gage length

of 5.33 in. As can be seen, the error resulting from not changing the test

section span is very small and was neglected from this point on.

Another small analysis was performed (Reference 3) to investigate

the strain levels and their distributions in the area where the initial

cracks were forming during the flatwise tension testing. A finite element

model of Concept No. 1, Orientation No. 1 , was developed and the computer

program “PLSTR-Plane Stress Analys is” (Reference 4) was used to perform the
analysis. The contour plots (Figure 18 thru Figure 20) of the transverse,

longitudinal and shear strains show the high strain levels which were occur-

r ing in the fillet area during the flatwi se tension tests.
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III PROTOTY PE FABRICATION AND TEST

1. PRELIMINARY TOOLING AND PROTOTYPE SPAR PANEL FABRICATION

At the program inception , the basic concept for curing the spar panels

was designed for commonality with standard vacuum bag/autoclave curing pro-

cedures, wi th bleeders being used during cure . This approach was selected

to allow the use of cure cycles and bleed methods that have been veri fied

through extensive industry experience. Pressures experienced by the part

during the cure cycle were designed to be controllable and comparable to

those achieved by a flat laminate being cured under a caul plate . It was

anticipated that the material properties thereby produced would be consistent

wi th industry standards for flat l aminates .

Two preliminary T-spar panels (having a six i nch base , 5 inch web or

stem, and 32 inch length in the spar direction ) were fabricated to determine

vari ous aspects of fabri cation and tooling technology , and to obtain data on

failure modes , test techni ques , and fillet area materials.

The two preliminary spar panels, denoted IS-l and IS-2 , were fabri-

cated in an autoclave using nylon film vacuum bags and sheet metal tooling

that included steel (0.060 in. thick) angle caul plates on top of a flat sheet

metal base. These panels were laid up to the design shown in Figure 1. This

design involved a 40 ply base with a 10 ply web having the followi ng lami nation

sequence (+45/O/+45/ 45/O/~45); the web was composed of two sets of the five

upper plies of the base. After cure, the panels were sectioned into individual

1-specimens.

Panel IS-i was fabricated from Hercules 3501/AS using 00 oriented

dry graphite fibers to fill the small triangular fillet area . The Hercules

29
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3501/AS material was used for this prelimi nary tooling test panel since

-it was readily available at the time the panel was fabricated . Bleeder

plies were used , both below the base and in the web areas. This panel ,

upon curing , demonstrated a slight dimpl e, on the order of 20 mils , in the

base below the web. Other than this , the panel was well formed along the

base and the web. Base thicknesses were on the order of 0.0052 ‘in. per ply

and the web had a corresponding per pl~ thickness of 0.0058 ~n .

Panel IS—2 was fabricated to the same design as IS-i. This panel

was constructed using NARMCO 52O8/T300. In addition , the root areas were

filled with pre-impregnated material laid in the QO (spa riwise) dirpr~~~nr .

as compared to the dry fibers used in panel IS-i . In an attemp t 1- i- rp,~~~~~.

the amount of dimpling the root was overstuffed with the f~ 11~ r -‘i~~•... 
- .1

After cure, dimpl i ng below the web was still present and “en’i~~ ‘

than that for IS-i. This was attributed to the greater flow ~~~~ •

of the resin system . The bleeder material in the web are as tended ~

and form imperfections in the web. This was also found to ~e tru e b~ ’ tc .

