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FOREWORD

This report has been prepared by the University of Vermont under

Contract No. DAAA 21-67-C-0041. Professor John 0. Outwater was the

Principal Investigator; he was assisted by Mr. Michael C. Murphy, Mr.

John R. Chevalier and Mr. William 0. Carnes.

The work is being administered under the direction of the Plastics

and Packaging Laboratory, Feltman Research Laboratory, Picatinny Arsenal,

Dover, New Jersey, with Dr. Elise McAbee as Contract Project Officer.

This final report covers the period September 1, 1967 to August 31,

1968, and summarizes various phases of the work on this contract

mentioned in more detail in the earlier quarterly reports. It shows

the theoretical foundations that the work will be guided along during

the next 12 month period.

The results presented in this report represent work in progress

and may be subject to revision as the program continues.



ABSTRACT

A study of the sources of the fracture energy and hence the

brittleness of laminates shows that one of the parameters governing

the usefulness of a filament as a reinforcement for a matrix is the

debonding energy in shear, GII, between the filament and the matrix.

A novel method of measuring this value is described. Using this

technique, values of GII are determined for freshly drawn Pyrex rods

with many different surface treatments embedded in anhydride cured

epoxy resin. The effects of environment on GII are shown and it

is noted that all debonding energies tend to be substantially the

same value after long exposure. The rate of decrease of GII is

essentially the same for all finishes and is linear down to a certain

value when the rate of decrease is sharply reduced. The rate of

decrease of GII depends both on the humidity and the temperature.
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INTRODUCTION

The fracture energy of a material is an important property. It

indicates the energy required to extend a crack in that material and

its numerical value is a measure of "the lack of brittleness" of the

material. There are many techniques of measuring its value with homo-

geneous materials,' but it is found that for many composites and

particularly for glass reinforced plastics, the value of fracture energy

is so high as to make its measurement impracticable by any of the present

techniques.

The fracture energy of glass is about 0.04 lbs. per in., that of

resin 1.26 lbs. per in., and that of reinforced plastics about 1,000 lbs.

per in. The difference between the three is so great as to suggest a

different mechanism from the usual direct methods of energy absorption.

Earlier work on this contract resulted in a theoretical prediction

of the fracture energy of fiber reinforced composite materials which

showed that a debonding of the fibers from the laminate was essential

to this high fracture energy. The essence of the analysis rested in

defining the depth of crack as the furthest distance to a load bearing

filament regardless of the depth of crack through the resin alone. Such

a definition is illustrated in Fig. 1. The fracture energy of the

composite was computed on the basis of the total energy that could be

absorbed by the debonded filaments as they were pulled to failure while

the crack in the composite opened. This analysis gave the expression:

2 8
af Af a a f 8II IEf

G 1 4  Ef T A fa

1



where af = stress in the filament,

Af W area fraction of filament,

a W diameter of filament

Ef = modulus of filament

G, W the opening mode fracture energy of the laminate

Gi =- the shear mode fracture energy of debonding between the

fiber and the resin.

T = the frictional shear between the fiber and the resin matrix

after debonding

This formula will apply whenever the fiber debonds within the resin

matrix as the crack passes through the composite. There will be a slight

additional energy involved if the crack does not follow a craze crack but,

as the fracture energy of resin is so much less than that of the composite,

the difference will be quite small.

This expression predicts the fracture energy of the laminate in terms

of measurable quantities but it is dependent upon experimental values of

GII and T which can be related to the surface properties of the fiber and

the resin.

The measurement of G using different finishes and with different

environments will be described below.
t

THE THEORETICAL DETERMINATION OF GII

Fig. 2 sketches a single embedded fiber under a tensile load. As the

fiber is loaded a debonded length x becomes apparent and this length will
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gradually increase as the load on the fiber is increased. It can be

related to various fiber parameters by:

x)2  8 Ef(af - 4T -E) -- GI
f a a II

It would be simple to measure GII and T were it possible to use a

specimen of this sort. Unfortunately, it is not practicable to grip the

end of the fiber without breaking it off. To circumvent the difficulties

of gripping a fiber that might well be brittle, a compressive technique

was devised using the specimen in Fig. 3.

This small compressive specimen upon analysis gives relationship of

the debonding energy in the shear mode between the fiber and the resin as:

G -[( _)2 - (4O T) 8Ef
Lr Er a] 8Ef

where E Modulus of resin
r

Such specimens can readily be made by casting drawn and treated rods

of glass in a plate of resin and subsequently milling this plate into

small specimens approximately 1/2 in. by 1/2 in.by 1 in. These specimens

are taken at random in groups of five and exposed to differing environments

before being subjected to compression when the central fiber will debond

from the matrix. The stress at which it debonds will give an indication

of GII and the increments of stress as the debonded line moves from the

point of the fiber nearest the center of the specimen will give us a value

of T that is readily computable.

