AD609770

Rt

NRL Report 6161

Filament-Winding Plastics

Part 2 - Role of the Resin in Glass-Fiber-Reinforced
Structures Under Tensile Stress

F. S, WhHisenHUNT, R

Organic and Biological Chemistry Branch
Chemustry Division

- =
S— _-/
- "/
- I-
7 I
December 1, 1964 i
V) ,
- =
r AdAASEE=N1 )
"l
A\
1}
1 H\)
\ - "J J S/
r \ :A ‘)

U.S. NAVAL RESEARCH LABORATORY
Washington, D.C.



Blank Page



PREVIOUS REPORT IN THIS SERIES

“Filament-Winding Plastics, Part 1 - Molecular Structures

and Tensile Properties,” J.R, Griffith and F.S. Whisenhunt,
NRL Report 6047, Mar. 16, 1964.

Copres available from Othee of Techmeal Services
Depantment of Commeree — $ 50
Washington, O 20295



Blank Page



BLANK PAGE



CONTENTS
Abstract
Problem Status
Authorization
INTRODUCTION
MOLECULAR STRUCTURE
EXPERIMENTAL PROCEDURE
General
Bottle Design
Mandrels
Fabrication of Test Bottles
Curing the Bottles
Testing the Bottles
DISCUSSION OF THE DATA
CONCLUSIONS
AN EVALUATION OF THE MATRIX
AS IT AFFECTS FILAMENT-WOUND
REINFORCED PLASTICS
ACKNOWLEDGMENT

REFERENCES

ii
ii
ii

O W W N

10

11
11

12



ABSTRACT

A study has been conducted on amine-cured epoxy resins and
the eifects on the ultimate burst strength of internally loaded
glass-reinforced filament-wound vessels when these 1osins were
used as the plastic matrices. Thetensile properties of the matrix
were changed by systematically altering the molecular structure
of the amine-cured epoxy resin. It was found that resintensile
properties had an insignificant effect on the ultimate burst strength
of a well-designed and well-fabricated vessel. However, it was also
found that a matrix of good tensile properties improved the reli-
ability of the burst pressure by providing ahealing effect or minor
winding errors. The glass stresses at burst of the test vessels
were in the 400,000-p<i range, which is about the ultimate tensile
strength of bundles of “E” glass.

A summary has been prepared which discusses the state of
the art and unsolved problems relevant to the plastic matrix in
glass-reinforced filament-wound vessels, In particular, the dele-
terious effect of voids on externally loaded structures and the neces-
sity of removing these voids is discussed.

PROBLEM STATUS
This is an interim report; work is continuing on the problem.
AUTHORIZATION
NRL Problem R05-24C

Project SPO WW-041

Manuscript submitted August 10, 1964,
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FILAMENT-WINDING PLASTICS

PART & - ROLE OF THE RESIN IN GLASS-FIBER-REINFORCED
STRUCTURES UNDER TENSILE STRESS

INTRODUCTION

With the coming of glass-filament-reinforced plastic rocket-motor cases, there has
been much speculation as tothe role of the resin inthese structures. All such speculations
were based on little or no data; a decision was therefore made by the U.S. Naval Research
Laboratory to undertake a series of experiments to determine what the resin could con-
tribute 1o the ultimate burst strength of a filament-wound motor case.

The approach to these experiments was to make arn orderly change in the chemical
structure of the curing agent of the plastic matrix, in order to create different mechanical
toperties. This approach was chosen for three reasons.

1.  Chemically changing the resin would allow an analysis of the effect of the change
in greater detail and depth than would be allowed by the use of additives such as flexibiliz-
ers, which are of varying composition and which work through various mechanisms.

2. The curing agent, being a more simple molecule than the basic resin monomer,
would be less difficult to alter chemically and could produce sufficient changes in the
tensile properties of the cured system,

3. There was a possibility of discovering how tensile properties of a cured system
were affected by the placement of chemical groups in the curing agent.