lesser degree in the IS-i panel . The overstuffing of the root i, ~ •‘w

angle caul plates to bend during cure in an angle opening fas’~ ’~r~. cau s4” -

a taper to form in the web wi th decreasing web thickness from the base ~o

the top of the web. The greater flow of the NARMCO resin over th a t -
~~~ ~~~~

Hercules resin resulted in extensive wash and resin rich areas in the r~~ t

area . The web at the root was nearly twice as thick as the web thickness

above the thickened area. Extensive wrinkling of the bleeder caused deep

troughs in parts of the web. Thickness in the web over the central half

above the root area was approximately 0.0049 ln./ply. The thickness of the
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base was substantially thinner than that for the IS-i panel with an average

thickness of 0.0046 in./ply (nominal thickness for this material is 0.0052

in./ply). Rotati on and bending of the caul angles due to the overstuffed

root filler also tended to cause depressions in the base on both sides

adjacent to the web/base intersection .

2. PROTOTYPE FABRICATION CONCLUS IONS

Based upon these two prelimi nary panels , it was concluded that

(a) bleeders and separators should be avoided adjacent to angle tools,

(b) the lower flow 3501/AS material was superior from a fabrication stand-

point , (c) methods to restrict edge bleeding of the web were essential , and

(d) rigid angle tools should be empl oyed instead of flexible sheet metal

angles .

3. SPECIMEN NAMING

The two prototype panels (IS-l and IS-2) were cut into individ ual

specimens to develop data on failure modes , test techniques , root design ,

coupon widths and cutting methods. Each specimen cut from a spar panel was

named for the panel (e.g., IS-l) and the specimen location from the end

ori ginally trimed. Thus, IS-l-5 was the fifth specimen cut from the spar

panel starting end after an initial trim. After the prototype portion of

the program , T-spar panels were named wi th an S and a consecutive number

denoting the chrono logi cal order of the cure operations . Thus, S-3-2
designated the second specimen cut from the third panel cured in the major

portion of the program.

4. PROTOTYPE TEST RESULTS (IS— l and IS—2 )

a. Failure Mode - All tests were in flatwise tension using the

31
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clamped-mode described in Section V. Test data is shown in Tables 4 and 5.

Regardless of the specimen width , base span (distance between grips ) or

other vari ables , the following general failure mode was observed :

The initial failure was characteri zed by vertical splitting

of the web plies and filler in the upper part of the root. Fi l ament fracture

often occurred in the center of one of the fillets . Cracks then spread in

the verti cal plane of the web . Finally, ultimate failure resulted from

interl aminar spl itting in the base below one of the fillets . A key con-

clusion from these tests was that the root filler must have transverse

strength greater than that of the resin (i.e., transverse or two dimens ional

strength was required).

b. One inch wide specimens tested with spans between clamps of

approximately 1/2 inch , 2 inch , and 3.5 inch all demonstrated the same mode

of failure , but with lower loads as the span and bending moment increased .

Various methods of cutti ng specimens into coupons were investigated . These

included band saw cutting, band saw cutting followed by hand sanding, and

diamond wheel cutting. The diamond wheel produced a polished surface wi th

higher strengths since crack starters were removed . Based on these results ,

and the delivery of equipment , future test specimens were cut using a 14 in.

diameter impregnated-diamond high speed cut-off wheel mounted in a c~t-off

machine that had a translating table. Specimens were backed with disposable

hardboard and clamped to avoid vibration during cutting operations . The

cutting operation was performed under flood water coolant.

c. Ultima te failure was preceded by initi al cracking. To develop

visual information on the mode of failure slow loading rates were considered

32
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Table 4

Prototype Test Data/Panel IS-i

Specimen Span (Jn.) Cutting Method Failure Load (lb./in.)

IS-l-l 2 1 600
IS—l—2 2 1 820
IS-l-3 2 1 640
IS-l-4 2 1 548
IS-1-5 0.5 2 590
IS-l-6 2 2 384
IS-l-7 3.5 2 338
IS-l-8 3.5 2 350

- 
I IS—1-9 0.5 1 794

IS—l-lO 0.5 1 675
IS—i—li 2 1 627
IS—l— 12 2 1 567
IS-1— 13 2 1 573
IS-1-14 3.5 1 386
IS—l-l5 3.5 1 482
IS—l-17 2 1 590

- 

- - IS—l -l9 2 3 854
15-1-20 2 3 750
IS-l—23 3 3 526
IS-1-24 2 3 823
IS-1-25 3 3 501

/

Notes: 1. All specimens nominally 1 inch wide
2. Gage length = 2 inch = distance between Instron grips and

intersection of web to base
3. Span = distance between inner edges of grips on the base
4. Failure load = lb/inch of width
5. Specimens loaded at 0.005 inches/mm
6. Cutting code and load averages:

Cutting Method
1 - Bandsaw and Sanding - Average Failure Load for 2 inch span =

621 lb./in.• 2 — Bandsaw - Failure Load for 2 inch span = 384 lb./in.
3 - Diamond Cutoff - Average Failure Load for 2 inch span =

809 lb./in.

33
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Table 5

Prototype Test Data/Panel IS-2

Span Width Failure Load
Specimen (in.) (in.) Cutting Method (ib./in.)

IS—2—l 3.5 2 1 187”\
IS-2-2 3.5 2 1 230 ) 228*
IS-2-3 3.5 2 1 266)
IS-2-4 3.5 1 2 216
IS-2-5 3.5 1 2 295 279
IS-2-6 3.5 1 2 245
IS—2—7 3.5 1 2 268
15—2— S 3.5 1 2 340
IS-2—9 3.5 1 2 311
IS-2-10 2 1 2 348 362
IS—2— li 2 1 2 375

Notes: 1. All specimens nominally 1 inch wide
2. Gage length = 2 inch = distance between Instron grips and

intersection of web to base
3. Span = distance between inner edges of grips on the base
4. Failure load = lb ./inch of width
5. Specimens loaded at 0.005 inches/mm .

- 
- 6. Cutti ng code:

1 - Bandsaw and Sanding
2 - Bandsaw

7. * Avera ges are for values i n brackets
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essential . The progressive cracking could be well observed wi th a loading

rate of 0.005 inches/mm . This was selected and employed in the remainder

of the program.

5. PROTOTYPE ARTICLE FROM DOUBLE T FIXTURE
• 

Details on this fixture are presented in Section IV. A preliminary

spar panel (designated P) was cured from over-age Narmco 5208/T300 to proof

the tool . The panel lami nate design had 40 plies in the base 10 plies in

the stem and used a 00 prepreg root filler. It differed from the other

prototype panel s by having a 900 ply in the stem, at the fourth ply from

the outside.

The Double T tool incorporated developments from earlier trials

where web tops and sides were sealed to reduce resin flow. This , plus the

hard tooling, greatly reduced resin flow and dimpling in the root area.

Test results (Table 6) indicated rather low strength , but wi th a

different failure mode from previous tests. The initial failure mode was

a flat crack below the web and directly above the top continuous 900 ply

in the base. This crack subsequently propagated into the adjacent base

regions below the 900 ply, that also formed one stem ply.

Specimens from this panel were cut to two widths (1 and 2 inches) to

correspond with the gri p widths available on the test equipment. These

specimens were tested to determine the effects of width upon the running

flatwise tensile strength. No major running load variations were noted for

the particular failure mode observed . Based upon these limi ted results ,

all the test specimens for this program were cut to a nominal width of one

inch.
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r Table 6

Specimen Width Check

- Test Data

I

Width Failure Load
Specimen (in.) (lb./in.) - -

P-i 1.001 382
-- P-2 1.010 294
- 

- P—3 1.011 351 
*P-4 1.011 307 362 -. 

-

P-5 1.019 414
P-6 1.007 326
P-8 2.004 354
P-9 1.915 344

Notes: 1 . * Averages are for the va l ues in brackets
-
~ 2. Specimens cut wi th diamond wheel
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A 1/2 i nch trim was removed before cutting the initial test specimen .

The low tes t val ue seen in Table 5 was represen tative of l ow edge values

seen in con temporar y programs . Thus , a 3/4 inch trim was established for

future s par pane l s.

1’-

r
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IV MAJOR PROGRAM FABRICATION AND INSPECTION

1 . DOUBLE I TOOL

The primary fixture used in this program embodied the findings from

the IS-i and IS-2 fabrication . This fixture , named the Double-I Fixture ,

was designed to form two spars on a single base. The fixture included a

central channel section which was pinned t. allow vertical motion (i.e.,

horizontally constrained) and two angle pieces which could move both ver-

tically as well as hori zontally. This fixture , shown in Figures 23 to 26,

was considered to be advantageous over a single spar approach since lay up

of the web and base plies was straight forward, location of the roots could

be precise , and perpendicularity of the stems to the base was readily obtained .

In addition , the 12 inch long (spar direction) tool was reasonably compact.

The inner channel was pinned at the center of the two outer edges to provide

horizontal constraint. Each pin fit in a vertical slot that was machined

into the respective edge dams. This fixed the hori zontal positions of the

two s par we bs dur ing cure .

The aluminum tooling cauls were 1/2 in. thick , with a 1/8 in. machined

radius on the male side of the fillets . Stops were employed to assure the

proper web thickness of 0.00525 in. per ply (Figure 23). All bleeders were

positioned underneath the base plies wi th no bleeders or separators in the

web plies . A total of 13 bleeders were used, which was less than the nominal

3 prepreg to one blee der ra tio. The lower number of b leeders was use d s i nce

substantial edge bleed was anticipated (and subsequently occurred). Pre-

bleeding of the web plies was initially employed . This was discontinued due

38

k 

.-~~ ~~~~ —---— ‘~~~~
- - - .-, -- -



r —-- ---

~

‘—- --— - -

~

•-• - --- -— -‘

~~ 
_ -~~- _ _

E

E C) 0
4.4

1-4 a)
‘-I

Ca
— — -— C.)

.-4 0~~~4) 4.1 4) ..~~ Ca

I

39

----

~

-•-.

~

--- 1- -- _

~

----”



~ -

- -~ 
.

‘
I- 

- - .  ~~~~~~~~~~~~~~~~~~~ S • •
~E;-

F 