The unique advantages of this specimen is its simple construction,

the simple evaluation of GII and its small size enabling several specimens

to be averaged.
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When glass fiber was used in combination with the epoxy resin it was

found that the fiber would debond explosively when a certain critical

stress in the resin was reached. This indicates that T was small and we

would be well justified in ignoring it on glass resin systems thereby

simplifying the expression to:

2ar Efa

8 Er

The influence of the environment on the value of Gii is a measure of

the usefulness of a finish for glass. Using this technique we have

explored the effects of different environments on a variety of commonly

used finishes.

EXPERIMENTAL RESULTS

The test specimens were made by embedding freshly drawn Pyrex rods

that had been treated with various finishing agents in resin. Six rods

were embedded at a time and the resulting casting could be cut up to

make 36 specimens after they had been drilled through the center to cut

the rod. The specimens were then selected at random in groups of five

using a random number table so that each published value of fracture

energy in shear would be an average of five readings.

The resins used were expoxy and polyester. It was found, however,

that polyester resin shrank so severely on curing that cracks were

evident criss-crossing the casting and cracks also appeared along the

whole length of the various rods. This cracking could not be prevented

so any readings obtained with polyester resin would be futile. It has
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been shown earlier that this behavior is usual with polyester resins

as their shrinkage is always much greater than that with epoxy resins

and may be as much as 20%. The resin used in all the tests then was

100 parts Epon 826, 90 parts Nadic methyl anhydride and 1 part DMBA.

It was cured at 2500F for 24 hrs. before cooling to room temperature

and cutting into smaller specimens.

The results are shown in Table 1 and are illuminating in that

different finishes result with substantially different values of G I.

Particularly the A-150 and A-172, Y-2384 and Y-4148 finishes give

distinctly lower values of GII than rods with other treatments or with

no treatment. The most comon treatment A-1100 gives a value of GII

substantially the same as that of untreated glass.

The next problem was to measure the effects of various environments.

The specimens were exposed to different atmospheres for increasing

periods of time and the effects of time on different surface treatments

could be plotted in Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, and

16. The results are interesting in that the decline of the fracture

energy in shear was linear with time until a certain low level had been

reached and then it remained substantially constant though decreasing

slowly. The rate of decrease was substantially the same for all finishes

and also for no finish at all unless the fracture energy was quite

low to start with--as with the finishes mentioned above. The effects

of lower humidity are shown in Figs. 5 and 6. The rate of decline is

strongly dependent on the humidity as might be suspected but, more

particularly, it seems vitally dependent on the temperature as the effects

of sea water at room temperature were small. It was suspected that the

values might improve if the specimens were removed from the hot humid
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atmosphere and exposed to laboratory air. There was limited improvement

as the value of GII stayed at the low level with small increase. This is

shown in Figs. 14, 15 and 16,

DISCUSSION

The values of GII measured above and the changes that they reveal

in the presence of moisture may be of profound importance in the

understanding of reinforced plastics. Particularly we can see that,

regardless of the finish, we obtain the same low value of GII after long

exposure. The fact that the fracture energy decreases linearly with time

suggests a diffusion mechanism and it may well be that GII is controlled

by the diffusion of moisture to the interface. This will be checked later.

The low value of GII implies that there is little bonding indeed between

the filament and the matrix after exposure and, as we have discussed in

earlier reports, the controlling parameters in regard to the fracture

energy or brittlemess of a laminate are those that decide whether the

filament will debond before its own fracture or whether the crack in the

resin will cause the filament to break without debonding along its

length. The fact that we will obtain a low value of fracture energy

in shear between the matrix and the fiber with the materials chosen

implies that we have more latitude than we had expected in the choice

of resins and finishes to give non-brittle laminates. In fact, unless

we use fibers of small diameter, we cannot expect glass fibers to give

other than a tough laminate.

We tested this hypothesis further by embedding boron filaments in

epoxy resin. There was no debonding before fracture of the fiber and,
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indeed, the debonding energy in shear could not be measured. We would

expect a brittle laminate and this was Just what we found: a crack in

the resin went straight across the filament so that the filament had no

apparent crack stopping ability.

Efforts were also made to measure the debonding energy in shear of

stainless steel wires in epoxy resin. It was not possible to measure GII

for these filaments using our present technique. It appeared that the

wires bonded so securely that they were always deformed plastically when

a laminate was broken. In this case we would again obtain a tough

laminate but the mechanism, instead of being due to debonding, would be

due to the energy absorption in the plastic deformation of the reinforcing

wires.

CONCLUSIONS

The measurement of the debonding energy in shear between a filament

and resin for various surface finishes on glass rods shows the values of

GII are different for different finishes and that all finishes lead to

about the same value of GII after a long exposure. The rate of change

depends on temperature as well as on humidity so, if we are to test

reinforced plastics for mechanical properties, we must either expect

the properties to change with exposure or we must thoroughly expose

them to a hot humid environment before testing.
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TABLE I

A table of fracture energies, GII, for selected surface treatments
applied to finely drawn Pyrex glass fibers embedded in resin of
composition--100 pts. EPON 826, 90 pts. NADIC Methyl Anhydride,
1 pt. DMBA--cured at 250 F~for 24 hours.

