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proved by prestressing, while longitudinal tensile strength was reduced

at room temperature and 350F. On unidirectional carbon substrate boron
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B was increased with attendant variability, while fatigue strength at high

{ stress levels was reduced but not affected at low stress levels.
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SUMMARY

Prestressing experiments were conducted on three types of boron/epoxy
prepreg to determine if prestressing could increase composite allowable
design properties by reducing data scatter. Prestressing is a process which
selectively fractures weak sites on the riber within prepreg prior to lami-
nating the prepreg into composite structures. The types of prepreg used

included:

1. "Rigidite" 5505/4 production grade prepreg manufactured by Avco

Corporation.

2. Prepreg made from a substandard tungsten substrate becron fiber, a

fiber manufactured in a low-cost process by Avco Corporation. This
"defect" fiber had lower strength than commercial grade fiber.
This prepreg was investigated to determine if prestressing could

improve its properties to the level of commercial fiber.

3. Prepreg made from carbon substrate boron fiber. This is an experi-

mental fiber under Air Force development.

The program had two objectives:

1. Determine if design allowable properties can be improved by pre-
stressing, and if data scatter can be reduced. Design allowable
properties included tension, compression, in-plane shear, and

tension~-tension fatigue.

2. Determine if prestressing could have an economic impact on the
cost of boron/epoxy prepreg by upgrading defect fiber which can be

made at lower cost.

Prestressing doesn't significantly alter composite properties and the
cost study was inconclusive. There was some improvement in selected design
allowable properties due to prestressing. Carbon substrate boron was more
amenable than standard boron to prestressing. There was some increase in
longitudinal tensile strength of unidirectional composites both at room §

temperature and at 350F.




The fatigue strength of standard boron was significantly improved by
prestressing. The increase in fatigue strength was surprisingly large.
For example, at a nominal load of 165 ksi the fatigue life was increased
from 25,500 cycles to failure (unstressed) to 1,758,000 cycles to failure

(prestressed).

There was no consistent trend in the data showing mechanical property
reduction due to prestressing. However, several properties were lowered.
The fatigue strength of carbon substrate boron was reduced at high stress
levels but not at low stress levels. Longitudinal tensile properties of
unidirectional standard boron composites were reduced but longitudinal

tensile strength of angleply composites was not.

Conventional fabrication and cure procedures werc used to cure both
prestressed and unstressed laminates. Thicknesses of the cured laminates
ranged between 4.9 and 5.2 mills per ply. Boron fiber volumes varied between

47% and 49%.

The question of the economic impact of prestressing on boron/epoxy
prepreg could not be resolved in this program. A defect boron fiber
prepreg amenable to prestressing could not be obtained. This does not
preclude the possibility that a defect fiber could be improved by pre-

stressing.

In this program, it was discovered that certain boron/epoxy ply
orientations are susceptible to severe degradation due to saw cutting
when using machining procedures common to the industry. For example, the
longitudinal tensile strength of the [O°[i45°/90°]s orientation can be
degraded by 50 percent in strength and in strain to failure by saw cutting

perpendicular to the 0° fiher direction. Other orientations, e.g. uni-

directional and [O°/j:l;5°]q laminates, are not degraded by saw cutting.
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SECTION I
INTRODUCTION

The strength of boron fibers used in boron/epoxy prepreg follows a
gaussian distribution with a spread in the currently used fiber ranging

(1) (1,2)

from 410-620 ksi . Previous work conducted at Northrop has shown

that prestressing boron/epoxy prepreg by passing it over 0.3- to 0.6-inch
diameter rollers fractures the weakest sites along the boron fiber, thereby
removing the low strength "tail" on the gaussian curve. Composites cured

. from the prestressed prepreg had higher tensile strengths and reduced data
scatter compared to composites cured from unstressed prepreg. The presence
of broken fibers (from prestressing) had no deleterious effect upon composite
properties. However, testing was confined to filament testing and to uni-
directional composite tension testing at ambient temperature. The effect of

prestressing upon angleply propertics, compression, shear, and upon mechanical

properties at elavated temperatures was not determined.

This program was initiated to determine the effect of prestressing on a
full range of composite engineering properties at room temperature and at
350F. The objective was to determine if prestressing increases composite
mechanical properties and decreases data scatter in these properties enough

to have an impact on engineering design allowables. A second objective of

the program was to determine if prestressing can have an impact on boron/

epoxy material costs. Specifically, the objective was to determine if the
low strength boron fibers which could be produced at much lower costs by
accelerating the production process could be upgraded by prestressing to the
strength obtained with fibers used commercially at this time. A full dis-
cussion of the experimental work done against these two objectives is pre-

sented in Section II.