~~~~ 
-
~~~~

_ _ _ _ _

________ 
_____

_____ 
i..

_ _ _  ~
i(J

I 
-

4r-) .- -~

- - “- • - -- —--
~~

- -  - ---~~~~
---



-~~~ 
_ _ _

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~:
_

- 
-

•

/

_ _ _ _  

‘
~~~ur 1 ..

-Ji : 
.

_ _ _ _ _ _ _ _ _ _ _  _ _ _



r

_ 

_

_ _ _  

I

_  

I



- ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.
~~~~

—
~~~
,-—---—-

~ 
-_- - -

to the low resin contents experienced wi th the 5208 material .

Early attempts wi th this tool concept i nvolved the use of a nylon

vacuum bag wi th vacuum bag sealant. These attempts led to a number of

vacuum bag failures during the cure where either the sealant moved or the

bags failed by bridging. Subsequently, a frame was placed around the tool

so that the bag and sealant were virtually at the upper level of the hori -

zontal legs of the tool angles . Also , the frame had extensions at each end

of the vertical members (web). Thus , the bag or film was applied and sealed

wi th one degree of drape . This method was also prone to failure in the bag

area. However, the failure was determined to be caused in part by the fact

that the vacuum bags being used on the program were stored in an atmosphere

with very low humidity , on the order of 5-15% relati ve humidit y . Thus, the

bags were quite brittle and did not conform where bridging occurred. In

addition , nylon bags with conventional bag sealant techniques proved to be -•

rather cumbersome to remove and clean.

An alternative to the nylon bags was employed. This involved the

use of highly elastic silicone bags which were mechanically fastened to

the outer frame through continuous flat bars and screws. Calendered silicone

stock No. 1453, manufactured by Mosites Rubber Company, Inc., Fort Worth , TX
was used. This method eventually proved successful . However, the first

bag used degr~ded after Its initial run by the action of the epoxy and

hardener system . That is , the bag rubber tended to crumble and split in

some areas. To protect the rubber from amine attack from the uncured epoxy

prepreg , Mosi tes No. 10139 coating was employed . This was release-coated
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to limi t epoxy sticking and peeling of the coating . These bags performed

well although some of the coating had to be repaired after each use.

Ultimate life was limi ted to approximately four to six runs due to tearing

of the highly compressed bag around the fastener holes . Otherwise , this

-: method was judged successful and the bulk of the spars fabricated under

this program were fabricated in this manner.

In both the nylon and silicone bag fixtures , vacuum was drawn from

the bag through a port in one of the stems of the frame (Figure 23). It

was necessary to install resin traps outside the fixture at this vacuum

junction to reduce the amount of resin drawn into the vacuum lines of the

autoclave system. That is , a substantial amount of resin was drawn directly

towards the vacuum port from the port edges and not through the bleeder

material .

2. UPRIGHT T TOOL

Towards the end of the program an alternate fixture was developed

to allow vacuum and bleed to be directed out the planform of the base.

The configuration of this fixture had the IPTU section in a normal letter

fashion wi th the base on top (Figure 27). Bleed was upward into the bleeder

plies and vacuum was drawn on the outside of the bleed plies , in a conven-

tional manner. Edge bleed could be readily controlled by tape and edge

dams . As develo ped from the double s par tool , bleeder and se para tors whi ch

were undesirable adjacent to the web were not employed.

The f ix ture cons i s ted of a fixed rectangular member and a s imil ar

member that translated with pressure and compaction . A nylon vacuum bag

was used to apply pressure for part compaction across the top of the tee.
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The mova bl e square member Incorporated stops in the web regi on to assure

proper web thickness. The operation of this tool allowed the use of bleed

material and a porous caul plate which were readily appl ied on top of the

piece.

3. PREPREG FORMATION

The basic procedure for lay up and forming of the prepreg materia l

for both the Doubl e T and Upright T tools was as follows :

a. The base section from plies 15 through 56 was laid up and

debulked in groups of approxima tely 10 plies that were set between porous

separators and vent fabric (glass or Mochburg). The plies used to form

the web were debulked in a similar manner except there were seven (7) plies

per group. Debulking was typically accomplished overnight at room tempera-

ture and under full vacuum . After debulking, the base plies were assembled .