SURFACE TREATMENT G in-lb/in2

A-150
vinyltrichlorosilane 3.6

A-151
vinyltriethoxysilane 13.3

A-172
vinyltris (beta methoxyethoxy) silane 4.9

Y-2525
vinyltrimethoxysilane 22.3

Y-2384
vinyltriacetoxysilane 9.1

A-1100
gamma aminopropyltriethoxysilane 23.3

Y-2967
N,N bis (beta hydroxy ethyl) gamma aminopropyltriethoxysilane 24.6

Y-4086
beta (3,4 epoxy cyclohexyl) ethyltrimethoxysilane 22.6

Y-4087
gamma glycidoxypropyltrimethoxysilane 25.9

A-174
gamma methacryloxypropyltrimethoxysilane 17.6

Y-4148
gamma methacryloxypropyltrichlorosilane 9.1

NONE 22.5
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* II crack through resin alone
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I,

debonded fiber

broken fiber

Fig. 1 A sketch illustrating the definition

of crack depth, z, in a laminate.
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Fig. 2. Sketch of a single embedded fiber under tensile load.

10



x
-D

-~ a.

W•L

Fig. 3 Sketch of technique used to determine the debonding fracture
energy between the resin and the fiber.

11



00

E-4

0 c

0 0)

44 4

'-4

00 1

V-4 u,

C4 N

12 z T/qT-T IH



(41

-ri-0

Lf4'
0 C

op
0

0

0

41.

44 U.
0 4

0

0 Ii

o ;o
.r4

rJr4

C4 C4

13 uTqT-u lit



30 30.

25 25-

20- 20.

SURFACE TREATMENT SURFACE TREATMENT15 15-
1% solution of 1% solution of

N, N bis (beta hydroxy ethyl) sgamma methacryloxy-
mama aminopropyltriethoxysilane propyltrichlorosilane
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Fig. 6 A plot showing thee effects of time Fig. 7 A plot showing the effects of time
in high temperature and humidity in high temperature and humidity
environment (165*F, 25% R.H.) on environment (165*F, 100% R.H.) on
the debonding fracture energy be- the debonding fracture energy be-
tween glass and resin. tween glass and resin. A indicates

rehealing effect of 4 hr. post-cure
at 250*F.
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Fig. 8 A plot showing the effects of time in high temperature and humidity
environment (1650F. 100% R.H.) on the debonding fracture energy between
glass and resin.
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gamma glycidoxypropyltrimethoxysilane (Y-4087)
in water.

20.

S415-

0"

t--

105"

0 10 20 30

TIME IN ENVIRONMENT (days)

Fig. 9 A plot showing the effects of time in high temperature and
humidity environment (1650F. 1OOZ R.H.) on the debonding
fracture energy between glass and resin.

16



30 30

25 SURFACE TREATMENT 25 SURFACE TREATMENT

1% solution of 1% solution of
aamma methacryloxypropyl- beta (3,4 epoxy cyclohexyl)
trimethoxysilane (A-174) ethyltrimethoxysilane (Y-4086)
in water, in water.

20 20

"15 15
U.4

14 10

5 5

0 I0 I
0 10 20 0 10 20

TIME IN ENVIRONMENT (days) TIME IN ENVIRONMENT (days)

Fig. 10 Fig. 11

Plots showing the effects of time in high temperature and humidity
environment (165*F, 100Z R.H.) on the debonding fracture energy
between glass and resin.

17



30 - 30-

25 SURFACE TREATMENT 25 SURFACE TREATMENT

1% solution of 1% solution of
vinyltriethoxysilane (A-151) vinyltris (beta methoxyethoxy)
in water. silane (A-172) in water.

20- 20

C4

15 • 15

l0__ 10

0 0

10 20 0 10 20

TIME IN ENVIRONMENT (days) TIME IN ENVIRONMENT (days)

Fig. 12 Fig. 13
Plots showing the effects of time in high temperature and humidity
environment (165*F, 100% R.H.) on the debonding fracture energy between
glass and resin.
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Fig. 14 A plot showing the effects of time in high temperature and humidity
environment (165°F, 100% R.H.) on the debonding fracture energy between
glass and resin (left of dashed line), and the rehealing effect of the
glass-resin bond when reexposed to an environment of laboratory air (right
of dashed line).
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Fig. 15 A plot showing the effects of time in high temperature and humidity
environment (165*F, 100% R.H.) on the debonding fracture energy between
glass and resin (left of dashed line), and the rehealing effect of the
glass-resin bond when reexposed to an environment of laboratory air
(right of dashed line).
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Fig. 16 A plot showing the effects of time in high temperature and humidity
environment (165"F, 100% R.H.) on the debonding fracture energy between
glass and resin (left of dashed line), and the rehealing effect of the
glass-resin bond when reexposed to an environment of laboratory air
(right of dashed line).
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