(1) Air Force Contract No. F33615-71-C-1567, ”Increasing Strengths of Boron
Fiber and Graphite Fiber Plastic Composites."

(2) Air Force Contract No. F33615-72-C-1614, "Investigation of Prestressing
of Prepreg.




Serious problems were encountered during the program in obtaining accept-
able tensile strength and strain-to-failure values with the 0°/+45°/-45°/90°/
90°/-45°/+45°/0° angleply composites. An acceptable room temperature strength
for this orientation is 60-70 ksi and an acceptable strain is 6,000 M in/in.
Strengths in the range of 20-30 ksi and strains of 3,000 4 in/in. were being
consistently obtained early in the program. The problem was resolved, and
the cause found to be a degradative effect upon specific angleply orienta-
tions caused by sawing the composite with diamond cutting wheels standard to
the industry. Unidirectional composites are not degraded by saw cutting, nor
are all angleply orientations. A full discussion of the problem and the ex-
periemental evidence justifying our identification of the degradative effect

of saw cutting is presented in Section II of this report.
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SECTION TII
TECHNICAL DISCUSSION

A. PRESTRESSING OF BORON/EPOXY PREPREG

Prestressing is a method of breaking flaws in boron fibers in a
prepreg tape prior to the lamination of the prepreg into composite
structures. Defects along the fibers determine the fiber strength

statistics and thereby the composite strength statistics.

Low strength flaws along the fibers act as sites for crack initiation
and ultimate degradation of properties substantially below the strength poten-
tial of the fibers. Prestressing purposely breaks the fibers at these weak
sites, thus precluding crack initiation at low stress levels in the composite
and affecting an increase in fiber strength. The most effective way to
stress the fibers is to apply a continuous bending stress along the length
of the fibers, To accomplish this, the prepreg is run through a series
of rollers while under a tension load., Reverse bending of the boron
fibers is necessary to increase the effectiveness of the selective break-
ing process. Figure 1 is a schematic of the prestressing machine that
was used in this program. Supply and pickup reels are those upon which
the prepreg is shipped by the suppliers, each driven by synchronous motors.
The tension load, W =~45 pounds, is applied to provide a uniform tension
on the tape for alignment and roller contact. Four teflon-coated rollers

subject the tape to alternate bend stressing.

Figure 2 shows four views of the prestressing machine. It has an

additional feature for roller stressing a statiomary, 3-foot length

section of tape by moving the roller assembly along fixed rails. Rollers

of interchangeable diameter can be used and the contact angle, tension
load and feed rate can be varied as process parameters. Generally, the

roller diameter varies between 0.3- to 0.6-inch.

Once the prepreg tape has been prestressed, it is layed up and cured
in the conventional way. The broken fibers are left in the tape. Since
the broken fibers are longer than the critical length, the fibers,

although broken, still function as continuous fibers.
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Prestressing is a very simple operation and if incorporated into the
prepreg process would not increase prepreg costs. The rollers would be
placed at the end of the prepreg manufacturing line and prepreg would be

wound through the rollers just before being wound onto spools and packaged.

B. EXPERIMENTAL PROCEDURES

Design allowable testing was conducted on three types of boron/epoxy

prepreg: (L) "specification" grade tungsten substrate boron,''Rigidite'" 5505/4,

purchased from Avco Corporation. This prepreg was taken from Avco's
production line and is typical of boron/epoxy prepreg used throughout the

industry at this time; (2) "non-specification'" grade tungsten substrate boron

purchased from Avco. Avco produced the boron fiber used in this prepreg
in high speed production runs; it was intended to be a highly flawed fiber,
producible at reduced cost, whose strength could be upgraded by prestressing;

and (3) carbon substrate boron. This was an experimental material still under

development by the Air Force.

The design allowable testing program included both uniaxial and angleply

testing., The orientation used for all angleply testing was [O°/i45°/90°]s.

For angleply tensile tests 8-ply laminates were tested. For in-plane shear
on angleply composites l6-ply laminates were tested. “The design allowable
testing plan used is shown in Table 1. The testing program is summarized in

the Flow Chart shown in Figure 3.