Next, angle plies were heated to approximately 130°F and draped over a

warm angle tool to form them to the proper shape. After the angle plies

were formed into their respective tool surfaces, they were placed together

along wi th the metal angle cauis and the staged root-filler adhesive was

inserted and forced into the triangular root gap. Subsequently, the base

and angle plies were mated , thermocoup les instal led , and the tool final
assembly performed.

b. The assembled fixture was vacuum checked and remained under

vacuum unti l run in the autoclave on the day afte’r assembly.

4. PRECURED ANGLE TOOLING

The development of fabri cation methods for precured angles in this

program was initiated after the Integral spar studies were well under way.
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Thus , the drawbacks of bleeders and potential wrinkling of separators on

the inside of the angles were known . Prelimi nary efforts involved the

use of bleeders and vacuum bag techniques, wi th bleeders on the outside

of the uncured angle pl ies. Angles were initially formed over 90° male

alumi num angl es without the use of female tool s or cau ls. The resul ts were

not satisfactory since a pinching motion occurred which tended to wash

the outer plies away from the vertex region . Subsequently, the use of a

thin metal slip caul over the bleeder plies was attempted. A similar

washing motion of bleeder and composite was observed unless the caul had

a radius pre-formed to match the outer radius of the composite plus bl eeder.

In addition , wrinkling of the bleeder and a creasing of the composite were

randomly observed , when bleeder was used . The preliminary efforts also

determined that the angles, fabricated from 5208 resin , were low in res in

content with per ply thicknesses generally below 0.0048 in. Although bleed

could have been reduced by changing the cure procedures, it was decided

to maintain a consistent cure for all parts of the program . To correct

these situations, angles were formed over a male tool wi th the thin metal

slip caul bent to a matched radius and positioned directly in contact wi th

the composite plies . Both tool surfaces were release coated and a nylon

peel ply was cured as the outermost ply of the composite (to cover the bond

surface). Such angles demonstrated a higher resin content and were generally

well formed . However , there was a tendency for taper in the legs of the

angles wi th the angles becoming thinner away from the vertex where edge

wash was extensive (even wi th dams in place). Also , the composite thick-

ness in the fillet area tended to be different from that in the angle legs .
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Another problem area which appeared during the initial attempts

at manufacturing a 90° angle was that the cured angles were less than 90°,

e.g., 87°-89°. As a result, when the components of Concept 6 were assembled

by bonding, cracks were formed in the fillet area of the tees since the

pressure from the bonding fixtures forced the angles to be 90°. These

specimens failed at very low loads because of this problem .

To fabri cate 90° angles it was necessary to cure each angle over

a tool which was at an angle greater than 90°. By essentially an empiri cal

approach using trial and error for our particular laminate , the proper

included angle of the tool was found to be 92°.

In addition , an analysis using finite elements (Reference 3) was

performed . Models were constructed to represent different laminate stacking

sequences and different radii. A typical model for the particular laminate

and radius under consideration in Concept 6 is shown in Figure 28. This

model was loaded by means of a 100°F thermal drop from a 172°F reference

temperature. This 172°F reference temperature was selected to provide the

100°F thermal drop down to room temperature. The deflected shape is pre-

sented in Figure 29. It should be noted that the actual displacement of

the nodes in both the X and Y directions , was multiplied by a factor of

100 for clari ty. The actual angular displacement, as determined by the

finite element model is 0.097°. There is a large discrepancy between the

empi ri cal so lution and the theoretical so lution. However, it should be

noted that the most important parameter In the theoretical analysis, namely

the values of the coefficient of thermal expansion at the various tempera-

tures, had to be assumed since it was unknown . Therefore, this finite
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element analysis only gave a trend as opposed to an exac t answer. Thi s

finite element analysis also showed that the change in the included angle

is dependent upon the radius of the fillet, the laminate thickness , and

the stacking sequence .

Since angles were to be bonded on their outer surfaces, it was

decided to modify fabrication procedures by using a female tool machined

to a 92° angle. Commercially available angle extrusions were used for

this purpose , wi th the extrusions having a thickness of approximately

1/2 inch. The compaction and formation of the part using the female

angles was by a rubber male tool member, similar to that shown in Figure

30. However , the curing trials wi th this concept were conducted using

a vacuum bag and autoclave pressure - not the self contained tool of

Figure 30. Parts were not pre-bled. Rubber mandrels with a 92° angle

were cast to match the inner surfaces of the cured angles . These mandrels

were subsequently judged unacceptable since they did not force the root

area of the angle in towards the female tool . That is , the fillet radius

was greater than that of the female tool , and a cavity existed between the

composite part and the female tool which eventually accepted resin being

expelled from the composite. Attempts to rectify this situation invol ved I

the use of sharper male angle tools (85°) which helped the situation , and

the use of hard rubber portions of the male tool in the vertex region to

act as an intensifier.