The relation that exists between the tensile properties of the plastic matrix and the
ultimate burst strength of a filament-wound vessel was the chief subject of the study.
Part 1 of this study (NRL Report 6047, Ref. 1) disclosed some information showing the
relation of resin tensile properties to the placement of chemical groups in the curing agent.
Similar studies of molecular structure versus resin propcrties will be the subject of a
subsequent report.

MOLECULAR STRUCTURE

The three curing agents used here, which have been described in detail previously (1),
are shown below diagrammatically,

NH, CH,NH, NH,
X
L) NH, CH,NH, CH,NH,
m-Phenylene diamine m-Xylylene diamine m-Aminobenzylamine
(MPDA) (MXDA) (MABA)
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Tensile Properties of Amine-Cured ng.lr;::yllemer of Bisphenol-A Epoxide Plastics
m-Phenyleng 9'1'%“1', ) ~ m-Xylylene diamine B l o m-ﬁnln&nﬁzylamme
Sample Tensil | Elastir Elastic . 1 Elastic
el e el e == el e ke e
= o= PR ) = L == oo oo R
1 12,900 1.5 427,000 10,800 1.4 410,000 12,300 ! 11.0 { 426,000
2 12,600 6.8 451,000 10,800 1.8 427,000 12,200 | 10.3 403,000
3 12,400 6.3 488,000 | 10,000 4.9 433,000 12,200 | 10.0 ‘: 402,000
4 13,000 8.7 451,000 10,800 7.6 445,000 12,100 | 115 410,000
5 12,900 8.1 496,000 | 10,400 5.6 404,000 12,100 ! 9.5 406,000
Average | 12,800 | 7.5 | 483,000 | 10,600 6.7 436,000 | 12,200 1 105 409.000
Standard ;
l'kvllllool I 200 1 28:009 ~ 1 ) 360 7 1 20,400 100 { L 9,700 j

The compound m-Phenylene diamine is a widely used amine curing agent for epoxy resins.
Since MPDA produces a resin of excellent properties, and is more or less a standard
curing agent, alterations were made to this structure to produce resins of different ten-
sile properties which would provide the most orderly and easily obtainable comparison

of properties versus structure. Curing agents MPDA and MXDA were obtained from com-
mercial sources, while MABA was synthesized at NRL in both laboratory glassware and
in pilot-plant equipment. Table 1 shows a comparison of the properties obtained with
these three curing agents when used with the diglycidylether of bisphenol-A. The digly-
cidylether of bisphenol-A is used extensively in filament winding, and was used exclusively
as the epoxy monomer in this study. This material, shown below diagrammatically, was
obtained commercially in a very pure form.

C H

H H,

| I I

H,C —C— CH,— O — —C— — 0 — CH,— C — CH,
= WO =
o CH, o}

The entire series of experiments was run with one lot of the diglycidylether of bisphenol-
A to insure that the small differences in the material which occur from lot to lot would
not be a factor in determining the results.

EXPERIMENTAL PROCEDURE
General

The purpose of this study was to determine the effects of the tensile properties of
the resin in filament-wound, internally pressurized vessels that were similar in design
to rocket-motor cases. This objective required that the test specimen must be loaded
biaxially rather than uniaxially, as is the case in a ring specimen. The most practical
design for such a test specimen is a closed cylinder that can be given an internal hydraulic’
load. The design of the test vessel i8 used with the permission of Lamtex, Inc. All test
vessels, which are referred toas *bottles,” were wound at NRL on a commercially manu-
tactured winding machine. All the glass used in this study was “E” glass, Owens-Corning
G 150 1/0 1z HTS (0.00036 in./average diameter), and was from one lot. At NRL, this
glasc was stored at 73°F and 40 percent relative humidity, but its predelivery history of
storage is not known, All mandrels used in winding the bottles were made at NRL. All
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Fig. 1 - A mandrel (below), and finished,
cured bottle (above)

All burst tests were conducted on a servo-controlled hydro-test facility. The details of
the bottle manufacture and testing are described in subsequent sections.

Bottle Design

The Lamtex bottle, approximately 25 in. long and 5 in. in diameter, is designed to be
an isotensoid, “balanced” structure. The entire test bottle was wound with 30 ends of
glass, which makes a band width of 0.225 in., and witha helical winding angle of 25 degrees.
The design of the bottle was altered for this study by leaving off one layer of vertical wraps
in order to force the failures in the cylindrical section. The wall thickness of the cured
bottles was about 0.040 in.