The prepreg was first analyzed by standard quality control tests. These
tests included 0° and 90° flexural strength and modulus at ambient tempera-
tures, and short beam shear strength at ambient temperature. Following the
receiving inspection tests (all prepreg used in the program passed these
tests), the material was characterized for filament strength and prestressing
parameters were established. A 6-inch length was sampled from each roll and
a random batch of 100 filaments were tested in tension using a 3-inch gage
‘length. The strength distribution curve was plotted and the standard devia-
tion calculated. This procedure was repeated after prestressing with vari=-
ous selected roller sizes and the distribution curves compared with the un-

stressed standard for selection of optimum prestress parameters. Final




DESIGN ALLOWABLE TEST PLAN

TABLE 1

T E T s
0° Tension 8 Plies 10 Ri. T No
0° Tension 8 Plies 10 Ry T . Yes
0° Tension 8 Plies 5 350F No
0° Tension 8 Plies 5 350F Yes
90° Tension 15 Plies 5 R.T. No
90° Tension 15 Plies 5 R.T. Yes
0° Compression 8 Plies 5 R.T. No
0° Compression 8 Plies 5 R.T. Yes
0° Compression 8 Plies 3 350F No
0° Compression 8 Plies k| 350F Yes
[O°/i45°/90°)s Tension 8 Plies 5 R.T, No
[O°/i45°/90°)s Tension 8 Plies 5 R.T. Yes
[0°/445°/90°]  Tension g Plies 5 350F No
[0°/+45°/90°] Tension 8 Plies 5 350F Yes
[0°/445°/90°] Rail Shear 16 Plies 3 R.T. No
[0°/445°/90°]  Rail Shear 16 Plies 3 R.T. Yes
0° Tensile Fatigue (R=0.1l) 8 Plies 15 R.T. No
0° Tensile Fatigue (R=0.1) 8 Plies 15 R.T. Yes
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selection was determined by prestressing six-foot lengths, fabricating eight-
ply unidirectional laminates, and comparing unstressed versus prestressed
composite ultimate strengths and standard deviations. A more complete des-
cription of the filament testing procedures that were used is presented in
the Appendix. After prestressing parameters were established, the prepreg
‘was divided into two lots. One lot was used to obtain design allowable test

i data on the unstressed prepreg; the other lot was prestressed and then used

for design allowable testing.

A complete description of the procedures used to fabricate laminates

and to determine mechanical strength properties is presented in the Appendix.

: C. DESIGN ALLOWABLE TESTING OF ''SPECIFICATION' GRADE TUNGSTEN SUBSTRATE
BORON/EPOXY

Analysis of Prepreg

A five-pound batch of"Rigidite”5505/4 prepreg was used for design
allowable testing. This material arrived in one roll. Inspection of the
tape showed two gaps, each 0.020-inch wide, apparently running the length
of the roll. A question arose as to the acceptability of the tape because
of these gaps. However, the tape proved to be acceptable. Test results

obtained from the quality control laminate are shown in Table 2.

The longitudinal flexural and interlaminar shear properties were fully
acceptable, while transverse flexural was marginal. Several points can be
made regarding this: (1) this tape, despite the gaps, passes the General
Dynamics specification which calls for 209 fibers/inch width and the Grumman
specification which allows 0.030-inch gaps; (2) the transverse flex properties
obtained here are the minimum which can be realized because the quality control
= panel was laid up without taking care to prevent stacking the gap areas. The

average filament tensile strength was 467 ksi.
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TABLE 2

QUALITY CONTROL ANALYSIS OF
STANDARD BORON/EPOXY PREPREG

TEST Q.C. TEST RESULTS SPEC. MINIMUM
Longitudinal Flexural . .
Strength (3 specimens) 272 - 278 ksi 225 ksi (G.D.) ;
Transverse Flexural i 11.0 {(Grumman) ?
Strength (3 specimens) 11.7 - 12.0 13.0 (G.D.)
Short Beam Shear LB b NEE 1850 e

(3 specimens)

Longitudinal Tensile Avg. 209 h «
Strength (5 specimens) O NPk SRESRNE y

Selection of Prestressing Conditions

Tests were run to select the optimum prestressing conditions for the
prepreg. Prepreg was prestressed using three different roller diameters.
Laminates (O°)8 were fabricated from each material and longitudinal tensile
strength was determined at room temperature. A summary of the data is pre-

sented in Table 3. .

TABLE 3 ! g
PRESTRESSING OF "RIGIDITE" 5505/4 i
PRESTRESS PRESTRESS PRIESTRESS
NO. NO. 2 NO. 3 UNSTRESSED
Rotler Diameter 0.475-inch 0.525~-1inch 0.575-inch -
lLoad 40 1lbs. 40 lbs. 40 1bs. -
Mcan, Longitudinal 200 202 209 205
Pensile Str., ksi
Number of Specimens 5 5 5 5
Standar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>