Angles used for the test specimens in this program included both

those formed on male tools and those formed on female tools with the 85°

51

J 
---- .--- 

.. - -



r 
_

~~~~~

_

~~~~~~~~~~~~

_

~~~~~~~ 

-

male blocks. All angles had a superficial appearance of being well formed ,

with the root areas being approximately the same thickness as the leg

thickness. However, it was recognized that the compaction in the root

area was less than desired due to the incomplete compaction on the outer

radius of the fillet, and possibly microcracks or voids existing in the

area. Use of a microscope to detect such voids often uncovered what

appeared to be small cracks running between plies . Thus, the critical

failure area in those angles ; i.e., the fillet , was of doubtfu l integrity .

The final tooling for forming angles was a 92° female tool wi th

a male inner angle formed to intensify the compaction at the root or

vertex of the composite part. Compaction was initially appl ied by means

of a vacuum bag with autoc lave augmentation. Howeve r, to reduce the auto-

clave expense and scheduling problems , self pressuri zed tools were developed

(Figures 30 and 33). The fixtures contained a silicone rubber diaphragm

(Mosites No. 1453) which was pressurized from beneath and , thereby , exerted

pressure on the male rubber tool . These fixtures worked satisfactorily

wi th no bladder failures occurring . To assure root compaction for small

radii angles , the fixtures have been adapted as matched metal tooling in

a follow-on program. Another innovation accomplished after this program

was the use of sheet metal caul sheets whi ch can be inserted between the

composite and the heavy female tool angle, and which are bent to radii

larger than the major tool angle. These can be readily inserted to form

larger radius angles .

The actual preparation of the Gr/Ep prepreg subassemblies was

similar to that performed using the Double T tool ing . After layi ng plies
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in the flat, they were draped over a male angle tool (l300F) and debul ked

overnight at room temperature. Cork dams were installed around the corn-

posite prepreg directly on the female tool . Angles formed were neither

pre-bled nor did they use bleeder during the cure. Even with this arrange-

ment, the resin content of the angles was typically on the order of 27%
by weight , which was characteristic for the high bleed material used ,

and was even more pronounced for these small parts where edge area was

large relati ve to pl anform area. That is , even wi th edge dams, appreciable

material flowed out by an edge bleed mechanism .

5. ELASTOMERIC TOOLING

Concurrently wi th the autoclave curing approaches , an independent

effort was initiated to determine the practicality of fabricating T speci-

mens using e1astomeri~ tooling and oven heating. A box frame fixture was

available for immediate use on the program. This frame, shown on the left

in Figure 34, was adapted by inserti ng two large elastomeric blocks adjacent

to the web and an elastomeric block on the base. The preparation of the

fixture consisted of inserting the unit in an oven and allowing the expan-

sion characteristics of the rubber to provide compressive forces and ,

thereby , consolidation of the part. Two-such parts were fabricated using

availabl e woven graphite material to check out the appl i cability of this

tool . It was noted that compaction pressure on the first spar fabricated

was inadequate due to the small thickness of rubber adjacent to the stems.

Subsequently, the tool was increased In width and thicker rubber pi eces

Inserted . Although compaction improved , it was judged still inadequate

for fabricating spars . To provide positive pressure the concept shown
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on the right (Figure 34) was considered . However, this concept would only

be valid if a hydrostatic condition in the rubber existed . Since this

is not assured it was decided to construct an elastomeri c fixture wherein

the pressure could be controlled and assured using air bladders which

were substituted for the two side expansion elastomers in Figure 34.

Discussion of this work is presented in Reference 5. The concept was

eventually developed to provide both a low cost method of fabricating spars

and was also used in the development and screening of potential root filler

concepts for this program (Reference 5).

The general utility of the elastomeric fixture was well demon-

strated from preliminary tests and was subsequently used for the curi ng of

large fillet radius T specimens (report is in preparation).

6. BONDING TOOL

Bonding of pre-cured angles and stems for Concepts 3 and 6 (Figures

10 and 13) was performed using an available rigid box , fitted wi th a dia-

phragm and pressurized as shown in Figure 35. The medium used to transmi t

the pressure from the diaphragm to the adherends was a bed of 1/4 in.

diameter hollow aluminum beads . This concept had previously been used in

Reference 6. The large ductile beads were probably less effective in

providing lateral pressure (normal to the web) than a truly fluid bed , suc h

as would be approached by small, hard spheres wi th low friction surfaces.

In fact, compaction pressure in the fillet areas seemed inadequate , based

upon the observed thick bondline in specimens fabricated for this program.
— Towa rds the end of the program the pressur i zed elas tomeri c tool of
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Reference 5 was used to bond angles . These specimens had uniform bond

lines wi th low porosity .

The stem components of all specimens were pi nned prior to bonding

to vertically locate the two angles and inner web (where used). This was

accomplished by two drilled holes at each end of the spar. Horizontal

location of the web components to the base was by metal locators, two at

each spar end.

7. NONDESTRUCTIVE INSPECTION

After each autoclave cure and fixture disasse- ib ‘ ecimens were

observed for surface condition , perpendicularity of the ~~ 
base,

adhesive and resin bleed , and any resin rich or resin sL -ved appearance

of the surfaces . Specimens were dimens ionally checked , us ing mic rometers

for cover and web thicknesses. Subsequently, the spar panel was delivered

to the NDI group wi thin the Air Force Materials Laboratory for ultrasonic

C-scan inspection of the flat areas; i.e., views normal to the web and

base. No inspection of the root area was attempted. Acceptability was

based on matching the attenuation relative to standards from assumed , well

compacted areas of each spar. Specimens that were eventually tested for

inclusion as data sampl es were found to be void free using this method.

After the spar panels were returned from NDI and cut into individual sped-

mens, the edges were viewed wi th the naked eye for porosity in the root,

fillet , and base areas. Generally, some porosity was seen In the root.

~ u addition , the cut surfaces of specimens were visually inspected for

water weeping ( from the flood coolant used in cutting) to determine If
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any cracks or pores were present. A few specimens were randomly selected

for inspection under microscope to qualitati vely determine the extent

of porosity or interl aminar cracks around the root area. Generally, it

was noted that some voids were present In the fillet areas. The high

resin content root areas had a high void content. However, since failures

were never in the root this was not coneidered a problem.

/
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V TESTING

1 . TEST FIXTURES

All tes ting for this program was performed on an Instron tes ting

machine using either a 1,000 lb. or 20,000 lb. load cell.

The flatwise tension tests were performed using a special fixture.

The original fixture attempted to simulate a fixed-fixed beam wi th a single

load at the mid-span. It was felt that this fixed-fi xed end condition

would closely approximate the actual conditions which the test section

would experience . There are considerable difficul ties involved In performing

a fixed-fixed beam test. The hardest problem Is simulating the fixed—fixed

boundary conditions . Using the clamp-up system shown in Figure 36 there

was difficulty experienced in alignment , clamp-up tension consistency from

test to test, and lengthy time delays between running simple flatwise

tension tests. After comparing the shear and moment diagrams of the fixed-

fixed beam (Figure 37) with those of a simply supported beam, it can be

seen that if the length of the test section (section between supports) is

reduced by 1/2 from the fixed-fixed beam to the simply supported beam,

the bendi ng moments and shear across the span, will be equivalent . The

other major advantages to using the simply supported test fixture are the

ease of test set-up and the high degree of repeatability from one test to

the next. The fixture was designed so that the distance between supports

could be adj t~sted and It also had centering adj ustments for the specimen .

Another major advantage to the simply supported test fixture was the fact

that no special tabbi ng was required during the testing. For the fixed-
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fixed test fixture special tabbing and machining were required . The

design of the simply supported test fixture is presented in Figure 3R.

No special fixturing was required for the transverse tension

testing of these specimens. The method of testing these specimens is

presented in Figure 40. There was a small test undertaken to determine

if tabs would be required for these tests. Tabs were placed on approxi-

mately 30% of the specimens to be tested. Based upon the failure mode

and the failing load it was determined that tabbing would only be

required on the specimens which contained 90° plies and a completely

uninterrupted 56 ply lami nate. These particular specimens were then

tabbed and tested. The differentiati on between tabbed and untabbed