Mandrels

The mandrels (Fig. 1) were cast of Paraplast® No. 33, which is a mixture of water-
soluble salts and bases, heavily laden with an inert filler material. Paraplast No. 33 has
a melting range of 315° t0330°F, a coefficient of thermal expansion of about 5 - 10°° in./in.
°F, and is dimensionally stable as long as it is stored in an atmosphere of very low rela-
tive humidity. To assure uniform dimensions, the mandrels were used soon after
manufacture.

When suitable molds and process parameters were obtained, mandrels were produced
with a +0.005-in. tolerance as they came from the mold. This eliminated the need for
grinding the mandrels and allowed their production at a relatively low cost ($10 for mate-
rial and 1/2 man-hour). Liners were developed for prewinding application to the mandrels,

*Trade name of Rezolin, Inc.
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Table 2
Tensile Properties of the Resin and Mean Burst Pressure of the Bottles
B I?e;r; ;I‘-(‘nsilé —I’foperties
Mean | Modulus of
Curing Agent Burst Plastic Ultimate Elastic Toughness
Pressure Tensile Elongation | Modulus in.-1b
(psig) (psi) (percent) (psi) ind
= = - = Ei— - - - Rl
MPDA I
Control #1 1780 12,800 ’ .5 463,000 610
Control #2 1860 |
MXDA 1850 10,600 6.7 436,000 ‘ 550
|
MABA 1900 | 12,200 10.5 409,000 [ 1,000
MPDA (B-staged) 1700 | Very low- too fragile to obtain data.
MXDA (B-staged) 1730 Very low- too fragile to obtain data.
| MXDA (B-staged) | ) iragile to obta

When the significance of these data became apparent, it was decided that further
tests were necessary to substantiate these results. Two additional groups of bottles were
wound using MPDA and MXDA as the curing agent, but the bottles were “B” staged at
room temperature only and were given no postcure. Epoxy resins which have been “‘B”
staged at room temperature, using aromatic amines as the curing agent, are exceedingly
weak. The “B”-staged plastics obtained with the use of MPDA and MXDA were so fragile
that cast samples could not be removed from the mold without damage, and therefore it
was not possible to determine their tensile properties. However, all of the tensije proper-
ties of “B”-staged resin are undoubtedly very low.

Table 2 shows that the “B”-staged MPDA bottles gave a mean burst pressure within
4 percent of the mean of the cured MPDA control 1 and within 8 percent of the cured con-
trol 2. Likewise, the “B”"-staged MXDA bottles kave a mean burst pressure only 7 percent
lower than the fully cured bottles. Figure 6, which presents the data spread for each group
of bottles, shows that the highest single “B”-staged MPDA burst was above the highest
single cured MPDA burst in control 1. Furthermore, the highest single burst of all the
data was a “*B”-staged MXDA bottle,

2200
2100

dopra g

Fig. 6 - Burst data, high, mean, and

o)
S 1600 low burstvalues are given for bottles
w would with curing agents used 1n the
§ 1500 study
A
¥
T 1400
1300
1200

WPOA  MPDA MXDA  MABA WPOA  MEDA
CONTROL HCONTRQL 2: B [)
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Figure 6 also shows that the data spread of burst pressures for “B”-staged bottles
is substantially larger than the spread for cured bottles. The data spread is about 6 per-
cent for the cured systems, while the data spread is 28 percentand 18 percent respectively
for the *B”-staged MXDA and MPDA systems. All the data that were used to construct
Fig. 6 arederived from bottles withnoknown defects either in winding or curing, or with-
out variations in the bursting procedure. However, it is readily conceded that in any ser-
les of windings there will be defects that escape detection or are inherently undetectable.
Therefore, a certain amount of data spread is expected, It 1s assumed, however, that the
‘B”-staged series will contain the same degree of imperfections as do tie cured sysiems,
sinee they were wound n an identical manner. It is apparent, from these facts and from
the data as displayed in Fig, 6, that the “B"-staged resins have allowed these undetected
imperfections to Le more deleterious to the ultimate burst pressure than has Leen allowed
by the cured systems.