specimens is not made for the test results since it was determi ned to be

unimportant.

2. ENVIRONMENTAL CONDITIONING

A limi ted number of specimens and concepts were environmentally

conditioned . Concept number one, orientation number two and three, we re

preconditi oned at 180°F at 91% humidity . A set of specimens of this same

concept was also thermally cycled by the Center for Composite Materials ,

College of Engineeri ng, University of Delaware , between the temperatures

of -41°F and 318°F for 100 cycles. These thermally cycled specimens were

not soaked specimens . The flatwise tension and transverse test results

for these environmentally conditioned specimens , both soaked and thermally

cycled, are presented in Figure 46 and Figure 51 respectively.
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3. TEST RESULTS

Flatwise tension tests were performed on all of the F-16 concepts

defined previously. There were common characteristics of a large majority

of the flatwise tension tests which should be discussed briefly. Since

the loading rate of the Instron was set at 0.01 in./sec., any individu al

failures could be seen and observed until complete failure occurred.

As can be seen from the typica l load deflection curve presented
in Figure 41 , there are a few points of interest.

C
‘1

/ 4

S 

~ 
/ I

DEFLECTION

Figure 41

First to be considered is point A. Prior to reaching point A on

the curve , as the load was increase d the compos ite spec imen typically
made slight snapping sounds which were audible but which did not show up

on the pl ot as distinct variations from the curve . However, at point A ,

a distinct fa i lure occurred in the radi us of the f i llet area as shown in
FIgure 42. This failure generally occurred in an interlami nar fashion
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wi thin the fi rst couple of plies from the insert . After formation of

this crack, it had a tendency to grow in each di rection until , at least ,

the entire arc of the fillet had failed . In some cases, the crack even

progressed up the web. This would be expected si~-:e under this loading

conditi on the web plies are subjected to interl aminar tension . Even

with this crack in the fillet, the sn~clmen continued carrying the load.

The next fai lure occurred in inter laminar tens ion across the base under

the fillet insert. There are two versions of this curve for the second

failure . It is either a total ultimate failure as in B, or a sudden d”op

in the loading and then an attempt at loading up the specimen again as in

curve C. In mos t cases , it did not exceed the final failure of curve B.

The concepts which contained a bonded-on tee specimen such as

Concept 3 and Concept 6 failed in interlaminar tension wi thin the first

few plies of the skin beneath the tee section . Concept 6A was never

fabricated .

The initial and failing loads are presented in Figure 46, Table 2
and Appendix B.

As was the case wi th the flatwise tension specimens , all the

transverse tension test results were quite similar. The specimens , which

contained the turned-up plies to form the web, were placed in bending

during the transverse tension tests since the continuous skin plies were

loaded unsymmetrically. The initial crack would form in the fillet. The

web would oscillate about Its midp lane, unti l the loading was equalized

across the web. Equalization would occur when a crack would appear in
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the opposite fillet and along the centerline of the web. Failures of

these skin laminates would then be a result of bending in the skin due

to the unsymmetrical loading.

In the case of the bonded -on tee’s, the initial failures were

a d-Isbonding of one leg of the tee from the skin laminate. The skin

laminate then proceeded to fail in tension.

The Initial and failing loads for the transverse tension conditi on

are presented in Figure 51, Table 2, and Appendix B.
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V I CONCLUS IONS

The conclusions from this effort can be divided into two distinct

areas. These two areas are manufacturing and concept validation . In

the manufacturing area , the following conclusions may be drawn :

1. The use of thin metal cauls does not guarantee a precise

part profile. Therefore, substantial tooling should be used to manu-

facture any specimens of the type used for this program.

2. The overstuffing of root filler material in the fillet area

does not reduce the amount of dimpling in the base opposite the upstanding

web . This dimpling is apparently more involved wi th the wash of fibers

from the base into the web. To alleviate this type of dimpling the web

top and edges should be sealed during curing to eliminate wash out of

fibers and resin from the web and from the base into the web.

3. The use of bleeder plies and separator sheets in the web should

— be avoided in order to assure a wrinkle free condition and to help increase

the resin content in the web.

4. The use of a porous lower caul plate between the base and the

bl eeder plies beneath the base would be desirable to reduce the effects of

dimpling.

5. The filler used in the fillet area should have strength mu l ti -

dimensionally in order to prevent premature cracking in this area.

6. The use of a diamond wheel saw blade should be used for all

cutting operati ons. The polished surface which results from this type

of cutting operation reduces the effects of cracks starting due to
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machining flaws on the surface.

7. All tooling employed in this program , once the problems with

each type are solved , can be used to produce composite specimens. This

includes various types of hard autoclave type tooling ~s well as vari-

ous types of elastomeric tooling .

8. Silicone rubber reusable vacuum bagging works satisfactorily

provided care is taken in treating the inside of the bag with a coating

which will protect it from the resin. The life of this silicone rubber

bagging is approximately five cure cycles.

9. The Narmco 5208/T300 system , with its greater flow , is a

more difficult material to work wi th compared to the Hercules 3501/AS

system.

10. The use of stops to accurately control the web thicknesses

in the hard autoclave tooling did not produce voidy parts .

In the concept validati on area, the following conclusions may be

drawn :

1. Simply supported flatwise tension testing is superior to the

fixed-fixed variety of flatwi se tension testing . The simply supported

method improves test repeatability , ease of test set-up, and time required

for test set-up. Furthermore, the end conditions for a simply supported

specimen are the same for all tests, whereas , any fixed-fixed set-up

will be influenced by the degree of fixity which will vary from one test to

the next. Since the stresses which were simulated in the root area of

the simply supported flatwise tension tests were the same as those simulated

84
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in the root area of the fixed-fixed flatwise tension tests, the two

types of testing are directly comparable.

2. The loading speed used during the flatwise testing, although

it may or may not affect the actual failure load or the types of failures

encountered, does play an important role in the understanding of the

failures . The slower the speed the better the various cracking mechan-

isms can be seen. If the tests are run at an accelerated rate, the

failures occur so quickly that they may be interpreted as a single failure

as opposed to several small cracks which when combined cause ultimate

failure .

3. The deeper the penetration into the skin laminate the design

goes to obtain the necessary pl ies to form the web, the poorer that concept

wi ll behave. Therefore, as was borne out by the testing, the bonded-on

concepts are the best since they do not interrupt any of the skin lamina .

4. The chordwise loading does not appear to be a problem since

the strength in this direction is adequate. Furthermore, the better concepts

for the flatwise tension loading condition are also the better concepts

for the chordwise loading condition since they have the most number of

continuous plies.
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APPENDIX A

VARIABLE El BEAM ANALYSIS

(Reference 3)

A beam with variable El’s and loaded with a load at center:

_ _ _ _ _ _ _ _  
1 

_ _ _ _ _ _
i W

/
/
/

A - ~ 
/c ‘-~~~~ B

-‘ E~I~ 
2 2  D /

b 1 1  /
__ ‘

I

‘-I L
Figure 52 /

Beam Geometry

AB is a beam of span I and is fixed at supports A and B (Figure 52).
It carries a concentrated load W at the center. The stiffness
E212, at the mi ddle portion CD of the beam is constant over the length
b. The stiffness, E1 11 for the end portions AC , and DB is uniform
over the length a.

The resultant bending moment diagram is shown in Figure 55 where
M and M are the fixed end moments. The resultant bending momentcx B
is obtained by superposing the fixed end bending moment diagram
(Figure 53) and the simply supported bending moment diagram (Figure 54).

I
_ _ _ _ _I

Figure 53
Fixed End Bending Moment Diagram
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Figure 54
Simply Supported Bending Moment Diagram

/  
_ _ _ _ _

Figure 55
Resul tant Bending Moment Diagram

For the case of fixed end moment, M
cx 

= M8, and the change of slope
of the deflected beam from suDport A to support B is given by

e1 = -  [2aMcx + b M

L E1 11 E212

= _M
~ r2aE2I2 + b EiI,1
L E111E212 J
88
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Points of Contraflexure

Let_the distance of the point of contraflexure from the left support
be a. Now there are three possibilities :

i.e., a (a , a = a O r a )a

At the point of contraflexure simply supported bending moment = Ma

W 4a2E I + 4abE I + b2E I Wa

L 2aE2I2 + bE1!1 J
a = ~ 14a

2E2I2 + 4abE111 + b2El Ill (2)
2aE 2I2 + ~~~~ J

when b = 0, E111 = E212 i.e., beam is of uniform section

H 
/ 

Simplifying Formula 2 

E ~ 

-

- 
- L 4a2 + E l  

(4ab + b
2 )

a - ~~ 22

E l
a E l

— 
2 2  

—

Simplifying Formula 1

M =
~~~~~