The data from Table 2 and Fig. 6 indicate that a resin which is weak in all of 1its
tensile properties does not greatly affect the mean burst level of a series of bottles,
However, Fig. 6 demonstrates that a weak resin will allow defects in the bottle to be
more deleterious and allow individual bottles to burst far below the design pressure,
Also, the fact that some of the highest individual bursts were “B”-staged bottles indicates
that the tensile properties of the resin are unimportant in a perfectly designed and fabri-
cated bottle. These conclusions presuppose the use o1 a resin matrix capable of main-
tainming glass-pattern integrity and bottle geometry,

The only effect in a rocket-motor case of using a resin with poor tensile properties
istolower the mean burst level of a series of cases slightly, But more impaortant in a
reeket-motor case is the fact that the weak resin decreases the chance that any individual
motor case will reach its designed burst pressure before failure. Hence, the use of a
weak resin in the production of motor cases decreases the overall reliability of the cases.
It is important, therefore, that a resin of the best properties be used in the production of
motor cases in order *o achieve greater reliability,

It is not known, at this time, what {ailure takes place in the “B”-staged resin but
uncured that does not occur in the cured resin. However, the cured resin apparently has
the ability to exert a healing effect on imperfections in the structure that the uncured
resin does not have or has to a lesser degree. Of course, if the structure were perfectly
designed and fabricated there would be no imperfections to be healed, and the resmn would
have no effeet. The probability that commercially manufactured structures will be free
of defects 1s very small, and therefore a suitably cured resin of good properties can be
of benefit, The tests of the three cured systems showed no valid differences in their
respective abilities to mitigate the effects of imperfections.

Calculations were made to determine the burst stress of these hottles in order to
learn what appears to be a limiting value, A perplexing problem in calculating glass
stress s the determination of the portion of load in the vertical direction that is borne by
the heheal waindings,. The bottles, having been designed to be unbalanced, always burst in
the vertical windings, The test-bottle design used in this study had a 25-degree helix
angle, from which the maximum stress in the vertical direction theoretically possible
for the helicals to carry is slightly over 10 percent of the total glass stress, But it is
behieved, based on work at NRL and by others (2), that the helicals in practice carry
somewhat less than the maximum possible load.

Therefore, the two extremes exist when the helicals carry no load and ‘when they
car-y the maximum load theoretically possible in the vertical direction. As an arbi-
trar; measure to simphfy Table 3. the stress figures are expressed from calculations
that assumed that the helicals carried 5 percent of the load in the vertical direction, or
half the maximum load theoretically possible. Table 3 shows these stress levels for
the mean burst strength of each of the six groups of bottles.
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Table 3
Glass Stresses in the Burst Bottles
] —Burst l"ressﬁfe (T);ig) Glass Stress (psi)

eein Curing Aeen [average | Hign | Low |Average | High | Low

MPDA, Control 1 1780 1850 1740 | 378,000 | 393,000 | 370,000

MPDA, Control 2 1860 1800 1790 | 395,000 | 404,000 380,000

MPDA, *B" Staged 1700 1890 1580 | 361,000 | 402,000 | 336,000

MXDA 1850 1900 | 1800 | 393,000 404,000 | 383,000

MXDA, “B” Staged 1730 1980 1520 | 368,000 | 420,000 | 324,000
‘ MABA | 1900 7 ,,1950 J»<1~8__20J _404.1000 414,000 | 387,000 |

These calculated stress levels closely approach the measured tensile strength of
“E” glass in strands and rovings. A figure of about 500,000 psi (3) is generally reported
for the tensile strength of a single fiber, and about 400,000 psi (3) for strands of fibers.
This figure of 400,000 psi for strands (or bundles of fibers) agrees well with the strength
of a strand of fibers as predicted by the so-called “bundle theory” (3). Therefore, it is
concluded that the bottles wound for this study show a high and nearly constant burst pres-
sure because the quality of workmanship in their fabrication is such as to allow almost
all of the glass to develop its maximum tensile stress before failure of the bottle. If
this conclusion is correct, it means that little is to be gained in the way of improved ulti-
mate burst pressures from further research to improve the resin properties. However,
as previously indicated in this report, improvements in resin quality are a means for
achieving greater reliability in reaching the burst level for which the structure is designed.