- 4a + (4ab+b)
a o E l

E l
2a + b E l2 2

89 

~~~~~~~~~~~~~~~~ _ _  _



_ _  

_ _

The change of slope 02 of the deflected beam from the supnort A
to the support B due to the simply supported bending moment is given
by 

02 = 2 x x +2 + 
~ E~I2]

— Wa2 + Wab + WLb
2E1 11 4E212 8E212

s ince L = 2a + b

- Wa2 Wab b(2a+b)W02
_
2~~y~~

+ 
4EjIj~ 

+ 8E212

• = 
W [~a

2
~~i~ + 4abE 1 11 + b2El Iii

[ 
E111E212 ]

The change of slope 03 of the deflected beam from A to B due to the
resultant moment can be expressed as:

03 = 0 1 + 02

For the fixed ended beam 03 = 0. Therefore

01 + 0 2 = 0

or M = ~ 14a2E2I2 + 4abE 1 11 + b2E1I~ (1)
L 

2aE2I2 + bE1 I1 J
when b = 0 E1 11 E2I2, and I — 2a

_ WLM - . 2a - -r
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VARIABLE El ERROR PREDICTION DATA

Values of “a” used in these calculations are based on an 2=5.33.

Concept Orientation Case Eala EbIb a % Error

1 1 1 1.5E+04 9.3E+03 1.3850 4.0
1 1 2 l.5E+04 9.3E+03 1.3122 -1.6
1 1 3 l.5E+04 7.8E+03 1.4093 6.0
1 1 4 l.5E+04 7 8E+03 1.3255 —0.6
1 2 1 8.8E+03 6.2E+03 1.3687 2.7
1 2 2 8.8E+03 6.2E+03 1.3035 -2.2
1 2 3 8.8E+03 4.7E+03 1.4052 5.6
1 2 4 8.8E+03 4.7E+03 1.3233 -0.8
2 1 1 l.5E+04 9.OE+03 1.3885 4.3
2 1 2 1.5E+04 9.OE+03 1.3141 -1.5
2 1 3 l.5E+04 7.5E+03 1.4158 6.5
2 1 4 1.5E+04 7.5E+03 1.3291 -0.4
2 2 1 8.8E+03 7.OE+03 1.3734 3.0
2 2 2 8.8E+03 6.OE+03 1.3060 -2.1
2 2 3 8.8E+03 4.4E+03 1.4153 6.5

2 4 8.8E+03 4.4E+03 1.3288 -0.4
3 1 1 2.9E+04 2.OE+04 1.3755 3.2
3 1 2 2.9E+04 2.OE+04 1.3071 -2.0
3 1 3 2.9E+04 1.7E+04 1.3936 4.7
3 1 4 2.9E+04 1.7E+04 1.3169 -1.3

H 3 2 1 1.7E+04 1.3E+04 1.3632 2.2
3 2 2 l.7E+04 1.3E+04 1.3005 -2.5
3 2 3 1.7E+04 1.OE+04 1.3927 4.6
3 2 4 1.7E+04 1.OE+04 1.3164 -1.3

Table A-l

H .  — - - - -

~~~~~~~~~~

— —— — —

~~~
—-

~ 
~

• .  ~~ ~~~~~~~~~~~~~~

LI ~±~1I~~~~~ _ _ _  
_ _ _ _ _ _



~~~~~~~~~
: ‘

_ 
• •

VARIABLE El ERROR PREDICTION DATA (Table A-i Con’t)

• Case 
. -

1 a = 2.472 b = full width of triangle = 0.387 EbIb = full laminate

2 a = 2.472 b = 1/2 width of triangle = 0.194 EbIb = full laminate

3 a = 2.472 b = full width of triangle EbIb = 0’s degraded In
laminate

4 a = 2.472 b = 1/2 width of triangle EbIb = 0’s degraded in
laminate

% error = 1.333 - (2.667 -
(2.667 - ~~~ 

X 100

/

Table A-i Con ’t
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TEST DATA

Concept No. 2 Orientation No. 2

Loading Condition Specimen Room Temp - Dry
Fai lure

Initial Final
(lb./ in.) (lb./ In.)

Flatwise S-8-l 236 282
Tension S-8-2 272 300

5—8-3 170 242

Transverse 5—8-4 2693 4622
Tension 5-8-5 2439 4729

5-8-6 2927 4808
S-8-7 1974 4673
S—8-8 3232 4619

Table B-3
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TEST DATA

Concept No. 2 Orientation No. 3

Loading Condition Specimen Room Temp - Dry
Fai lure

Initial Final
(lb./ in.) (lb./ in.)

Flatwise S-9—1 287 323
Tension S-9—2 239 323

S-9—7 248 337

Transverse S-9-3 4294 4410
Tension S-9-4 2949 4971

S-9—5 2237 5133
S—9-6 2508 5818
S-9-8 2564 5240

/

Table B-4
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TEST DATA

Concept No. 3 OrientatIon No. L

Loading Condition Specimen Room Temp - Dry
Failure

Initial Final
(lb./in.) (lb./in.)

Flatwjse S-24-7 1330Tension S-24-1 831 1062
S-24-4 950
S-24-5 1032
S-17B-l 520 707
S-i 78-3 591 1002
S-17B-1C 619 934
S— 17B—2C 476 1051
S-17B-3C 545 698• S—1 7B-4C 559 810S— 1 7B—5C 524 856S—18— l 977 1037
S-18- 2 948 1162
S-18-3 518 864S- i8-4 498 910

Transverse S-24-O 11284Tension S-24-2 . 13265
S-24-6 10446
S— 1 9-3 8324 9125
S-19-4 8099 9176
S-19-5 7663 8440
S-19-6 8242 8600S-19-7 7180

Table 8—5
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I
TEST DATA

Concept No. 3 Orientation No. 2

Loading Condition Specimen Room Temp - Dry
I Failure

Initial Final
(lb./in.) (lb./ in.)

Flatwise S-19-1 658
Tension 5-19—2 537

Concept No. 5 Orientat ion

Flatwise S—26—1 899
• Tension S—26—2 1183

S-26-3 844
S-26-8 449 644

I •

- • 
Table B-6
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TEST DATA

Concept No. 6 Orientation No. 1

Loading Condition Specimen Room Temp - Dry
Failure

Initial Final
(lb./ ln.) (lb./in.)

• Flatwise S—23—3 799
- 

• Tension S-23-2 1025
S—23—l 994
5-22-3 409 1094
S—22- 2 542 911
S—22-1 542 847
5—25- 1 648 897
S—25—2 709 929
S—25-3 511 1021
S-25-4 516 881

Transverse S—25—5 9253 9806
Tension S—25--6 10277

S-25—7 9654

Concept No. 6B

Flatwise S-21—1 491 678
• Tension S-21-3 405 861

S-21-6 813 960

Concept No. 6C

Flatwise S—21—4 517 851
Tension S-21-5 552 840

S—21—7 855 937
S-21-8 474 888

Table B-7
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TEST DATA

Concept No. 6 Orientation No. 2

Loading Condition Specimen Room Temp - Dry
Failure

Initial Final
(lb./in.) (ib./in.)

Flatwise S-lO—7 406 756
Tens ion S-lO-8 601 744

- S-lO-9 182 925
S-10-1O 220 999

• S-20—l 443 664
S-20-2 482 724 - 

-

S-20-5 554 604
• S-20—7 425 648

Transverse S-20—3 9156
r Tension S—20-4 6555 9251

S—20—6 7515 7521

• Concept No. 7 Orientation No. 2

Flatwise S— il-i 580
Tension S—ll-3 585

S—11— 5 664
- • S— ll—2b 511

S-ll—4b 417

Table 8-8

-
~~ 102

• 
.. 

- . -- -• ____—--• -

- ~~~~~~~~ - • ~~—‘— 

-

~~~~~~• .—- ~~~~~~~~~ ~~~~~~~~~~~~~ - - • ‘-~ ~~~~~~~~~~ •—~~ . -- • .•



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - —~~ -~~ ~~~~~~~~~~ 
• •- • - - - —•-- .•—--

- 

i

APPENDIX C

Detail SASIP Drawings

I
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