CONCLUSIONS

1. The tensile properties of the resin have an insignificant effect on the ultimate
burst of an internally loaded, perfectly designed and fabricated filament wound vessel.

2. The properties of the resin do have an important role in reducing the variations in
ultimate burst strengths of individual filament-wound vessels; hence, the resin is impor-
tant in the reliability of the product.

3. Filament-wound vessels that have been carefully manufactured and inspected can
develop glass stresses at burst that approack very nearly that of the theoretical tensile
strei\gth of the glass strands and rovings used in winding the vessel.

4. There is little prospect of increasing ie average ultimate burst strength of
filament-wound bottles by further research on the resin. This strength is largely con-
trolled by the reinforcement. However, the reliability of the burst strength of pressure
bottles, and rocket-motor cases, may be improved by additional resin research.

The above conclusions apply only to internally loaded vessels fabricated with commercial
glass fibers and utilizing an epoxy matrix. These conclusions are further restricted to
vessels which have not been previously stressed.
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AN EVALUATION OF THE MATRIX AS IT AFFECTS
FILAMENT-WOUND REINFORCED PLASTICS

It is appropriate to summarize, at this time, some of the more important information
that has been disclosed by research on filament-wound reinforced plastics, and to point
out some of the remaining problems that must be solved in order to develop the full struc-
tural potential of these new materials.

First, this report establishes that glass-filament-reinforced composite structures
may be wound which will develop, at burst, almost all of the tensile strength inherent in
the glass. Other researchers have reported the ultimate tensile strength of “E” glass
in bundles of fibers, as used in winding, to be about 400,000 psi (3). From the experi-
ments described herein, as well as work elsewhere (4), it appears that any resin of good
tensile properties will allow the glass in a wound structure to develop 90 percent or
more of this ultimate tensile strength when loaded internally and when the fabrication is
of best quality.

The process of fabricating a wound vessel does not appreciably damage the glass (3).
However, imperfections resulting from strand breakage and agglomerations of abraded
glass can and should be minimized by careful handling. The major problem in the fabri-
cation of wound-glass-reinforced structures is that of quality control. The low burst
pressures that are experienced with some vessels are probably attributable to a substan-
tial variability in fabrication techniques rather than to inferior materials. Windings that
have not been properly phased in, loss of tension on strands, and poor band formation
are among the more common errors in winding.

The extent of damage to a motor case during proof testing must be determined. When
a filament-wound vessel is loaded internally, as in a proof test, damage results. The
nature and extent of this damage has not been determined. Research might find means of
mitigating this damage or preventing it altogether.

The filament-wound structures that are produced today contain appreciable voids.
The amount of voids reported by various organizations varies somewhat due to differences
in impregnation procedures and the methods for determining the voids. Up to 3 to 4 per-
cent voids by volume are probably innocuous in internally loaded vessels which are tested
shortly after fabrication for ultimate burst strength, but such voids may well be deleterious
to the structure that has weathered or otherwise been subjected to an atmosphere of high
humidity. Voids appear to be an entirely different matter in structures that are subjected
to an external load, i.e., compressive stresses (5). Data on externally loaded structures
indicate that failure takes place in the resin through shear. Under these conditions the
voids in the resin are a very important determinant of the performance of an externally
loaded vessel. Research to eliminate voids in fiber-reinforced structures should be per-
formed; it is essential to the maximum future development of these materials. The com-
plete function of the resin in an externally loaded vessel has not been ascertained. This
information is basic to any efficient design of a glass-reinforced plastic deep-submergence
vessel. When the role of the resin is known, new resins could be developed to improve
the capabilities of this application of glass-resin composites.
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wound veasels. In particular, the deleterious effect of voids on externally
loaded structures and the necessity of removing these voids is discussed.
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